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ELECTRICAL TRANSPORT AND STRUCTURAL 
PROPERTIES OF S e-T e  SEMICONDUCTORS*

M. F . K o tk a ta**
INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS, TRIESTE, ITALY

A. A. E l - E l a , E .  A . M a h m o u d  and M . K . E l -M o u s l y
PHYSICS DEPARTMENT, FACULTY OF SCIENECE, AIN SHAMS UNIVERSITY, CAIRO, EGYPT

(Received 10. I I I .  1981)

dc conductivity  of different TeSex sem iconducting alloys, w ith  x  =  50, 30, 20, 15, 10 
and 5, are studied in b o th  th e  liquid and  the  crystallized phases. The composition dependence 
of <7„ (tem perature  independent pre-exponent) and E a (activation  energy of conduction) in 
liquid Se-Te m ixtures has been correlated w ith  th e  electronic fea tu res and ability  o f the Те 
atom s to  dissociate th e  Se chains. The conductiv ity  dependence on tim e (t) in supercooled 
liquid Te-Se alloys is investigated in th e  tem pera tu re  range of 90 180 °C. The d a ta  obtained
are used to  calculate th e  crystallization k inetic param eters К  and  n of an A v r a m i  equation 
in th e  form , a(t) — 1 — E x p ( —K tn). The activation  energy of th e  crystallization process 
shows a certain  com positional dependence w ith  a minim um value 0.37 eV a t the composition 
of TeSe30.

I. Introduction

A ccord ing  to  th e  phase d iag ram  o f th e  se len iu m —te llu riu m  system , 
solid so lu tions are fo rm ed  from  th e  tw o  elem ents in  a ll a tom ic p ro p o rtio n s  
an d  th e  v a r ia tio n  o f  th e  la ttic e  p a ra m e te rs  w ith  c o n c e n tra tio n  show s little  
d e v ia tio n  from  Ve g a r d ’s law  [1 — 3]. T h e  liqu id  Те— Se alloy  system  spans a 
w ide ran g e  o f e lec tron ic  b eh av io u r b e tw een  m eta ls  a n d  in su la to rs . L iquid  
Se is a fa irly  w ide gap  sem ico n d u cto r w h ich  displays a c tiv a te d  e lec trica l con
d u c tiv ity  [4]. In  liq u id  Т е, e x p e rim e n ta l evidence suggests  th a t  th e  F erm i 
energy  E f is w ith in  th e  valence b a n d  [5] an d  th a t  th e  d e n s ity  o f s ta te s  a t  th e  
F e rm i energy  N (E F) is te m p e ra tu re -d e p e n d e n t. X -ra y  a n d  n e u tro n  d iffrac tio n  
ex p erim en ts  [6—10] in d ica te  t h a t  th e  co -o rd ina tion  n u m b e r o f l iq u id  Те is 
a b o u t th re e  a t  th e  m e ltin g  p o in t I ’m a n d  increases r a p id ly  w ith  te m p e ra tu re , 
w hile t h a t  o f liq u id  Se is a b o u t tw o  an d  w eakly  te m p e ra tu re -d e p e n d e n t. 
I n  liq u id  Se—Те m ix tu re s  th e  av e rag e  co -o rd ina tion  n u m b e r rem a in s  n early  
tw o, irre sp ec tiv e  o f  com position  in  th e  Se-rich reg ion  a n d  i t  increases w ith  
th e  Т е c o n cen tra tio n  in  th e  Т е-rich  reg ion . These ev idences led to  suggest 
th a t  a change from  Se-like to  T e-like s tru c tu re  m ay  o ccu r a t  some in te rm e d i
a te  c o n cen tra tio n  reg ion  in  Se— Те m ix tu re s  [11].

* Published in IC TP Preprin ts. M iramare-Trieste, IC/80/70, 1980.
** Perm anent address: Physics D epartm en t, Faculty  of Science, Ain Sham s U niver

sity, Cairo, Egypt.
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R ecen tly , K otkata  e t a l [3] have c o n s tru c te d  a n  eq u ilib riu m  p h ase  
d ia g ra m  of th e  Se- —Т е system  fro m  D TA  th e rm o g ra m s consid erin g  b o th  th e  
e n d o th e rm ic  e ffec t on  h ea tin g  a n d  th e  ex o th e rm ic  effect o n  cooling. A n e u te c 
t ic  p o in t  has b e e n  p ro v ed  to  e x is t  a t  th e  com p o sitio n  o f  T eSe30 and  180 °C 
d u r in g  th e  su p ercoo ling  processes. T his p ap e r p re sen ts  re su lts  o f  dc co n d u c ti
v i ty  m easu rem en ts  on  some Se-Te alloys, in c lu d in g  TeSe30, in  b o th  liqu id  an d  
c ry s ta lliz e d  s ta te s . A lso, th e  c ry s ta lliz in g  k in e tic  p a ra m e te rs  o f  supercooled  
l iq u id  Se—Те alloys are  s tu d ie d  in  deta il. T h is h a s  been d one  b y  considering  
th e  dc c o n d u c tiv ity  a t  an y  in te rm e d ia te  p o in t d u rin g  th e  l iq u id —cry sta llin e  
t r a n s i t io n  as a s t ru c tu ra l  c h a ra c te r is tic  q u a n t i ty  for a m a te r ia l  co n ta in in g  
tw o  phases, liq u id  a n d  c ry s ta llin e  [12].

II. Samples, preparation and experim ental details

Six alloys o f  th e  general fo rm u la  TeSex, w ith  x  — 50, 30, 20, 15, 10 an d  
5 , w ere  p rep ared  fro m  high p u r i ty  (99.999% ) e lem en ta l se len ium  and  te llu riu m . 
T h e  ex ac t p ro p o rtio n s  req u ired  to  p rep are  6 g o f each com position  (see 
T a b le  I)  were enclosed  in  a v acu u m -sea led  ( ~ 1 0 -2  P a) q u a rtz  am poule  (0.012 m  
in  d iam e te r). T h e  tu b e s  were h e a te d  a t  800 °C fo r e igh t h o u rs  in  an  elec tric  
o v e n  a n d  sh ak en  sev e ra l tim es d u r in g  th e  course o f  syn thesis  to  ensure com plete  
m ix in g . The m o lte n  m ateria ls  w ere  th e n  q u en ch ed  in  icy  w a te r . This m e th o d  
o f  p re p a ra tio n  le a d s  to  th e  fo rm a tio n  of th e  considered  com positions in  th e  
am o rp h o u s  s ta te  as con firm ed  b y  th e  presence o f  halo p a t te rn s  in  th e  X -ray  
d iffra c tio n  [13] as w ell as s tro n g  ex o th e rm ic  p e a k s  in  th e  D T A  th e rm o g ram s [3].

I n  order to  a p p ly  e lec trica l m easu rem en ts , ab o u t 2 g from  th e  b u lk  
am o rp h o u s  sam ple  (6 g), w hich h a d  been  o b ta in e d  by  th e  q u en ch in g  tech n iq u e , 
w as sea led  ( ~ 1 0 ~ 2 P a ) in  a p y re x  am poule (0.01 m  in  d iam ete r) p rov ided  w ith  
tw o  tu n g s te n  e lec tro d es. M easu rem en ts of dc c o n d u c tiv ity  w ere  carried  o u t

Table I

Sum m ary of dc conductiv ity  m easurem ents of liqu id  and crystalline Se-Te alloys

Sample Те content 
(%)

Liquid samples Samples as-crystallized at 
130 ÓC

E<r (eV) ln <r0(ß-1 cm-1) kr(«V) —In a20(Q~l cm-1)

TeSe50 1.96 1.60 0.8 1.23 11.0

TeSe30 3.23 1.44 - 0.1 0.90 7.9

TeSe20 4.76 1.28 - 0 .3 1.05 8.4

TeSe15 6.25 1.72 1.9
TeSe10 9.09 1.90 2.8 0.73 6.1

TeSe5 16.67 2.20 4.1 0.40 5.4

Acta Physica Academiae Scientiarum Hungaricae 52, 1982
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using  an  e lec tro m eter o f th e  ty p e  V A J-52 (e rro r less th a n  2 .5% ) an d  ap p ly in g  
low  s tab le  v o ltag e  ( < 5  Y ). T hree se ts  o f  m easu rem en ts  were co n sid e red :

i) S tu d y  o f  th e  fu n c tio n  o' =  f (T )  in  th e  liqu id  s ta te ,  i.e. a t te m p e ra tu re s  
T  h igher th a n  T m w hich  h a d  been  p rev io u sly  d e te rm in ed  [3].

ii) S tu d y  o f th e  fu n c tio n  a  =  f( t)  d u r in g  th e  c ry s ta l  g row th  in  th e  su p e r
cooled liq u id  phases. T his h a d  been done b y  h ea tin g  th e  as-p repared  q u en ch ed  
sam ple  for one h o u r a t  300 °C, th e n  ra p id ly  tra n sfe rr in g  i t  in to  a p re h e a te d  
o ven  a d ju s te d  to  a req u ired  te m p e ra tu re  in  th e  range o f  9 0 — 180 °C. T h e  la t te r  
w as k e p t c o n s ta n t d u rin g  th e  d isorder— o rd e r tra n s itio n  p e rio d  using a n  a u to 
m a tic  c o n tro l system  w ith  te m p e ra tu re  v a r ia tio n  less th a n  0.5 °C.

iii) S tu d y  o f  th e  fu n c tio n  a — f ( T )  fo r  sam ples c ry sta llized  a t  d iffe re n t 
iso th e rm a l te m p e ra tu re s , i.e . a f te r  th e  e n d  o f  each tra n s it io n a l step  in  s e t  ii).

III. R esults

T he re su lts  o f dc c o n d u c tiv ity  m easu rem en ts  are  g iven  in  F igs. 1 to  3. 
F ig . 1 show s th e  p lo t o f In a ve rsu s  1/T fo r  th e  in v es tig a ted  liqu id  alloys, w here  
th e  re la tio n sh ip  is lin ear in  th e  m easu red  te m p e ra tu re  ra n g e . T able I  g ives E a, 
th e  a c tiv a tio n  energy  o f  co n d u c tio n  as a  fu n c tio n  o f  com position , c a lc u la ted  
from  th e  slopes o f  th e  cu rves In  o' versus 1 /T , and  In  <r0, th e  in te rc e p t o f  th e  
o rd in a te  fo r 1 /T  =  0. V alues o f  Ea v a ry  from  1.28 to  2 .20 eV, while th o se  of 
—In о1,, lie in  th e  reg ion  o f  —)— 0.3 to  —4.1 (o' is m easured  in  O h m -1 c m -1 ), an d  
none o f th e  tw o  fu n c tio n s varies  in  a m o n o to n ie  w ay. T h e  respective  v a lu es  
for th e  com p o sitio n  o f TeSe30 are 1.44 eV  an d  0.1.

T he change o f th e  e lec trica l c o n d u c tiv ity  o' d u rin g  th e  disorder— o rd er 
ph ase  tra n s it io n s  o f  th e  supercooled  liq u id  Se—Те alloys has been reco rd ed  
co n tin u o u sly  as a fu n c tio n  o f  tim e  t. I n  F ig s . 2a and  2b , th e  v a ria tio n s  o f  In  a

Fig. 1. T em perature-dependence of electrical conductiv ity  of TeSex liquid alloys; 
* =  50 (a), 30 (b), 20 (c), 15 (d), 10 (e) and 5 (f).
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6 M. F. КОТКАТА et al.

w ith  th e  an n ea lin g  tim e  d u rin g  tran s itio n s  c a rr ie d  ou t a t  d iffe ren t an n ea lin g  
te m p e ra tu re s  a re  g iven  for th e  com positions o f  T eSe50 and  T eS e10, resp ec tiv e ly . 
T h e  sm all d ifference  betw een  th e  in itia l v a lu e s  o f o, th e  p o in ts  A in  F ig . 2a 
o r F ig . 2b , is r e la te d  w ith  th e  m o m en t a t  w h ich  th e  m easu rem en ts  s ta r te d  to  
re c o rd . Fig. 2c show s th e  v a r ia tio n  o f In o' v e rsu s  t for d iffe ren t com positions 
c ry s ta lliz ed  a t  130 °C. In  F ig . 2 , i t  is obvious to  see th a t  tw o  processes com bine
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ELECTRICAL TRANSPORT 7

a t  each  annealing  te m p e ra tu re . The f i r s t  causes a g rad u a l decrease o f  th e  con
d u c tiv ity  cf due to  th e  n o rm a l cooling o f  th e  liqu id  sam p le  from  300 °C (p a th  
A B ). T h is process te rm in a te s  w hen  th e  te m p e ra tu re  o f  th e  sam ple d rops to  
th e  te m p e ra tu re  of th e  o v en  (point B ). T h e  second process could be  id en tified  
w ith  th e  s tru c tu ra l o rd e rin g  occu rring  d u rin g  th e  iso th e rm a l h e a t t re a tm e n t 
an d , as a consequence, th e  grow th o f  th e  new  phase in  th e  supercooled  liqu id  
m a tr ix  (p a th  BC), X - ra y  analysis h a s  p ro v ed  th a t  th e  c ry s ta lliz a tio n  process 
in  th e  supercooled  sam ples does n o t s t a r t  before th e  p o in t В  [13].
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2to

10-

C
i—

C

6- A
✓✓/ TeSe10 1 

11 A /11 A 1 /  » 1 *
7-

1
1
1

i TeSe20 \> 
• I

t L-

A
1

\  TeSe30 
\ > " c “A TeSe>5

* . 1 /  * 1
/  \  '

8- \  TeSe50 
1

\
\\

Xх 1 I \  
/ '  \ • \

/  v  
/  в

c
___ _

• " Г -
V ,'
в

Vв В
All samples supercooled 
from 300 °C to 130 °C.

I— 20 —!
F ig. 2c.

t [min]

Fig. 2. Time-dependence of electrical conductiv ity  during the liquid-crystalline transform ations 
of (a) TeSe60, (b) TeSe10 and (c) for d ifferen t compositions crystallized a t  130 °C

Fig. 3. Tem perature-dependence of electrical conductivity  of TeSex alloys as-crystallized at 
130 °C; ж =  50 (a), 30 (b), 20 (c), 10 (e), 5 (f)
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8 M. F. КОТКАТА et al.

I n  th e  case o f  TeSe50, th e  tim e  r  necessary  fo r th e  co m p le tio n  of th e  t r a n s 
i t io n  process decreases w ith  d ecreasin g  A T  =  J \  — Tc (th e  d ifference b e tw een  
th e  liq u id  te m p e ra tu re s  an d  t h a t  a t  w hich  th e  g ro w th  ta k e s  place) up  to  A T  =  
=  190 °C, an d  th e n  increases. F o r  T eSe10, x decreases w ith  A T  up  to  140 °C 
a n d  th e n  increases. T he g enera l b eh av io u r o f  th e  fu n c tio n  a =  f ( t)  d u ring  th e

Table II

D uration  of th e  two processes AB and BC (Fig. 2) in l — c transform ations 
of TeSex a t d ifferent tem peratures o f crystallization

Temp.
(°C)

Time (min)

TeSe,„ TeSe„ TeSe„ TeSels TeSejo

AB BC AB BC AB BC AB BC AB BC

90 30 50 20 45
100 30 46 15 44 18 62 15 65
110 15 18
120 20 20 28 42 10 58 8 44
130 15 25 15 35 9 50 18 60 5 30
140 15 35 10 30 6 42 22 34 5 26
150 7 16 5 7 7 24 4 16
160 10 60 7 11 5 20 4 8
170 8 17 6 10
180 36 22 15 13 13 15

l iq u id — cry sta llin e  tra n s it io n  in  th e  o th e r in v e s tig a te d  com positions is sim ilar 
to  th o se  show n in  F igs. 2. H ow ever, a sim ple tim e-d ep en d en ce  o f  A T  as a re su lt 
o f  th e  increase o f  T e -c o n te n t in  th e  T eSex in v e s tig a te d  alloys w as n o t d e tec ted . 
T a b le  I I  gives th is  dependence  d u rin g  th e  in d iv id u a l processes AB and  BC 
o f  th e  tra n s itio n s .

A  p lo t o f  th e  fu n c tio n  In a  =  f ( l /T )  for sam ples c ry s ta llized  a t  d ifferen t 
c o n d itio n s , w here  th e  c o n d u c tiv ity  m easu rem en ts  w ere c a rr ie d  o u t a f te r  
a t ta in in g  th e  s ta b iliz a tio n  period  o f  each  tra n s it io n  (p a th  AC), gave a s tra ig h t 
lin e  re la tio n sh ip . F o r  th e  com p o sitio n  o f  TeSe30, th e  o b ta in ed  lines w ere para lle l 
a n d  co rresp o n d  to  E„ =  0.9 i  0.05 eV. B u t, th is  is n o t  ex a c tly  th e  case w hich 
w as fo u n d  for th e  o th e r  S e—Т е com positions in v e s tig a te d . F ig . 3 show s In  cr 
v e rsu s  1/T  fo r d iffe re n t S e—Т е alloys w here th e  m easu rem en ts  a re  carried  o u t 
o n  sam p les  c ry s ta lliz e d  a t  130 °C. T h e  co rrespond ing  values o f  E a and  In <r20 
a re  g iv en  in  T ab le  I .  I t  shows t h a t  <r20, th e  c o n d u c tiv ity  a t  20 °C as o b ta in ed  
fro m  e x tra p o la tio n  o f  p lo ts  o f  F ig . 3, varies over f iv e  orders o f  m ag n itu d e  for 
th e  co m p o sitio n a l ra n g e  s tu d ied , 2 — 17 a t  %  Те.
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IV. D iscussion

IV .  1. Temperature-dependence o f conductivity

A s s ta te d  ea rlie r, th e  p lo ts o f  In  a versus 1/T  m a y  be re p re se n te d  b y  a 
s tra ig h t  line over th e  w hole of th e  te m p e ra tu re  ra n g e  in v es tig a ted . I t  follows 
th e  a c tiv a te d  re la tio n :

a =  a0 E x p  ( - E J 2  K B T ) ,

w here  K B is th e  B o ltzm an n  c o n s ta n t, T  is th e  K e lv in  te m p e ra tu re , a 0 is te m 
p e ra tu re - in d ep e n d e n t, an d  E a m ay  be  te m p e ra tu re -d e p e n d e n t. Such a behav iou r 
has b een  found  in  a la rge  n u m b er o f  am orphous m a te ria ls  (solid a n d  liquid) 
a n d  resem bles th a t  fo u n d  in  in trin sic  sem iconducting  c ry sta ls . I t  sh o u ld , how
ev er, n o t  be concluded  from  th e  in trin sic -lik e  b eh av io u r in  the  co nsidered  am or
p h ous liqu id  alloys a n d  in  o th e r am o rp h o u s m ate ria ls  t h a t  am orphous m ateria ls  
are  in trin s ic . In  in tr in s ic  c ry s ta llin e  sem iconducto rs a ll electrons in  th e  con
d u c tio n  b an d  com e from  th e  va lence  b a n d  so t h a t  n  =  p . I n  am orphous 
sem iconducto rs n p  because o f  th e  m uch la rg e r n u m b e r of e lec tro n s and  
holes in  localized ta i l  s ta te s  an d  gap  s ta te s , see e.g. F ritzsch e  [14]. H ow ever, 
p u b lish ed  values o f  <r0, derived  from  ex p erim en ta l d a ta ,  o ften  lie in  th e  range 
o f  103— 104 O h m '1 c m '1. I t  has b e e n  a rg u ed  th a t  co n d u c tio n  ta k e s  p lace due 
to  ca rrie rs  ex c ited  bey o n d  th e  m o b ility  shoulders in to  non-localized  sta tes . 
E x cep tio n s  w ith  low er values o f <r0 ( ~ 1 0 ~ 2 O h m -1  c m '1) h a d  b e e n  found 
(see e.g. A l l g a ie r  [15] an d  B hat e t al [16]). This a t t r ib u te d  to  a w ide range 
o f  localized  s ta te s  a t  th e  valence b a n d  edge. In  T ab le  I ,  cr0 shows a  dependence 
on  com position  in  a c e r ta in  m an n e r. T his refers to  a  presence o f  d ifferen t 
e lec tro n ic  fea tu re s  b e tw een  th e  a lloys. T he low v a lu es  o f  ff0 for a t  %  T e á  5 
com positions in d ica te  th a t  th e  low d e n s ity  o f th e  e le c tro n  s ta te  n a y  be  localized 
in  th e  quasi-gap . T he degree o f lo ca liza tio n  is a ffec ted  b y  th e  a d d itio n  of Те 
an d  a t  ab o u t 17 a t  %  T e (TeSe5), cr0 ^  104 O h m “ 1 c m '1.

A b d in o v  e t  a l [17] h av e  s tu d ie d  th e  e lec trical c o n d u c tiv ity  a n d  th erm o  
e m f o f  th e  sy s tem  S e—Т е in  th e  l iq u id  s ta te . These a u th o rs  re p o r te d  th a t  the  
a d d itio n  of Те to  Se d issociates th e  long  Se chains a n d  th is  d issoc ia tio n  begins 
im m ed ia te ly  a f te r  m e ltin g . The co m positiona l d ependence  of E a (liqu id) in  
th e  p re se n t s tu d y  is in  ag reem en t w ith  th a t  o f Ab d in o v  e t al [17]. A t low 
T e -co n ten t in  th e  S e—Те alloy , b e ing  d is tr ib u te d  u n ifo rm ly  over th e  Se chains, 
th e  Те atom s fa c ilita te  th e ir  d issocia tion . This leads to  th e  o bserved  decrease 
o f  Ea- (liquid) u p to  a b o u t 5 a t  %  Т е (TeSe20). I n  th e  com position  range  of 
Т е cu 5 —17 a t  % , th e  m olecular size o f  th e  liq u id  sy stem  Se—Т е decreases 
so m ark ed ly  t h a t  th e ir  d issocia tion  en erg y  becom es d ep en d en t on th e  m olecular 
w e ig h t an d  th e re fo re  Ea increases w ith  th e  T e -co n ten t. In  o th e r  w ords, i t  is 
due  to  th e  decrease o f  th e  m o lecu lar w eigh t o f th e  chains in  th is  reg ion  of 
co n cen tra tio n .
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I V . 2. Time-dependence o f conductivity

In  th e  fu n c tio n  p lo ts of <7 =  f ( t )  in  Figs. 2, th e  process p a th  BC proceeds 
sm o o th ly  and  co v ers  a re la tiv e ly  la rg e  increase o f  a  (2 —4 o rders o f  m agn itude) 
a n d  in d ica tes  su b se q u e n t g row th  o f  a new  ph ase  u n t i l  com plete  tra n s it io n  of 
th e  supercooled  sam p le  volum e is a tta in e d . T h is increase o f  a  is associated  
w ith  th e  p o ssib ility  o f  b ind ing  th e  nuc le i d u rin g  th e  grow th o f  th e  new phase 
a n d  fin a lly  p ro d u c in g  non-iso la ted  c ry sta llite s  e x te n d e d  th ro u g h  th e  c ry s ta l
lized  sam ple. To s tu d y  th e  k in e tics  o f  th is  l iq u id — crysta lline  (o r d isorder — 
o rd e r)  tra n s itio n  o f  T eSex alloys, a n  A v r a m i  e q u a tio n  [18] in  th e  form :

a (t) =  1 — E xp  ( — K tn)

is ap p lied . In  th is  eq u a tio n  a(t) is th e  frac tio n  tra n sfo rm e d  in  tim e  t, К  is a 
te m p e ra tu re -d e p e n d e n t ra te  c o n s ta n t and  defines th e  c ry s ta lliz a tio n  ra te , 
a n d  n is an  e x p o n e n t w hich need  n o t  be an  in te g e r  [19, 20]. T h e  tw o  k inetic  
p a ra m e te rs  К  an d  n  h a v e  been c a lc u la te d  using th e  a u th o rs ’ p rev io u s procedure 
d esc rib ed  elsew here [12].

T he c a lc u la ted  values o f  In  In  [1/(1 — a)] w ere  p lo tted  v e rsu s  In (t) for 
all com positions a t  th e  d ifferen t supercoolings. S u ch  a fu n c tio n  is show n in  
F ig . 4 fo r th e  c o m p o sitio n  of TeSe30, w hich  re p re se n ts  a series o f  s tra ig h t lines 
e a c h  o f  w hich co rre sp o n d s  to  a c e r ta in  te m p e ra tu re . V alues of th e  k in e tic  p a ra 
m e te r  ti, as c a lc u la te d  from  th e  lin e  slopes o f  In  In  [1/(1 — a)] versus In (i), 
a re  g iv e n in T a b le  I I I  a t  th e  d iffe ren t te m p e ra tu re s  o f  c ry s ta lliz a tio n . T he d rastic  
ch an g es  o f n in d ic a te  th a t  d iffe ren t c ry s ta lliz a tio n  geom etry  is d o m in an t in  
v a r io u s  ranges o f  te m p e ra tu re . H o w ev er, th e  ap p ro x im a te  c o n s ta n t  value o f

Fig. 4. A vram i plots o f  th e  crystallization of the supercooled m atrix  of TeSe30 a t different
isotherm s
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n =  1.3 i  0.1 for th e  com positions of T eSe30 and  T eS e15 refers to  u n iq u e  
g row th  geom etry .

T he ra te  c o n s ta n t К  is g iv en  th e  b y  A rrhen ius e q u a tio n  as: К  =  K 0 
E x p  (—E /R T ), w here K 0 is th e  c o n s ta n t a n d  R  is th e  gas c o n s ta n t. F o r each

Table II I

Values of the Av r a m i kinetic param eter n calculated a t d ifferen t tem peratures
of crystallization

Temp. (°C)
»

TeSe,0 TeSe30 TeSe20 TeSe15 TeSe10

90 1.7 1.3
100 2.0 1.3 1.5 1.3
110 2.1
120 2.0 1.3 1.8 1.3
130 1.9 1.4 1.4 1.3 1.4
140 1.6 1.2 1.1 1.2 1.2
150 1.45 3.2 1.2 1.2

160 1.6 2.8 1.3 3.4
170 1.4 2.7
180 1.3 2.5 1.4

Table IV

Crystallization activation  energy of the supercooled TeSex liquid  alloys

Sample E(eV) Range of (°C) 
temperature

TeSe50 0.76 9 0 -1 3 0
TeSe80 0.37 9 0 -1 8 0
TeSe20 0.50 100-150
TeSe15 0.60 130-160
TeSe10 0.70 100-150

Fig. 5. Dependence of In К  on reciprocal of absolute tem perature T  for the composition
of TeSe,0
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T eSex com p o sitio n , a p lo t o f  In  K  = / ( l / T )  cou ld  be f i t te d  o v er a c e r ta in  te m 
p e ra tu re  ra n g e , -with a s tra ig h t  line w hose slope defines th e  a c tiv a tio n  en erg y  
o f  th e  process E . H ere, th e  av erag e  values o f  К  over th e  ra n g e  o f ж ^  i o % -  
9 0%  are  considered . F ig . 5 show s th e  p lo t o f  In  К  versus 1 /T  for th e  com posi-

0.8 -,

' 0.5-

0.2 -

„-cr
„.Cr" “2

U 6
at 7. Те

10

Fig. 6. C rystallization activation  energy as a  function  of atom ic p ercen t tellurium  in  the
Se-Te compositions

tio n  o f  T eSe30. T he solid line is  a least sq u a re  f i t  to  th e  ex p erim en ta l p o in ts . 
T ab le  IV  gives th e  ca lcu la ted  va lu es  o f  E  w ith  th e ir  co rrespond ing  v a lid  ranges 
o f  te m p e ra tu re . I t  shows t h a t  th e  c ry s ta lliz a tio n  ac tiv a tio n  energy  o f th e  su p e r
cooled T eSex alloys decreases from  0.76 eV fo r th e  com p o sitio n  of T eSe50 to
0.37 eV fo r TeSe30, an d  th e n  E  increases w ith  th e  Те c o n c e n tra tio n  up to  0.7 eV 
fo r th e  r ic h  Т е com position  T eS e10, (F ig . 6).

V. Conclusion

In  conclusion , th e  fo llow ing p o in ts  c a n  be m en tio n ed :
1) I n  liq u id  s ta te , th e  v a r ia tio n  b eh av io u r o f cr0 w ith  th e  a m o u n t of 

Т е c o n te n t is accom pan ied  b y  d iffe ren t e lec tro n ic  fea tu re s  am ong  th e  Se— Те 
m a te ria ls . O n th e  o th e r h a n d , th e  c o n c e n tra tio n  of Те a to m s an d  co n seq u en tly  
th e  m o lecu la r w eigh t o f  th e  liq u id  Se—Т е m ix tu re s  g rea tly  affec ts  th e  fa c ilita tio n  
o f  th e  d isso c ia tio n  energy  as ap p eared  fro m  th e  change o f  E a.

2) T h e  n o n -sy s tem a tic  v a r ia tio n  o f  th e  Avram i k in e tic  p a ra m e te r  n  w ith  
th e  supercoo ling  (T able I I I )  fo r  th e  com positio n s of TeSe50, T eSe20 a n d  T eS e10 
seem s to  be  a te m p e ra tu re -d e p e n d e n t fu n c tio n . This gives evidence fo r d iffe
re n t  g ro w th  g eo m etry  in  d iffe ren t te m p e ra tu re  ranges. T h e  c o n s ta n t v a lu e  of 
n =  1.3 ^  0.1 fo r th e  com positions o f  T eSe30 and  T eSe15 ind ica tes u n iq u e  
g ro w th  g eo m etry . T he la t te r  is  n o t a p u re ly  one-d im ensional process.

3) T h e  ca lcu la ted  a c tiv a tio n  energ ies for th e  c ry s ta lliz a tio n  in  su p e r
cooled T eSex sam ples are  s ig n ifican tly  less th a n  those fo r am o rp h o u s-cry sta l- 
line tra n s fo rm a tio n s  d e te rm in ed  from  e lec trica l c o n d u c tiv ity  d a ta  [21, 22] 
an d  from  o th e r  tech n iq u es  (e.g. D TA , [23]). I n  th e  am o rp h o u s-c ry sta llin e  
tra n s fo rm a tio n  o f  TeSex fo r th e  p resen t com po sitio n  ran g e , E  has been fo u n d  to
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be > 2  eV. T his is lik e ly  to  be due  to  th e  d ifference in  v iscosities o f  th e  su p e r
cooled liq u id  an d  o f  th e  v itreo u s  s ta te . Such a decrease m ig h t m ak e  th e  d iffu 
sion, self-d iffusion, an d  sw itch ing  o f th e  chem ical bonds easier.
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THE ELECTRONIC PRESSURE IN DENSE PLASMAS

A . E . P ozw o lsk i
UNIVERSITY OF PARIS, 75020 PARIS, FRANCE*

(Received 12. V. 1981)

A therm odynam ic calculation of the electronic pressure in a dense plasm a is given. 
A pproxim ations involved by  the use of the Debye length  are avoided, so th e  above theory  
rem ains valid even if the Debye length  is smaller th a n  the interionic distance.

I. Introduction

The Coulom b in te ra c tio n  betw een  ch arg ed  p artic les low ers th e  p ressu re  
an d  i t  w as show n th a t  for e lec trons such p ressu re  can  even  becom e n eg a tiv e
[1]. F o r s tro n g ly  co rre la ted  elec trons (e2 re1/3 >  kT , n: e lectron ic  density ) th e  
co rre la tio n  fu n c tio n  oscillates as in  liqu ids [2] and  even c ry s ta lliz a tio n  appears 
possib le a t  low  te m p e ra tu re .

R ecen tly , th e  a u th o r  h as  show n [3] t h a t  a t m odera te  d e n s ity  th e  ionic 
p re ssu re  is s tro n g ly  reduced . F o r low  d e n s ity  b u t  h igh  io n iza tio n  n u m b er th e  
p o ssib ility  o f  se lf con finem en t [4] w as show n assum ing  an  e lec tro n —ion  in te ra c 
tio n  on th e  basis  o f a Y u k aw a  p o ten tia l, im p ly ing

e2 n W / k T  1 . (1)

Now' such  re s tr ic tio n  will be rem o v ed , in  o rd e r to  fin d  th e  p ressu re  for p lasm as 
w here  th e  D ebye  len g th  is co m p arab le  or even  sm aller th a n  th e  in te rio n ic  
d istance .

II. Equilibrium of a dense plasma

W hen the inequality  defined by Eq. (1) is reversed the Coulomb energy  
becom es larger th an  the average translational kinetic energy and then  a quasi 
la ttice  structure o f the plasm a is to be expected , as was shown by Cook [5]. 
Spectroscopic observation o f dense plasm as is in  good agreem ent w ith  such  
structure [6].

So a co m p le te ly  ion ized  p lasm a  (ion  charge  n u m b er Z ) is considered ; 
th e  in te rio n ic  d is tan ce  is d =  =  Z  n ~ 1/3. Now, ions are  assum ed  to  be
even ly  d is tr ib u te d  in  p lanes w ith  a re tic u la r  d en sity  1 /d2, th e  spacing  o f  th e
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16 A. E. POZWOLSKI

p lan es b e in g  d. T he su p e rfic ia l charge  d e n s ity  is Ze/d2 an d  each  p lane  is s u r 
ro u n d e d  b y  tw o  e lec tro n  sh e a th  o f th ick n ess  d/2. T he o rig in  0 for d is tan ce  x  is 
ta k e n  in  th e  m idd le  o f  tw o  adj acen t re tic u la r  p lanes a n d  th e  p o te n tia l V  b e tw een  
th e se  p lan es checks:

dV /dx  =  0 fo r x  =  0 ;

V  =  0 fo r x  =  0 ;

F u r th e rm o re  i t  is assu m ed  th a t  th e  e lec tron ic  d e n s ity  n (average v a lu e  n) 
follow s B o ltz m a n n  e q u a tio n  n =  n 0 exp  (eV /kT ) w here  n 0 is th e  v a lu e  o f  n 
w h en  x  =  0. F o r conven ience th e  fo llow ing p a ra m e te rs  are  in tro d u c e d : 
E T — kT /e  — T /11,600 th e  e lec tron  v o lt e q u iv a le n t o f te m p e ra tu re , и =  V /E ji  
th e  re d u ced  p o te n tia l, an d  th e  c h a ra c te r is tic  len g th s  h an d  H  de fined  by  
H2 =  kT/4<nn0e2, H 2 =  k T /\n n e 2.

C om bining  P o isso n  an d  B o ltz m a n n  re la tio n s  th e  follow ing eq u a tio n  
re su lts

d2 u/dx2 =  exp  (u)/h2 , (3)

I n  v iew  o f  th e  la s t re m a rk  in  th e  in tro d u c tio n  an y  series developm ent o f  th e  
ex p o n e n tia l te rm  is n o w  p rec luded . E q . (3) in te g ra te s  to

du/dx  =  (21/2/h )(ex p  и — 1)P2 (4)

a fte r  u s in g  co n d itions (2).
In te g ra tin g  a g a in  i t  is found  th a t  th e  p o te n tia l changes accord ing  to

t g _1(exp и — l ) 1/2 =  x ß ^ h  . (5)

Since и — u 0 for x  — d/2:

exp u0 — 1 =  h2 d2 8H 4 (6)
an d

tg  d/2 X 2 1/2/i =  dh/2 X 21'2 H 2. ( 7)

S olving th is  e q u a tio n  gives h an d  th e  red u ced  p o te n tia l  d rop  is:

u 0 =  L o g ( l  + h 2d2/8H*). (8)

Relationship between the densities n 0 and n

n =  2/d n 0 ex p  (и) dx =  2 /d J o" n 0 exp  (u)/(du/dx) du =

=  2dl2 n 0 h/d J o° exp (и)/(ехр  и — l ) 1/2 du =  23/2 n 0 h/d(exp u0 — 1)1/2.

U sing E q . (6) i t  is fo u n d  th a t  h =  n 0 h2/H 2.

dV /dx — 2n  ned fo r x  =  d/2 , 

V  =  V0 fo r x  =  d/2 ;
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THE ELECTRONIC PRESSURE IN  DENSE PLASMAS 17

Potential energy o f the electrons

T he en erg y  p e r u n it a re a  o f th e  tw o s h e a th  su rro u n d in g  a re tic u la r  p lan e  
is g iven b y

d W  — —2n dx eu E T so W  =  —2eE, rdl 2
Jo nu dx .

U sing E q . (5) w ith  n =  n 0 ex p  (и) th e  e q u a tio n  for en erg y  becom es

_  Cd'2 Log cos2 x/21!2 hW  =  2re0 eET ------------------------- dx .
Jo  cos2 x/21l2h

L et t =  tg  x / 2 h , th e n
Thdl23l2 H2

W  =  —23'2 eE T n oh | 0 '“ Log (1 +  <2) dt

w hich  i t  is easy  to  in te g ra te  b y  p a r t , th e  re su lt  is

W  -  — nkT d  [u0 -  2(1 -  H 2/h2)] . (9)

III. Derivation of the pressure and critical ionization number for self
confinem ent

F or a p la sm a  volum e v inc lud ing  N  e lec trons (n =  N/v) th e  p o te n tia l 
energy  can  be re w ritte n , m ak ing*  th e  fu r th e r  ap p ro x im a tio n  h H , an d  using  
E q . (8)

U  =  — N k T  Log (1 +  d2/8H 2) 
or

U  =  - N k T  Log (1 +  л d2e2 N j2kTv) . (10)

I t  is useful to  in tro d u ce  th e  p a ra m e te r  ß  =  1 jk T  so th e  free  energy  is

F  =  I  Udß =  - ß - 1 J (N/ß) L og  (1 +  жd2e2 N ß /2v) d ß . (11)

N ow  th e  p ressu re  due  to  th e  e le c tro n —io n  in te ra c tio n  is

dPl =  - d F / d v  =  N ß - 1 Г —  [Log (1 +  жd2e2 Nß/2v)] dß 
J dv

n d2e2N 2 Г(u2 J2ß 1
1 + жd2e2 N  _1 _1

2v
N

d ß =  “ т у los  l1+ -  2»

жd2 e2 N ß

* Dropping th e  (1 — H 2/h2) te rm  in Eq. (9) is no t restrictive since ff2//»2 =  n j n  and 
so is independent o f ß  and r; its contribu tion  to the free energy disappears by differentiation.
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18 A. E. POZWOLSKI

w hich  c a n  be re w ritte n  as

p x — — n k T  Log (1 -f- nd2 e2 n /2kT ) . (12)

A d d in g  th e  k in e tic  p ressu re  o f  th e  free n o n  in te ra c tin g  e lec tro n  gas, th e  to ta l  
p ressu re  is found  to  be:

p  =  n k T  [1 — L o g ( l  nd2e2n /2kT ) ] . (13)

T he to ta l  p resssu re  v an ish es  an d  th e  p lasm a  is self co n ta in ed  w hen  th e  lo g a r ith 
m ic te rm  is eq u a l to  u n ity  so:

nd2e2n j2 kT  =  £ — 1 (£  =  2 .7 1 ) . (14)

N o tin g  th a t  nd2 *= Z /d  i t  is fo u n d  th a t  th e  c ritica l io n iza tio n  n u m b er Z c is

Z c =  2 ( g — V)kTdjne2 =  653 T d , (15)

w here  T  is in  К  an d  d in  cm .
I t  is in te re s tin g  to  n o te  th a t  considering  th e  in te ra c tio n  o f  charges 

acco rd in g  a Y u k aw a  p o te n tia l, D rum m ond  [7] found :

Z c =  350 Td.

As a n  exam ple  ta k e  ra;- =  5 X Ю22 c m -3 , d =  0.27 nm , H  =  0.08 nm , th e n  for 
Z  =  16 se lf co n fin em en t is possib le acco rd ing  to  (15), i f  th e  te m p e ra tu re  does 
n o t exceed 0.91 X Ю6 K .
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BAND INTENSITY PARAMETERS AND GROUND 
STATE DISSOCIATION ENERGY OF CS RADICAL

M. R a m je e , M. L. P . R ao , D. V . K . R ao and P . T . R ao
DEPARTMENT OF PHYSICS, ANDHRA UNIVERSITY, WALTAIR — 530 003, INDIA

(Received 15. V I. 1981)

The band  in tensity  param eters, the F ranck  - Condon factors and r-centroids have 
been evaluated for th e  a3FF — X 'Z + system  of the astrophysically im p o rtan t CS radical. The 
ground sta te  dissociation energy has been estim ated by  fitting th e  H ulbert — H irschfelder 
po ten tia l curve to  the true  po ten tia l curve.

1. In tro d u c tio n

A ccu ra te  know ledge o f  F ra n c k —C ondon  fac to rs, r-cen tro id s  and  d isso c ia 
tio n  energies is o f  g rea t im p o rta n c e  in  a s tro p h y sics  and  in  th e  s tu d y  o f  ch em i
cal physics. I t  has been  p o in te d  o u t [1] t h a t  an  u n c e r ta in ty  o f 0.3 eV in  th e  
d issocia tion  en erg y  leads to  a n  u n c e r ta in ty  b y  a fac to r o f  tw o  in  th e  m o lecu la r 
so lar ab u n d an ce  a n d  a s till h igher fa c to r  fo r  cooler s ta rs . As th e  b a n d s  o f 
CS rad ica l a re  o bserved  in  in te rs te lla r  s p e c tra  [2], i t  is th o u g h t w orthw hile  
to  ca lcu la te  th e  F ra n c k —C ondon fac to rs , r-cen tro ids fo r  th e  а3П — Х г£ + 
sy s tem  o f CS rad ica l and  its  g ro u n d  s ta te  d issoc ia tio n  en erg y . The b an d  in te n 
s ity  p a ra m e te rs  are  e v a lu ta e d  using  “ T R A P R B ” p ro g ram  o f J a rm ain  [3] 
an d  th e  g ro u n d  s ta te  d issoc ia tion  energy h a s  been e s tim a te d  b y  f i t t in g  th e  
H u b e r t — H ir s c h f e l d br  [4] p o ten tia l e n e rg y  curve to  th e  tru e  p o te n tia l  
cu rv e  using  th e  d a ta  o f T a ll  [5] and  Co ssa r t  e t al [6].

2. r-cen tro id s  and  F ra n c k — Condon fac to rs

B an d  s tre n g th  fac to rs  w ith o u t v ib ra tio n —ro ta tio n  in te ra c tio n  are g iv en  b y

P v\r>" =  I J W R e (r )  W '  dr\2 . . .  (1)
w here ipv■ an d  ipv, a re  th e  v ib ra tio n a l w ave fu n c tio n s  of u p p e r  an d  lower s ta te s  
an d  R e(r) is th e  e lectron ic  tra n s i t io n  m o m en t. The r-cen tro id  (?„. „») a p p ro x i
m a tio n  used  in  th e  analysis o f  in te n s ity  m easu rem en ts  o f  b a n d  sp ec tra , allow s 
a sep a ra tio n  o f h a n d  s tre n g th  in to  a pure v ib ra tio a n l te rm  ( th e  FCf, qv■ j>) a n d  an  
e lectron ic  te rm  (th e  e lec tron ic  tra n s it io n  m om ent). H en ce  „» c a n  be

2* Acta Physica Academiae Scientiarum Hungaricae 52, 1982



20 M. RAMJEE et al.

Table I

qv,t „» and r„/; „» for a-X  system  of CS

Vя
v'

0 1 2 3 4

0 0.825 0.158 0.015 0.001 0.000
1.556 1.652 1.735 1.811 1.884

1 0.157 0.528 0.267 0.043 0.004
1.469 1.564 1.661 1.742 1.817

2 0.016 0.262 0.301 0.328 0.051
1.375 1.482 1.571 1.669 1.750

3 0.001 0.046 0.317 0.142 0.346
1.265 1.390 1.493 1.577 1.678

4 0.000 0.005 0.085 0.328 0.046
1.134 1.286 1.406 1.505 1.586

1s t row: Çp, 
2nd row: r„, v.

w rit te n  as
P v’,v ’’ =  Щ  (  V,»") I J  Vif Ve" dr I 2 =  RUr 4 v \v "  . ( 2 )

w here  r-cen tro id  (rv, v.) is d e fin ed  as th e  av erag e  in te rn u c le a r  se p a ra tio n  of 
a v ' — v" t ra n s i t io n  an d  is g iven  b y

V. e" =  J Ve' rVt>" dr/J Ve' Ve" dr • (3)
T he r-cen tro id s  an d  F ra n c k —C ondon fac to rs  for a — X  system  o f  CS 

ra d ic a l h av e  b een  ca lcu la ted  using  th e  p ro g ra m  of “ T R A P R B ” o f J arm ain  
a n d  th e  re su lts  a re  p resen ted  in  T able  I . F ro m  th e  m a g n itu d e  of F C f’s i t  c an  
be  concluded  t h a t  a n a rro w  C ondon p a ra b o la  is expec ted  in  consistency  w ith  
th e  e x p e rim e n ta l o b se rv a tio n .

T he sequence  d ifferences in  r-cen tro id s  have  been  fo u n d  to  he c o n s ta n t 
in  acco rdance  w ith  th e  o b se rv a tio n  of N icholls and J arm ain  [7]. T he v a lu e  
o f  r 0 0 is s lig h tly  g rea te r  th a n  (rel - f  re2)/2 v a lu e , suggesting  th a t  th e  p o te n tia ls  
a re  n o t v e ry  an h arm o n ic . 3

3. D issociation energy

The ground state d issociation energy o f  CS radical has been evaluated  
b y  fittin g  the H —H  function to  the true poten tia l (R K R Y ) curve. H ulbert  and  
H irsch felder  m odified the three param eter Morse fu n ction  by introducing

Acta Physica Academiae Scientiarum Hungaricae 52, 1982
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Table II
Potential energy curves of X 1X + state of CS

T
nm

^KKBV 
10-» J

^HH
10-1* J

l„„(LrRKRV — Uhh)
t>e

0.1483 0.1273 1.1272 0.00
0.1593 0.1273 0.1274 0.00
0.1448 0.3799 0.3797 0.00
0.1639 0.3799 0.3801 0.00
0.1421 0.6300 0.6295 0.00
0.1674 0.6300 0.6303 0.00

0.1408 0.8775 0.8766 0.00
0.1703 0.8775 0.8779 0.00
0.1394 1.1224 1.1209 0.01
0.1729 1.1224 1.1229 0.00
0.1382 1.3648 1.3624 0.01
0.1754 1.3648 1.3653 0.00
0.1371 1.6046 1.6011 0.02
0.1777 1.6046 1.6050 0.00

0.1361 1.8418 1.8369 0.04
0.1800 1.8418 1.8421 0.00
0.1352 2.0764 2.0699 0.05
0.1821 2.0764 2.0766 0.00
0.1344 2.3084 2.3000 0.07
0.1842 2.3084 2.3083 0.00
0.1337 2.5379 2.5273 0.08
0.1863 2.5379 2.5374 0.00

0.1330 2.7648 2.7516 0.11
0.1883 2.7648 2.7637 0.00

0.1323 2.9891 2.9731 0.13
0.1903 2.9891 2.9873 0.01
0.1317 3.2108 3.1917 0.16
0.1922 3.2108 3.2082 0.02

0.1311 3.4300 3.4075 0.19
0.1941 3.4300 3.4262 0.03

tw o  ad d itio n a l spectroscop ic  co n s ta n ts  coex e a n d  ae. The H  — H  fu n c tio n  is th e n  
g iven  b y

U(r) =  A t((!  — exp( —x))2 +  c* » (l +  x) exp ( — (3 — b)x)) (4)
w here

(O p

2 (B eDeyi>
( 5 )
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22 M. RAMJEE et al.

Table Ш

Ground s ta te  dissociation energy values of CS rad ical

Method D0
1 0 -« J

Photoionization of CS2 [11] 11.86 ±  0.05

0  +  CS — CO +  S [12] < 12.16

CS2 +  S ^  CS +  S2 [13] 
By mass spectroscopy

11.55 ±  0.16

CS(A 'i£+ -  X.'E+) [7]
High resolution spectroscopy

11.78 ±  0.02

Fluorescence from CS2 [14] 
Photodissociation

11.84 ±  0.05

Gaydon [15] 12.16

Present study 11.82

T h e c o n s ta n ts  6 a n d  c are  d e te rm in ed  b y  th e  rela tions

с =  1 +  a i(DJa0)V\
6 =  2 -  (7/12 -  De a2/a0)/c,

where a0, ax and a2 are D unham  [8] coefficien ts given b y

an d

4B„
а I — — 1 +

0)е осе
6 В*

а 2
5 а |  2<уе хе
~ 4  3 В е

( 6)

(7)

B y  u sin g  th e  R K R  m e th o d  as m o d ified  b y  Vanderslice  et al [9] th e  
tu rn in g  p o in ts  co rrespond ing  to  each v ib ra tio n a l level h a v e  been co m p u ted . 
T he U  va lu es  co rrespond ing  to  rmin an d  r raax are  e v a lu a te d  for all v ib ra tio n a l 
levels a t  d iffe ren t va lues o f  D e from  E q . (4) an d  th e  av e rag e  percen tage d e v ia 
tio n  (1 0 0 (i/RKRV — UHH)/De) has been  ev a lu a ted . T he p a rtic u la r  v a lu e  of 
D e co rrespond ing  to  m in im u m  p ercen tag e  d ev ia tio n  is reg a rd ed  as th e  tru e  
d issocia tion  energy . T he v a lu es  o b ta in e d  fo r R K R Y  tu rn in g  po in t a n d  th e  
H H  p o te n tia l  energy  v a lu es  o b ta in ed  fo r th e  e s tim a ted  D e value are  show n 
in  T ab le  I I .  I t  c an  be seen fro m  Table I I  t h a t  th e  average d iscrepancy  b e tw een
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th e  p o te n tia l cu rv e  as e v la u a te d  b y  R K R V  m e th o d  and  H — H  m eth o d  is 
on ly  0.04 p e rc e n t o f  De th ro u g h o u t th e  usefu l ran g e  of f  v a lu es . This sm all 
v a lu e  fo r th e  average  p ercen tag e  d ev ia tion  fo r all r values show s th a t  th is  
em pirica l fu n c tio n  is a qu ite  su ita b le  one for th is  m olecule [10].

T he v a lu e  o f  D e w hich is m easured  from  th e  m in im um  o f  th e  curve is 
s lig h tly  g re a te r  th a n  th e  tru e  d issocia tion  en e rg y  m easured  fro m  th e  low est 
v ib ra tio n a l level. T he value  (11.82 10 ~19 J )  is ca lcu la ted  in  o rd e r to  m ake 
a com parison  w ith  th e  ex isting  values b y  usin g  th e  eq u a tio n

D, =  D9. +  —  u>e-----— о>* ж. .
2  4

T he values o f D[{ for th e  g ro u n d  s ta te  of CS ra d ic a l as re p o r te d  b y  various 
in v es tig a to rs  are  g iven for co m p ariso n  w ith  th e  p resen t v a lu e  in  T able III . 
T he  p re sen t v a lu e  is in  good ag reem en t w ith  th o se  o b ta in ed  fro m  fluorescence, 
h igh  reso lu tio n  spectro scopy  an d  p h o to io n iza tio n  m ethods. Since th is  em pirical 
H —H  p o te n tia l is q u ite  a su itab le  one for th is  m olecule th e  p re se n t value o f 
D q c ited  above is cla im ed as a su ffic ien tly  a c c u ra te  value for th e  d issociation  
energy  o f  th e  g ro u n d  s ta te  of CS rad ical.
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The experim ental poten tia l energy curves for X 3Z^~ and A 3H(( s ta tes of the d iatom ic 
alum inium  molecule have been constructed by th e  R y d b e r g  K l e i n —R ee s  m ethod. The 
dissociation energy for the ground s ta te  of the molecule has been estim ated  to he 1.42 
i  0.11 eV b y  the  m ethod of curve fitting  using th e  electronegativity  potential function  of 
Sző k e  and B a it z . The estim ated value of D„ is in  good agreement w ith  the therm ochem ical 
value of 1.55 eV recommended b y  H u b e r  and H e r z b e r g .

Introduction

T he co n stru c tio n  o f  ex p erim en ta l p o te n tia l  energy  cu rves for a to m ic  
in te ra c tio n s  is o f fu n d a m e n ta l im p o rtan ce  in  chem ical p h y sic s  for th e  u n d e r 
s ta n d in g  o f  vario u s p h ysica l problem s a ris in g  in  a s tro p h y sics , gas k in e tic s  
an d  m o lecu lar sp ec tra . A lso a  know ledge o f  th e  exact v a lu es  o f  th e  d isso c ia tio n  
energies (D 0) o f  th e  d ia tom ic  m olecules is n ecessary  in  th e rm o c h e m is try . T h e  
D n o f th e  d ia to m ic  a lum in ium  m olecule h as  b een  estim a ted  b y  various in v e s t i 
g a to rs  [1—4] by  d ifferen t m e th o d s . B u t th e  va lu es  rep o rted  show  d isag reem en t 
w ith  one a n o th e r. Also no a t te m p t  had b e e n  m ade so fa r  to  ev a lu a te  th e o re t i 
ca lly  th e  D 0 o f th e  Al2 m olecule. As such th e  p resen t w o rk  is u n d e rta k e n  to  
e s tim a te  D 0 from  th e  ex p e rim en ta l p o te n tia l  energy c u rv e  for the  g ro u n d  
s ta te  o f  th e  A l2 m olecule. T h e  m olecular c o n s ta n ts  re q u ire d  for the  p re se n t 
w o rk  h av e  been  ta k e n  from  H u b er  an d  H erzberg  [4].

Potential energy curves

The w ide sp read  a p p licab ility  of th e  know ledge o f  th e  p o ten tia l en e rg y  
cu rves has re su lted  in  a v e ry  ex tensive  p ro g ra m  o f o b ta in in g  reliab le p o te n tia l  
energy  cu rv es for d ifferen t e lec tron ic  s ta te s  o f  th e  d ia tom ic  m olecules. O ne o f
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Table I

RKR turning points 
for the Х32?|Г state of Al2

V u
(cm-1)

U + T ,
(cm -1)

rmin
M

rmax 
(nm)

Te = 0 re = 0 .2 4 6 6

0 1 7 4 .5 174 .5 0 .2 3 8 6 0 .2 5 5 5

1 5 2 0 .4 5 2 0 .4 0 .2 3 3 1 0 .2 6 2 6

2 8 6 2 .2 8 6 2 .2 0 .2295 0 .2 6 7 7

3 1 1 9 9 .8 1 199 .8 0 .2266 0 .2 7 2 1

4 1 5 3 3 .1 1533 .1 0 .2243 0 .2 7 6 1

5 1 8 6 2 .1 1862 .1 0 .2222 0 .2 7 9 8

6 2 1 8 6 .8 2 1 8 6 .8 0 .2 2 0 4 0 .2 8 3 3

7 2 5 0 6 .9 2 5 0 6 .9 0 .2 1 8 7 0 .2 8 6 6

8 2 8 2 2 .5 2 8 2 2 .5 0 .2171 0 .2 8 9 8

9 3 1 3 3 .6 3 1 3 3 .6 0 .2157 0 .2 9 2 9

10 3 4 4 0 .0 3 4 4 0 .0 0 .2 1 4 4 0 .2 9 5 9

11 3 7 4 1 .7 3741 .7 0 .2131 0 .2 9 8 9

12 4 0 3 8 .7 4 0 3 8 .7 0 .2119 0 .3 0 1 8

13 4 3 3 0 .8 4 3 3 0 .8 0 .2108 0 .3 0 4 6

1 4 4 6 1 8 .0 4 6 1 8 .0 0 .2097 0 .3 0 7 4

15 4 9 0 0 .3 4 9 0 0 .3 0 .2087 0 .3 1 0 2

16 5 1 7 7 .5 5177 .5 0 .2 0 7 7 0 .3 1 3 0

17 5 4 4 9 .7 5449 .7 0 .2067 0 .3 1 5 7

18 5 7 1 6 .7 5 7 1 6 .7 0 .2 0 5 8 0 .3 1 8 4

th e  m ost w id e ly  em ployed  a n d  reliab le  p ro c e d u re  is to  m ak e  use  of the  o b se rv ed  
en erg y  levels to  o b ta in  th e  classica l tu rn in g  po in ts  by  a  p ro ced u re  f irs t  d e v e 
lo p ed  by  R y d b e r g  [5] an d  K l e in  [6]. T h e ir  g raphical p ro ced u re  was ch an g ed  
in to  an  a n a ly tic a l p rocedure  b y  R ees  [7]. V a n d er slic e  e t  al [8] h a d  also  
m ad e  a v a lu ab le  c o n tr ib u tio n  o n  th e  use o f th e  R y d b e r g — K l e in  m ethod  [5, 6 ].

The e x p e rim e n ta l p o te n tia l  energy cu rv es  for X 3£ g~ an d  A 3E ~  s ta te s  
o f  A l2 m olecule have been  c o n stru c ted  u s in g  th e  R y d b e r g — K l e in  — R e e s  
(R K R ) m e th o d  [7] w hich is in  re a lity  a W e n tz e l—K ra m e rs  —B rillouin  p ro c e 
d u re  w here one  s ta r ts  w ith  th e  know n en e rg y  levels an d  f in d s  o u t th e  c lassica l 
tu rn in g  p o in ts . A s th e  d e ta ils  o f  th e  m eth o d  [7] have been  th o ro u g h ly  d iscussed  
in  l i te ra tu re  [5 — 8] only  th e  re su lts  o f th e  p re se n t w ork  a re  given in  T ab le  I  
a n d  T able I I .

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



POTENTIAL ENERGY CURVES 27

Table II

R K R  tu rn ing  points 
for th e  sta te  of Al2

V u
(cm-1)

V+  Те
(cm-1) (“ 1

rmaxw

Te = 1 7 2 6 9 .4 re = 0 .2 5 6 0

0 1 3 9 .2 1 7 4 0 8 .6 0 .2 4 7 0 0 .2 6 5 9

1 4 1 6 .3 1 7 6 8 5 .7 0 .2 4 0 9 0 .2 7 3 8

2 6 9 1 .6 1 7 9 6 1 .0 0 .2 3 7 0 0 .2 7 9 6

3 9 6 5 .2 1 8 2 3 4 .6 0 .2 3 4 0 0 .2 8 4 5

4 1 2 3 6 .8 1 8 5 0 6 .2 0 .2 3 1 5 0 .2 8 8 9

5 1 5 0 6 .5 1 8 7 7 5 .9 0 .2 2 9 4 0 .2 9 3 0

6 1 7 7 4 .2 1 9 0 4 3 .6 0 .2 2 7 5 0 .2 9 6 8

7 2 0 3 9 .9 1 9 3 0 9 .3 0 .2 2 5 8 0 .3 0 0 4

8 2 3 0 3 .4 1 9 5 7 2 .8 0 .2 2 4 3 0 .3 0 3 9

9 2 5 6 4 .7 1 9 8 3 4 .1 0 .2 2 2 9 0 .3 0 7 3

10 2 8 2 3 .7 2 0 0 9 3 .1 0 .2 2 1 6 0 .3 1 0 5

11 3 0 8 0 .5 2 0 3 4 9 .9 0 .2 2 0 4 0 .3 1 3 7

12 3 3 3 4 .8 2 0 6 0 4 .2 0 .2 1 9 3 0 .3 1 6 7

13 3 5 8 6 .8 2 0 8 5 6 .2 0 .2 1 8 3 0 .3 1 9 7

14 3 8 3 6 .2 2 1 1 0 5 .6 0 .2 1 7 3 0 .3 2 2 7

15 4 0 8 3 .0 2 1 3 5 2 .4 0 .2 1 6 4 0 .3 2 5 6

Dissociation energy

A n accu ra te  e s tim a tio n  o f th e  d issocia tion  en erg y  (De) requ ires a n  em pi
rica l p o te n tia l  fu n c tio n  w hich  gives th e  b es t rep ro d u c tio n  o f  th e  ex p erim en ta l 
p o te n tia l  energy  (R K R Y ) cu rv e . V arious a tte m p ts  to  ge t such  em pirica l 
fu n c tio n s h av e  b een  re p o rte d  in  th e  li te ra tu re . A  c ritic a l e v a lu a tio n  o f th e  m ore 
im p o r ta n t  o f th e se  fu n c tio n s w as g iven  b y  St e e l e  e t  a l [9] an d  they ' have 
show n t h a t  th e  p o te n tia l  fu n c tio n  o f  H ulbxjrt an d  H ir s c h f e l d e r  [10] an d  
th e  L ip p in c o t t  p o te n tia l  fu n c tio n  [11] f i t  well w ith  th e  R K R V  cu rves o f 
a la rg e  n u m b er o f d ia to m ic  m olecules. I n  th e  p resen t in v es tig a tio n , th e  e lec tro 
n e g a tiv ity  p o te n tia l fu n c tio n  p roposed  b y  Szőke a n d  B aitz  [12] h as  been  
used  to  e s tim a te  D 0 o f  A l2.

T he proposed  fu n c tio n  is o f th e  fo rm :
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w h ere  y  — de/D'J2. d  is o b ta in ed  from  th e  expression  ke — d(e1e2De)1̂2r~1, 
b is  considered  a c o n s ta n t (^ 1 .0 6 5 )  an d  a =  0.35 w here e =  (e1e2)1l2, ег and  
e2 b e in g  th e  e le c tro n eg a tiv itie s  o f  th e  atom s c o n s titu tin g  th e  m olecules. This 
p o te n tia l  fu n c tio n  h a s  been  fo u n d  to  give q u ite  a good f i t  to  th e  exp erim en ta l 
p o te n t ia l  cu rve  as m easu red  b y  (U  — t / RKRV)/X)e th ro u g h o u t th e  usefu l range 
o f  r  v a lu es . I t  h a s  b e e n  observed  b y  S in g h  e t al [13] th a t  th e  average  e rro r is 
o n ly  1 to  2% .

T h e  tu rn in g  p o in ts  o f th e  g ro u n d  s ta te  o f  A l2 are  used  in  th e  Szőke and  
B a it z  p o te n tia l fu n c tio n  and  fo r a p a r tic u la r  v a lu e  o f De th e  o bserved  energy  
v a lu e s  o f U  a re  co m p ared  w ith  th e  ca lcu la ted  energy  va lu es  [ l/( r ) ] .  T his 
p ro c e d u re  is re p e a te d  for d iffe ren t va lues o f D e an d  th e  D e v a lu e  (1.44 eV) for 
w h ic h  th e  b e s t f i t  o f  th e  energy  v a lu es  [U (r)] is o b serv ed  is ta k e n  as th e  dissocia
t io n  energy  (De) o f  th e  m olecule.

R esults and discussion

T he tu rn in g  p o in ts  o b ta in ed  fo r n in e teen  v ib ra tio n a l levels o f  th e  g round 
s ta te  an d  s ix teen  v ib ra tio n a l levels o f th e  ex c ited  s ta te  o f  A4, m olecule are 
p re se n te d  in  T ab le  I  an d  T ab le  I I .

I t  is obv ious from  T ab le  I I I  t h a t  th e  b e s t f i t t in g  o f  th e  energy  values 
is ach iev ed  fo r D e =  1.44 eV since th e  average  p ercen tage  d ev ia tio n  in  th is  
c a se  is m in im um . H ence th e  d isso c ia tio n  energy  for th e  g ro u n d  s ta te  o f  A l2 
is 1.44 -J- 0.11 eV a n d  th e  value  as m easu red  fro m  th e  low est v ib ra tio n a l level 
is D () —  1.42 -J- 0.11 eV. T his e s tim a te d  v a lu e  is in  good ag reem en t w ith  
th e  v a lu e  o f 1.55 eV recom m ended  b y  H u b e r  an d  H er z b e r g  [4]. The o th e r 
v a lu e s  o f D 0 d e te rm in e d  b y  v a r io u s  in v es tig a to rs  are  g iven in  T ab le  IV  for 
c o m p ariso n  p u rp o se .

In  th e  e s tim a tio n  o f D e, i t  is observed  th a t  th e  H u lb u r t  and  
H ir s c h  Fe l d e r  fu n c tio n  is n o t v e ry  sensitive to  th e  v a r ia tio n  in  th e  v alue  
o f  D e. W hereas, in  th e  case o f  th e  L ip p in c o t t  fu n c tio n  th e  av e rag e  d ev ia tio n  
fo r  th e  b est f i t  o f  th e  ca lcu la ted  energy  v a lu es , a t  D 0 — 1.99 eV, is ab o u t 
4 .5 % . T he co n sid e rab le  d ivergence  o f  th e  D 0 va lu es  o bserved  in  th e  p resen t 
s tu d y  su p p o rts  th e  v iew  of St e e l e  e t  al [9] expressed  in  th e ir  rev iew  artic le  
t h a t  no  single fu n c tio n  is b e s t f i t  fo r all m o lecu lar s ta te s  considered , nor 
c a n  w e p red ic t a su itab le  fu n c tio n  w hich will give an  idea l p o te n tia l for a 
r e s tr ic te d  ran g e  o f  r. T he sam e k in d  o f  d ivergence in  th e  values o f  d issociaton  
energ ies for v a r io u s  m olecules d e te rm in ed  b y  d iffe ren t m e th o d s has been  
n o tic e d  also b y  L akshm an  an d  R am anaiah  [14].
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Table I I I

E stim ation  of dissociation energy of Al2 
Comparison of th e  observed and  calculated energy values

r
(nm)

u
(cm-1)

De =  1.50 eV De =  1.44 eV De =  1.37 eV

U(r)
(cm-1)

О //О
devia
tion

U(r)
(cm-1)

О //о
devia
tion

Щ r)(cm-1)
%devia

tion

0.2386 174.5 172.1 1.35 172.3 1.25 172.5 1.14

0.2555 174.5 176.7 1.28 176.5 1.15 176.3 1.01

0.2295 862.2 860.3 0.22 862.2 0.00 864.2 0.23

0.2677 862.2 872.9 1.24 870.0 0.90 866.9 0.54

0.2243 1533.1 1541.9 0.57 1546.1 0.85 1550.6 1.14

0.2761 1533.1 1555.9 1.49 1548.3 0.99 1540.2 0.46

0.2204 2186.8 2217.6 1.41 2224.5 1.73 2224.0 1.70

0.2833 2186.8 2223.1 1.66 2209.1 1.02 2194.0 0.33

0.2171 2822.5 2887.8 2.31 2897.6 2.66 2907.9 3.03

0.2898 2822.5 2872.0 1.75 2850.0 0.96 2826.0 0.12

0.2144 3440.0 3553.4 3.30 3566.2 3.67 3579.7 4.06

0.2959 3440.0 3500.0 1.74 3468.0 0.81 3433.7 0.18

0.2119 4038.7 4214.6 4.36 4230.5 4.75 4247.5 5.17

0.3018 4038.7 4104.8 1.64 4061.5 0.56 4015.3 0.58

0.2097 4618.0 4871.9 5.50 4890.8 5.91 4911.0 6.34

0.3074 4618.0 4684.7 1.44 4628.6 0.23 4568.9 1.06

0.2077 5177.5 5525.6 6.72 5547.6 7.15 5571.1 7.60

0.3130 5177.5 5237.8 1.16 5167.6 0.19 5093.0 1.63

0.2058 5716.7 6175.6 8.03 6200.8 8.47 6227.5 8.94

0.3184 5716.7 5762.7 0.81 5677.4 0.69 5586.7 2.27

Average 2.40 2.20 2.38

• Table IV
Estim ated values of D 0 of Al2

Author and method D„ (eV)

Linear Birge-Sponer extrapolation 1.88

Graphical Birgie-Sponer extrapolation 1.50 ±  0.20

Ch u p k a  et al [1] (Mass Spectrométrie) 2.00 ±  0.40

Stea rn s  and K ohl [2] (Knudsen Cell) 1.55 ±  0.15

Ga y d o n  [3] 1.60 ±  0.30

H uber and Herzberg [4] 1.55

Present authors (Sző k e  and B aitz) 1.42 ±  0.11

Present authors (L ip p in c o t t ) 1.99
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Considering contributions of the cubic and o ther higher order anharm onic term s in the 
po ten tia l energy function, a new equation  for th e  therm al expansion coefficient, a , for ionic 
solids has been derived. I t  has been shown th a t all th e  equations derived by earlier workers 
are either one or the  other special case of this equation. The present equation  has been applied 
to  some face-centred cubic, body-centred cubic and zinc-blende s tructu re  types of ionic crystals 
to  com pute the values of a  on th e  basis of Born -  M ayer interaction po ten tia l function and  on 
comparison w ith  th e ' experim ental values of a  a  satisfactory agreem ent has been found.

In tro d u c tio n

A n u m b e r o f  a tte m p ts  h av e  been m ad e  to  co rre la te  th e  th e rm a l e x p a n 
sion o f solids w ith  o th e r p ro p e rtie s  such as m elting  p o in t, specific h e a t an d  
co o rd in a tio n  n u m b e r [1]. Sm y th  [2] d e riv ed  an  e q u a tio n  co rre la tin g  th e  
th e rm a l e x p a n s io n  coeffic ien t, a , and  v ib ra tio n  c h a rac te ris tic s  of v itre o u s  
silica. F o llow ing  h im , K um a r  [3] d eriv ed  a n  ap p ro x im a te  th e rm o d y n am ic  
eq u a tio n  fo r n o nm eta llic  c ry s ta ls  follow ing th e  in te ra c tio n  p o te n tia l a p p ro ach  
and  te s te d  th is  e q u a tio n  b y  ca lcu la tin g  th e  values o f a in  case  of a lkali h a lid e  
an d  o th e r ion ic  c ry sta ls  o n  th e  basis o f  a sim ple inverse pow er law  fo r th e  
repu lsive  te rm  in  th e  in te ra c tio n  p o te n tia l re p re se n ta tio n  [4]. These eq u a tio n s  
for a h av e  re c e n tly  been te s te d  b y  B ow m an  [5] in  h is s tu d ies  on iso to p ic  
lith iu m  h y d rid e  c rysta ls  a n d  h av e  been  show n  to  be ap p licab le  only a p p ro x i
m a te ly .

In  w h a t follow s in  th e  p re se n t in v e s tig a tio n , we h av e  red e riv ed  Sm y t h ’s

[2] eq u a tio n  fo r a  b y  ta k in g  in to  acco u n t th e  cubic an d  o th e r  h ig h er-o rd e r 
a n h a rm o n ic ity  te rm s  of th e  p o te n tia l en e rg y  function . U sing  th is  e q u a tio n  
th e  values o f  a  in  cases o f  a few  ionic c ry s ta ls  belonging to  th e  face -cen tred  
cubic , b o d y -c e n tre d  cubic a n d  th e  zinc-b lende s tru c tu re s  h a v e  been  ca lcu la ted . 
T he resu lts  h a v e  been  c o m p ared  w ith  th o se  o b ta ined  ex p e rim e n ta lly  a n d  
discussed.

* The w ork was done a t th e  Ind ian  In s titu te  of Technology, K anpu r, India.
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E q uation  fo r oc

T he H e lm h o ltz  free en e rg y  o f a solid sy s tem  consists  o f  tw o p a r ts :  th e  
f i r s t  rep re sen tin g  th e  p o te n tia l energy  of a n o n -v ib ra tin g  la tt ic e  and  th e  second  
ow ing its  o rig in  to  th e  p resence  o f th e rm a l v ib ra tio n s . T h e  d e te rm in a tio n s  o f 
b o th  p a r ts  req u ire  a know ledge o f th e  c o n fig u ra tio n  o f in te ra c tin g  p a rtic le s , 
th e  law  o f force an d  th e  v ib ra tio n a l sp ec tru m . F o r a mole o f  a c ry sta l th e  free 
energy , F, is g iven  b y  th e  expression

F  =  Nip — N  k T  log  Z  , (1)

w here  N  is th e  A vogadro ’s n u m b e r, y> is th e  p o te n tia l en e rg y  func tion  o f  th e  
s ta tic  la ttic e  inc lu d in g  th e  zero -po in t v ib ra tio n a l energy , к  is th e  B o ltzm an n  
c o n s ta n t a n d  T  is th e  a b so lu te  te m p e ra tu re . k T  log Z  is th e  c o n tr ib u tio n  o f 
th e  la ttic e  v ib ra tio n s  to  th e  free  energy  in  w hich  Z  is th e  p a r titio n  fu n c tio n , 
w hich  b y  considering  th e  p o te n tia l  en erg y  fu n c tio n  as [6]

V
2m

+  ar2 +  6r3 +  cr4 +  dr5 +  . . ( 2)

(where p  is th e  m om entum  and m  is the m ass o f the v ibrating  atom, r  is the  
displacem ent from the equilibrium  position  and a, b, c, d , etc. are the coeffi
cients determ ined by the shape of the interatom ic potentia l) and follow ing  
W ilson  [6] can be derived as

2тг
Z  =  —— (mla)1!2 k T

h
3 ckT  1 15 62 k T
4 a2 +  16 a 3

(3)

in  w hich h is P la n c k ’s c o n s ta n t. The h ig h er-o rd e r te rm s  in  E q . (3) have  b een  
neg lec ted  since bja an d  c/а a re  sm all.

T hus, th e  te m p e ra tu re  d ep en d en t te rm  k T  log  Z  inc ludes th e  c o n tr i
b u tio n s  o f  cub ic  an d  o th e r h igher-o rder an h arm o n ic  te rm s  o f th e  p o te n tia l  
energy  fu n c tio n .

T he coeffic ien t o f  lin e a r  th e rm a l ex p an sio n  is d e fin ed  as

d(Ar) 
дт ’

(4)

w here r 0 is th e  v alue  o f  r  a t  equ ilib rium  a n d  Ar is th e  change in  r d u e  to  
th e rm a l ex p an sio n . F o llow ing  Smyth  [2], as th e  m ain  c o n tr ib u tio n  is d u e  to  
th e  freq u en cy  te rm , we h a v e

Ar =  B/2a  , (5)
w here

В  =  - j -  (k T  log  Z) . (6)
dr
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O n th e  basis  o f E q . (3), th e  E q . (6) c a n  be w ritte n  as

В  =

I k T  da i
( - _ 27  d T )

[ l  35 c k T +  105 *  k T + 5 d кт]
4 a2 16 a 3 2 ab'

\ l - — — k T  +  —  —  k T  
4 a2 16 a3

H ence

1 )
( d B

2 a r0 ] U r )

( 7 )

( 8)

d B
Since -----  can  be o b ta in e d  from  E q . (7), a fte r n eg lec tin g  te rm s c o n ta in in g

\ d T  J
k2T 3 an d  o th e r h igher-o rders, as

dB
d T

к da
2a dr

1 — 16 —  k T  +  —  —  k T  
’2 4 a3a‘

5 d 
ab

k T (9)

th e  e q u a tio n  for th e  th e rm a l expansion  coefficient, a , c a n  be fina lly  d e riv ed  as

[225 b3 -  348 abc +  120 a2 d ] . (10)Г c . 36 ■ ( 1 ) 6k2T

L 2i-o 2a2 "4 о "t
o СП

In  E q . (10) Cv is th e  specific h e a t  a t  c o n s tan t vo lum e w hich  a t  high 
te m p e ra tu re  ca n  be e v a lu a te d  from  th e  eq u a tio n

C, =  6 fc [l+  (—  —  —I кт]
[ \ 8 a 3 2 a2] J

(И)

w hich  inc ludes th e  en h arm o n ic  co n tr ib u tio n s .
T he E q . (11) in  co n ju n c tio n  w ith  E q . (10) m a y  th u s  be e x p e c te d  to  

ex p la in  th e  v a r ia tio n  o f  a  a t  h igh  te m p e ra tu re s , p a r tic u la r ly  above th e  D ebye 
te m p e ra tu re  o f  solids.

E q . (10) is th u s  a n  im p ro v em en t over th e  e q u a tio n s  of a  d e riv ed  by  
Sm yth  [2] an d  K umar  [3] in  th a t  i ts  second  te rm  o n  th e  r ig h t h a n d  side 
co n ta in s  co n tr ib u tio n s  d u e  to  cubic an d  h igher-o rder te rm s  o f a n h a rm o n ic ity  of 
th e  p o te n tia l energy  fu n c tio n , w hich w ere neglected  in  th e se  earlier t re a tm e n ts .

I dc ]
O n neg lecting  te rm s  involv ing  h igher-o rder d e riv a tiv e s  like j ■>

-----1 e tc  w hile d e riv in g  E q . (7), we o b ta in  our ea rlie r derived  e q u a tio n  [7]
d r  ) r~r.

fo r «.
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Table I

Calculated values of oc(10~6/deg) of some ionic crystals a t room tem peratu re  
belonging to  face-centred cubic, body-centred cubic and zinc-blende structures *

Crystal a<mÄ acalc.
(Eq. 10) *“exptl.

1 2 3 4 5

Face-centred cubic
L iF 29.98 0.47 30.45 34.0
Li Cl 39.38 0.59 39.97 44.0
L iB r 45.05 0.69 45.74 50.0
L il 52.07 0.78 52.85 59.0
N aF 37.14 0.49 37.63 36.0
NaCl 40.12 0.76 50.48 40.0
N aB r 43.44 0.80 44.24 43.0
N a l 45.19 0.94 46.13 48.3
KC1 42.14 0.87 43.01 38.3
K B r 47.86 0.94 48.80 40.0
K I 51.10 1.10 52.20 45.0
RbCl 47.27 0.92 48.19 36.0
R bB r 48.69 1.04 49.73 38.0
R b l 49.31 1,17 50.48 43.0
MgO 7.86 0.54 8.40 10.2 [13]
CaO 10.55 0.62 11.17 12.5
SrO 11.15 0.42 11.57 13.72
CuBr 21.23 0.67 21.90 20.7

B ody-centred cubic
CsCl 47.33 1.09 48.42 56.0
CsBr 49.46 1.19 50.65 47.51
Csl 52.88 1.36 54.24 47.54
T1C1 49.25 1.87 51.12 56.0
N H 4C1 47.89 0.96 48.85 47.3 [14]
j \H 4Br 48.30 1.07 49.37 53.9 [14]

Zinc-blende structure
CuCl 20.26 0.58 20.84 21.8 [14]
ZnS 6.92 0.05 6.97 6.3
SiC 4.67 0.02 4.69 Ф 1 C

O

* “ expti.i w here the references are not cited, a re  taken from th e  compilation o f 
K u m a r  [3].
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Applications to ionic crystals

Using th e  quantum -m echanically favoured exponential form o f th e  
interatom ic potentia l due to  B orn and Ma y e r  [4] v iz.,

A Z '  e2 .
V = ----------------- b A ex p  ( — r/g) , ( 12)

w here A  is M adelung’s c o n s ta n t, Z '  is th e  v a len cy , e is th e  electron ic  ch arg e  
an d  A an d  q a re  th e  p o te n tia l p a ram e te rs , in  co n ju n c tio n  w ith  E q . (10) a n d  
using  th e  ex p e rim en ta l va lues o f  Cv [3, 8, 9] th e  values o f  a  o f  a few ionic 
solids belonging  to  face -cen tred  cubic, b o d y -cen tred  cubic  an d  zinc-b lende 
s tru c tu re s  in c lu d in g  a lkali, am m onium , co p p er an d  th a lliu m  halides, m e ta l 
ox ides, z inc-su lfide and  silicon carb ide  h av e  b een  ca lcu la ted  a t  room  te m p e 
ra tu re  and  are  re p o rte d  in  T ab le  I. In  th is  T ab le  a.qh is th e  c o n tr ib u tio n  due to  
th e  f irs t  te rm  a t  th e  r ig h t h a n d  side o f E q . (10) an d  is re p re se n tin g  th e  c o n tr i
b u tio n  un d er th e  quasi-harm on ic  a p p ro x im a tio n . ocanh is th e  c o n tr ib u tio n  due to  
th e  cubic an d  o th e r  h ig h er-o rd e r te rm s o f th e  p o ten tia l en erg y  fu n c tio n  r e 
p resen tin g  th e  second-term  o f  E q . (10). T he p o te n tia l  p a ra m e te r  A and  q fo r 
th e se  solids h a v e  been ca lc u la ted  b y  fo llow ing th e  usual p ro ced u re  [7, 10] 
to  com pu te  th e  values of th e  coefficients a, b, c an d  d.

Discussion of the results

O n a com parison  of th e  ca lcu la ted  a n d  ex p erim en ta l v a lues o f  a  in  
T ab le  I , i t  c a n  be  seen th a t  fo r a lm ost all th e  th re e  s tru c tu re s , th e  E q . (10) 
fo r a  y ields sa tis fa c to ry  re su lts . I t  can  be n o te d  th a t  th e  co n tr ib u tio n s  due  to  
th e  a n h a rm o n ic ity  te rm s o f  E q . (10) are q u ite  su b s ta n tia l ev en  a t  room  te m 
p e ra tu re . A ca re fu l analysis o f  T ab le  I  suggests th a t  these  an h arm o n ic  c o n tr i
b u tio n s  a p p ea r to  be d ep en d en t u p o n  s ta b ili ty , th e  n a tu re  o f  th e  ions an d  th e  
reduced  m ass o f  th e  c ry s ta l.

H ow ever, on  a close o b se rv a tio n , i t  c a n  be n o ted  t h a t  th e re  is la rg e r 
d ev ia tio n  o f th e  th eo re tica l va lues o f  a  from  th e ir  ex p e rim en ta l c o u n te rp a r t  
in  cases o f ru b id iu m  and  cesium  halides. T h ere  a re  m an y  possib le  ex p lan a tio n s  
fo r th is  d isc repancy . F irs tly , th e  in terion ic  p o te n tia l  ad o p ted  is o n ly  an  a p p ro x i
m a te  one w here  co n tr ib u tio n s  o f  d ipo le—dipo le  an d  d ipole— q u ad ru p o le  in te r 
ac tions b e tw een  th e  ion  p a irs  h av e  been neg lec ted  to  av o id  m a th e m a tic a l 
com plexities. I t  h as  been  show n in  a n u m b er o f  in v estig a tio n s [11] th a t  th e se  
co n tr ib u tio n s  are  su b s ta n tia l in  m an y  cases inc lud ing  ru b id iu m  and  cesium

3* Acta Physica Academiae Scientiarum Hungaricae 52, 1982



36 S. P. SRIVASTAVA

Table II

V alues of oc(10~e/deg) for KC1 crystal a t 
high tem peratures on th e  basis of E q. (10)

°c
Of*

O-anh
aoalc. (Eq- 10)

“exptl I12]
C, [12] (exptl) C* (Eq- 11) Ce (exptl) C, (Eq. 11)

300 43.30 44.41 1.66 44.96 46.07 44.44
350 43.50 44.79 1.81 45.31 46.60 46.14
400 43.55 45.15 1.94 45.49 47.09 47.82
450 43.73 46.00 2.10 45.83 48.10 49.49
500 44.05 46.86 2.24 46.29 49.10 51.14

halides. A n o th e r  reaso n  fo r th is  d isc rep an cy  m ig h t be  th e  in accu racy  in  th e  
e x p e rim e n ta l Cv va lues w h ich  are q u ite  o ld  an d  since th e n  no re d e te rm in a tio n  
has b een  m ad e . A th ird  reaso n , th o u g h  o f  m ino r consequence , is th a t  a c o n tr i
b u tio n  b ey o n d  n ea re s t ne ighbours has n o t  been  consid ered  in  E q . (12).

O u r E q . (10) for th e  th e rm a l e x p a n s io n  coeffic ien t a  has been  d eriv ed  
u n d er th e  classical o sc illa to r m odel a p p ro x im a tio n  a n d  as such is ex p ec ted  
to  be m o re  applicab le  a t  h igh  te m p e ra tu re s , p a r tic u la r ly  above th e  D ebye 
te m p e ra tu re  o f  solids. F ro m  T able  I  i t  c a n  be seen t h a t  fo r m an y  so lids th is  
is n o t th e  case. A b e t te r  p ic tu re  o f  th e  b eh av io u r o f  E q . (10) for ex p la in in g  
th e  te m p e ra tu re -d e p e n d e n c e  o f a  a t  h ig h  te m p e ra tu re s  ca n  be o b ta in e d  from  
T ab le  I I ,  w here  we h av e  co m p u ted  th e  v a lu es  o f a  a t  d iffe ren t te m p e ra tu re s  
above th e  D ebye te m p e ra tu re  for KC1 c ry s ta l [12]. F ro m  th is  T ab le  i t  can  
be seen t h a t  th e  ag reem en t be tw een  th e  ca lcu la ted  a n d  ex p erim en ta l va lues
[12] o f  a  is sa tis fa c to ry  p a r tic u la r ly  b e tw een  those  v a lu es  w hich h a v e  been  
o b ta in e d  u s in g  E q . (11) fo r C„.

F o r a lk a li halides a n d  som e m e ta l ox ides, th e  v a lu es  o f a have  also  been  
ca lcu la ted  b y  K umar [3]. H e derived  h is e q u a tio n  fo r a  under th e  q u a s i
h arm on ic  a p p ro x im a tio n , b y  considering  o n ly  th e  q u a d ra tic  te rm  o f  E q . (2) 
and  allow ing  th is  te rm  to  depend  up o n  vo lu m e , in  c o n ju n c tio n  w ith  th e  in v erse  
pow er law  fo r th e  repu lsive  force re p re se n ta tio n  in  th e  p o te n tia l energy  fu n c 
tio n . H e h as  also m ade som e a rb itra ry  m od ifica tions in  th e  fin a l fo rm  o f  his 
eq u a tio n  to  accoun t fo r th e  p o la rizab ility  o f  ions, th e  co n tr ib u tio n s  d u e  to  
d ipo le—d ipo le  an d  d ip o le—-quadrupole in te ra c tio n s , e tc . H ow ever, th e se  m o d i
fica tions d id  n o t have  a n y  th eo re tica l ju s tif ic a tio n  a n d  th e  use of Cp v a lu es  in  
place o f  Cv as has been  done b y  K umar [3] m u st y ie ld  h ig h  values fo r oc. T his 
has b een  p e rh ap s  co m p en sa ted  b y  ch oosing  th e  in v e rse  pow er law  fo r  th e  
repu lsive  forces w hich h as  in v a ria b ly  b e e n  fo u n d  to  be  in fe rio r in  co m p ariso n  
to  th e  B o r n —Mayer  ex p o n en tia l fu n c tio n  [11].
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Conclusions

T h e  p resen t in v e s tig a tio n  th u s  p re sen ts  a c leare r p ic tu re  on  th e  s tu d y  
o f  a  fo r ionic solids in  w h ich  en h arm o n ic  effects h av e  b een  exp lic ity  co nsidered  
and  all th e  lim ita tio n s  a n d  a rb itra ry  m od ifica tio n s o f  ea rlie r w orkers [2, 3] 
are  rem o v ed . T he p re se n t eq u a tio n  fo r a  is q u ite  genera l a n d  can  be u sed  w ith  
an y  fo rm  o f th e  in te ra to m ic  p o ten tia l.

O n th e  basis o f  th e  p resen t e q u a tio n , th e  s tu d y  o f  th e  te m p e ra tu re -  
dependence o f a is also possible in  c o n ju n c tio n  w ith  E q . (11) for C„, w hich  
has h ith e r to  been  a  m a jo r  lim ita tio n  o f  th e  eq u a tio n s developed  b y  earlie r 
w orkers [2, 3] and  th e  resu lts  o b ta in e d  in  th e  case o f  KC1 c ry s ta l c learly  
d e m o n s tra te d  its  ap p licab ility .
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Two simple form s of the F ie l e k  [1] model are developed to infer about the n a tu re  of 
th e  interactions among neighbouring (/-shells, characterising the transition  metals. The first 
model expresses th is in teraction  as th e  sum of firs t tw o term s of the T aylor’s expansion for 
energy, while the second model describes this in terac tion  to be three body (angular or u n 
paired) type. B oth  of these models obey the equilibrium  condition and represent core-core 
in teractions to  be cen tral pairwise extending to im m ediate neighbours only. Volume in te r
actions among core and conduction electrons and also am ong (/-shells and conduction electrons 
follow the modified B h a t ia  Scheme [5].

The theoretical findings given b y  these models on phonon dispersion in  bcc zirconium  
and niobium  are com pared w ith th e  experim ental d a ta . F urther these findings are also com 
pared  w ith  those of the original F ie l e k  model w hich is simplified by  substitu ting  th e  said 
B h a tia  scheme for th a t  due to  K r e b s  [3].

Introduction

P assage  o f  th e rm a l w av e  th ro u g h  la t t ic e  causes changes in  coup ling  
energy  o f th e  v a rio u s c o n s titu e n ts  o f  a tra n s i t io n  m eta l. A ccord ing  to  F ielek

[1] th is  change is expressed  as a sum  o f th e  second  o rder changes in  th e  p o te n tia l  
energy  coupling  th e  c o n s titu e n ts . F irs t o rd e r changes, w h ich  are  responsib le  
fo r in e q u a lity  [2] be tw een  th e  s ta tic a l an d  d y n am ica l e lastic  c o n s ta n ts , a re  
com plete ly  igno red  w hile develop ing  th e  F ie l e k  m odel. M oreover, th is  o m is
sion leaves th e  c ry s ta l in  a s ta te  o f in eq u ilib riu m . T he F ielek  m odel [1] 
assum es th e  second o rd e r changes in  th e  coup lin g  energy o f th e  system  co m p ris
in g  core an d  co n d u c tio n  e lec tro n s to  be neglig ib ly  sm all. T his d raw b ack  
poses d ifficu lties reg a rd in g  th e  cohesion an d  th e  s ta b ility  o f th e  la ttic e . F u r th e r  
th e  F ielek  M odel [1] describes th e  vo lum e in te rac tio n s  am o n g  d-shells an d  
co n d u c tio n  e lec trons on th e  lines o f K rebs schem e [3] w h ich  (a) d ep ic ts  th e  
p e rfec tly  free p ic tu re  o f th e  e lec tro n  gas, (b) does n o t inc lude  th e  co n d itio n  
fo r c ry s ta l eq u ilib riu m  and  (c) involves eno rm o u s co m p u ta tio n a l efforts.

P re se n tly  we have developed  tw o d iffe ren t m odels. T h e  f irs t m odel 
expresses th e  core— core an d  th e  d  shell — d  shell in te rac tio n s sep a ra te ly  as th e

* D epartm en t of Physics, R .E .I . College, D ayalbagh, Agra-5, India.
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su m  o f  f irs t a n d  second  te rm  o f th e  re sp ec tiv e  T ay lo r’s expansions. I n  our 
second  m odel th e  core— core in te rac tio n s  re m a in  th e  sam e b u t  th e  m u tu a l in te r 
ac tio n s  am ong th e  d-shells a re  considered  to  be u n p a ired  an d  described w ith in  
th e  fram ew ork  o f  th e  a n g u la r  schem e due to  Clark e t  a l [4].

T he effect o f  co re —d  shell energy  in  b o th  m odels is considered o n  th e  
lines o f  th e  F ie l e k  m odel. T h e  volum e in te ra c tio n s  are  inc luded  on  th e  lines 
o f  B hatia  [5] schem e w hich  is m odified  (a) to  in co rp o ra te  th e  c ry s ta l an iso 
t r o p y  b y  using  a n  in ference  fac to r  G2 w h ich  d is tr ib u te s  th e  to ta l  fo rce over 
th e  p o ly h ed ro n -sh ap ed  a tom ic  cell as a w hole a n d  (b) to  acco u n t for th e  exchange  
a n d  co rre la tio n  effects assoc ia ted  w ith  th e  co n d u c tio n  elec trons b y  em ploy ing  
a p ro p e r d ie lec tric  fu n c tio n  (q). E q u ilib riu m  cond itions fo r b o th  m odels are 
d e riv ed  in  a p h y sica lly  co n sis ten t an d  sim p le  m an n er. T he F ielek  m odel 
is th u s  m ade p h y sica lly  so und  an d  co m p u ta tio n a lly  less in tr ic a te  as fa r  as th e  
d e sc rip tio n  o f  th e  eq u ilib riu m  co n d itio n  [6] and  th e  vo lum e in te ra c tio n s  are 
concerned .

T h e  tw o m odels are  em ployed  to  d e riv e  th e  d isp ers io n  re la tions in  bee 
z irco n iu m  an d  n io b iu m . To show  th e  re la tiv e  m erits  o f  th e  m odel, th e  re su lts  
on  p h o n o n  d ispersion  are  com pared  (a) w ith  th e  ex p e rim en ta l d a ta  o n  th e  
sa id  m e ta ls  an d  (b) w ith  th e  th e o re tic a l f in d in g s o f  th e  o rig inal F ielek  m odel, 
w h ich  is s im plified  b y  using  th e  said  Bhatia  schem e to  ta k e  care o f th e  vo lu m e 
in te ra c tio n s .

Theory

T he frequencies (v) of th e  n o rm al m odes are  o b ta in e d  b y  so lv ing  th e  
fo llow ing secu lar d e te rm in a n t

I D(q) — 4 я 2 mv21 1 =  0 , (1)

w h ere  m is th e  m ass o f  th e  core  an d  I is th e  u n it m a tr ix  o f  th e  o rd e r th re e . 
T h e  e lem ents o f  th e  d y n am ica l m a tr ix  D(q) m ay  be w r it te n  in  te rm s o f  th e  
f i r s t  (oq) an d  th e  second  (ßß  d e riv a tiv es  o f  th e  cen tra l pa irw ise  energy co u p lin g  
th e  im m ed ia te  n e ig h b o u rs , i.e.

8 К 2
A ..(q) =  ~ — (ßi +  2«1)(1 -  CxCßCy) +  K  +  AG„(q)  +  —  ,

8 (2) 
А.р(ч) =  — у  (A — <*i) s. sß cy,

w h ere  Sa =  sin  (1/2 aqx), an d  Cx =  cos (1/2 aqx), a is th e  la tt ic e  c o n s ta n t a n d  qx 
is th e  а -com ponen t o f  th e  ph o n o n  w ave v e c to r  (q). К  is a p a ram e te r  ap p e a rin g  
d u e  to  th e  in te ra c tio n  am ong  th e  cores an d  th e  d-shells. T h e  te rm  N  is e v a lu a te d
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from  th e  d e te rm in a n t
I Щ q) - N I  1 =  0 ,  (3)

w here  th e  e lem en ts o f  D '(q ) in  o u r f irs t m odel m a y  he w r itte n  in  te rm s o f  th e  
f i r s t  (aj) and  th e  second (ßx) d e riv a tiv es  o f  th e  pairw ise en e rg y  coupling  th e  
im m ed ia te  n e ig h b o u rs , i.e.

D'U4 ) = ^ ( ß i  +  2«i)(l -  cxcßcy) +  К -  A 'G U q ),
о

D ' U q ) = - j ( ß i - « d s «SßCy .
(4)

F o r th e  second  m odel, w e h av e

D U 4 )  =  16 n (  1 -  CxCpCy) -  2 ^ ( 4 C2x -  C2ß -  C2y -  2) +  K  -  A 'G U q),  

D U q )  =  - b i S x s ß c y , (5)

w here  C2x =  cos (aqx) and  y 1 is th e  angu la r fo rce  co n stan t fo r th e  im m ed ia te  
neighbours. T h e  p a ram e te rs  A an d  A' a p p ea rin g  in  E qs. (2) an d  (4) are  th e  
d e fo rm atio n  p a ra m e te rs  asso c ia ted  w ith  p e r tu rb a tio n  o f vo lu m e energy  asso
c ia te d  w ith  th e  co n d u c tio n  e lec trons due to  th e  d isp lacem ent of cores an d  
d -shells, re sp ec tiv e ly . The te rm  Gao,(q) m ay  be  expressed on  th e  lines o f  th e  
B h a tia  schem e, i.e .

S ö t í - ,  (6)
aqÁ

К Ш  q)

G„(q) 9»

w here  Q  is th e  a to m ic  vo lum e, g2 is th e  in ference  fac to r a n d  rs is th e  in te r-  
e lec tro n ic  sep a ra tio n . K c , th e  screen ing  p a ra m e te r , is e v a lu a ted  in  th e  B ohm— 
P in e s  [7] lim it. T h e  fac to r g2 is ev a lu a ted  b y  th e  m ore rea lis tic  expressions 
f i r s t  given b y  B a r d een  [8] a n d  recen tly  re p o rte d  b y  R amamurthy [9]. 
T hese expressions, accoun t (a) fo r th e  c ry s ta l a n iso tro p y  |and  (b) for th e  U m - 
k lapp -p rocess to  som e ex ten t as is ev iden t fro m  th e  stud ies o f  T oya [10] an d  
D ayal  and  Srivastava  [11]. T h e dielectric fu n c tio n  (q) m a y  be w ritte n  as

€ (q) =  €H (q) [1 -  S(q)] • (7)

w here  ÇH(q) is th e  u su a l H a r tre e  fu n c tio n  a n d  th e  co rrec tio n  te rm  S(q), 
a ris in g  o u t of th e  exchange a n d  co rre la tio n  e ffec ts  o f th e  co n d u c tio n  e lec trons, 
m a y  be w r itte n  w ith in  th e  fram e  o f th e  re c e n t schem e due to  Singw i e t al 
[12], i.e.

S( q) =  A, [\ Í — B i i 2 г1 — exp
к% j j

( 8)
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w here  K F is th e  F e rm i w ave v ec to r a n d  th e  co n s ta n ts  A 1 and  B 1 a re  ta k e n  
from  [12] q u o ted  above.

F o r  considering  th e  equ ilib rium  o f th e  w hole la tt ic e  its  en e rg y  ( V) 
c a n  be  w ritte n  as

K c  +  Vdd +  F (
£(q)

i | +  Кde
e (q)

(9)

w here  Vcc and Vdd a re  th e  m u tu a l coup ling  energies fo r th e  cores an d  d-shells, 
re sp ec tiv e ly . Vce an d  K e  a re  th e  in te ra c tio n  energies fo r th e  system  com prising  
(a) cores an d  c o n d u c tio n  e lectrons an d  (b) d-shells a n d  co n duction  e lec trons,

d V
re sp ec tiv e ly . F o r th e  e q u ilib r iu m —— sh o u ld  v an ish , i.e .

£ < г . +  ы - - - £ ( п . +  » и
€(q)

( 10)

A ssum ing  £(q) in d e p e n d e n t o f  v o lum e, we h a v e  for our f ir s t  m odel

1
al +  «Í — ---- —  { P e  +  P d )4U í  (q)

— l ( i i )

an d  fo r th e  second m odel,

<*i ( 12)

w here  P e an d  P d a re  th e  pressures a sso c ia ted  w ith  th e  conduction  a n d  th e  
d -shell e lec trons. M oreover

A  = — aQ d P e
d ü

(13)

T h e  v a lu e  o f  Pe an d  A  a re  e v a lu a ted  considering  th e  u su a l vo lum e-d ep en d en t 
energ ies, i.e. F erm i, exch an g e  and  c o rre la tio n  ones asso c ia ted  w ith  th e  co n d u c
tio n  e lec trons. T he schem e due to  W ig n er  an d  Seitz  [13] is em p lo y ed  to  
o b ta in  th e  c o rre la tio n  p a r t  o f th e  energy . T he q u a n ti ta t iv e  values o f  P e and  
A  a re  ta k e n  from  [14] w h ich  d u ly  ex p la in  cohesion a n d  s ta b ility  o f th e  la ttic e . 
T he obscure n a tu re  o f  Vde an d  th e  tra n s it io n s  ( in te r a n d  in tra  h an d ) m ak e  i t  
im possib le  to  e v a lu a te  th e  q u a n tita tiv e  c o n tr ib u tio n  o f  vde in  th e  equ ilib riu m  
co n d itio n s g iven  b y  E q s . (11) and  (12).
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Calculations

O ur f ir s t  m odel com prises seven p a ra m e te rs , i.e. a x, ß v  a j, ß x, К , A  and  
A '.  Tw o o f th ese  p a ra m e te rs  a re  ca lcu la ted  b y  th e  help  o f  th e  E qs. (11) and
(13). T h ree  o f th e  m odel p a ram e te rs  a re  o b ta in ed  b y  th e  know ledge o f  th e  
elastic  c o n s ta n ts . T he rem ain in g  tw o p a ra m e te rs  are o b ta in e d  in  te rm s  of 
th e  zone b o u n d a ry  frequencies vT [COO] a n d  vTi [CCO] fo r w hich  th e  re q u ire d  
re la tio n s  m ay  be w r itte n  as

0JT2m 4 [C 0 0 ]=  — - ^ ~ (ß i  +  2oq) — K  H-------- K
3 К +  — (ßi +  2ai) X

3 (14)

X 4 n2mvfl[CC о] =  — 8 a , — K +  ^  , •
XV -f~ о OCi

T he six  m odel p a ra m e te rs , <xv  ß v  yv  K ,  A  an d  A 2, app earin g  in  our 
second m odel a re  e v a lu a te d  b y  em ploy ing  E qs. (12) a n d  (13), th re e  elastic  
re la tio n s  an d  th e  follow ing expression  fo r th e  zone b o u n d a ry  freq u en cy

4sn2mv\ [COO] = ----~ ( &  +  2«]) K-\- K  . (15)
3 К  +  3 2 y1

Results and discussion

T h e in p u t d a ta  for th e  bcc z ircon ium  an d  n iobium  a re  show n in  T a b le  I. 
T ab le  I I  lis ts  th e  ca lcu la ted  m odel p a ra m e te rs  for th e  sa id  m etals. T h e  th e o re 
tic a l d ispersion  cu rves, g iven  b y  th e  m odels rep o rted  a re  dep ic ted  in  F igs. 1 
an d  2 fo r z ircon ium  an d  n iob ium , re sp ec tiv e ly . These cu rves are co m p ared

Table I

In p u t d a ta  for bcc zirconium  and niobium

Input data bcc zirconium Ref. Niobium Ref.

c
c
c

11

12

41
a

%  ISOOJ 

vTi[SSOJ

0.783 
0.503 
0.29 
3 .6 4 X 1 0 -10 
4.69

1011 Pa

3.64
1012 Hz

[17]

[15]

I0 11 Pa

1012 Hz

[18]

[16]
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F ig. 1. D ispersion curves for bcc zirconium (a) long itud inal (b) transverse. E xperim ental
po in ts (# , a , Д) due to  S t a s s is  e t al [15]. Theoretical curves (--------- ) m odel 1 (........ -) m odel

2 and (—. —. —.—) original F ielek  model.

Table II
Calculated m odel param eters (10 N/m)

Model 1 Model 2 Original Fielek Model

Para
meter

bcc
zirconium Niobium Para

meter
bcc

zirconium Niobium Para
meter

bcc
zirconium Niobium

«1 0.0612 -0.2482 «1 0.8401 1.4528 A -4 .551 -10.5159

A -2.3545 -3 .7 3 5 A -2.5336 — 2.7416 fit -0 .5096 -  1.8484
a i 0.3159 0.6755 Vi -0.2433 -0 .5282 ß\ 2.9676 9.0949
A' -1.2807 — 4.1628 к 82.4077 46.6092 к 37.4216 81.73
X -1.9432 -3.8725 A 0.2606 0.2954 A ' 0.7753 3.4757
A 0.2606 0.2954 A ' 0.899 1.5954
A ' 1.5338 6.8774
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Fig. 2. Dispersion curves for niobium  (a) longitudinal (b) transverse. E xperim ental po in ts
( • ,  ▲, д )  due to  P o w ell  e t al [16]. Theoretical curves (--------- ) m odel 1 ( ...... ■•■) m odel 2

an d  ( —. —. —. —) orig ina l F ie l e k . m odel

w ith  tho se  g iven  b y  th e  sa id  orig inal F ie l e k  m odel an d  also  w ith  th e  e x p e r i
m e n ta l d a ta  re p o rte d  b y  Stassis e t al [15] an d  P owell e t  al [16] fo r  hcc 
z irconium  an d  n iob ium , respective ly .

Conclusions

F ig . 1 rev ea ls  th a t  th e  th eo re tica l p red ic tio n s on  p h o n o n  d ispersion  in  
bcc z ircon ium  a re  v e ry  well rep ro d u ced  b y  th e  f irs t  m odel. T he second m odel 
seem s to  be re la tiv e ly  b e tte r  w ith  tra n sv e rse  m odes. F ig . 2 c learly  show s t h a t  
none o f  th e  p re se n t m odels cou ld  exp la in  th e  pecu liar fe a tu re  associa ted  w ith  
[Í0 0 ]L b ra n c h  a t  h igher w ave v ec to rs. H ow ever, th e  e ssen tia l fea tu re  o f [CCC]T
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m ode is v e ry  w ell given by  th e  second m odel a n d  th e  o vera ll ag reem en t o f  th e  
second m odel seem s to  be b e t te r  in  n io b iu m . P honon  ex c ita tio n s  o f [CCC]L 
m odes are e x ce llen tly  rep ro d u ced  by  th e  f i r s t  m odel in  b o th  m etals. I t  is th u s  
a p p a re n t t h a t  in  L -m odes, p a ire d  in te ra c tio n s  am ong th e  d-shells a re  m ore  
effective w h e reas  T -m odes d ep en d  m uch o n  u n p a ire d  (i.e. th re e  body) in te r 
ac tio n . The o rig in a l F ielek  m odel s im p lified  b y  us does rep roduce  p h o n o n  
ex c ita tio n s  q u ite  sa tis fac to rily . I t  seems t h a t  th e  in te ra c tio n s  associated  w ith  
th e  second n e ig h b o u rs  in  th e  original F ie e e k  m odel are  responsib le  fo r its  
success. T he success of our f i r s t  and  second m odel can  be la rg e ly  a t t r ib u te d  to  
th e  eq u ilib riu m  cond itions u se d  th ere in . T h e  dev ia tions a t  zone b o u n d a rie s  
a re  d o m in a n tly  a t tr ib u te d  to  th e  in h e ren t d raw b ack  o f th e  B hatia schem e.

I t  can  b e  concluded  t h a t  th e  sho rt ra n g e d  p a ired  a n d  u n p a ired  in te r a c 
tio n s  am ong th e  d-shells g o v ern  s ig n ifican tly  th e  L  a n d  th e  T -v ib ra tio n s , 
re sp ec tiv e ly , in  co m plica ted  m e ta ls  like bee z ircon ium  an d  n io b iu m . M oreover, 
th e  eq u ilib riu m  cond itio n  in co rp o ra ted  w ith  th e  said in te ra c tio n s  en h an ces 
th e ir  efficacy.
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On présente une généralisation des relations de com m utation entre les éléments de 
l’algèbre de Lie du groupe inhomogène de Lorentz e t les opérateurs de champs de bosons. 
On considère une variété différentiable 27, l’ensemble de hyperplans du genre espace de 
l’espace de Minkowski. Les élém ents de l’algèbre de Heisenberg de la théorie de champs sont 
définis comme des êtres géom étriques sur 27, ce qui perm et d’obtenir les relations de comm u
tation  en em ployant des espaces fibrés et certaines constructions à eux  se rapportan t.

1. In tro d u c tio n

L a ca tégo rie  des espaces fib rés est fo rte  u tile  dans l ’é tu d e  de rep résen 
ta t io n s  de groupes de Lie  [1] e t dans la  discussion des tran sfo rm a tio n s  de 
jau g e  [2, 3, 4 ]. Le p ré sen t a rtic le  a p o u r b u t  de m o n tre r , en  e m p lo y an t des 
re la tio n s qu i so n t à la  b ase  de la  th éo rie  q u an tiq u e  de cham ps u n e  façon 
d ’in tro d u ire  la  ca tégorie  des espaces fib rés  dans l ’é tude  de  ch am p s. E n  effet, 
nous p résen to n s  une  ap p lica tio n  de fib rés vectorie ls en  th é o rie  de cham ps en 
d év e lo p p an t les re la tio n s  de co m m u ta tio n  en tre  les é lém en ts  de l ’algèbre  
de Lie d u  groupe de P o in ca ré  e t les v a riab le s  de cham ps. Le ré s u lta t  e s t u n e  
généra lisa tio n  de la  fo rm u la tio n  usuelle  du  problèm e [5], e t les re la tio n s  
ob tenues p e u v e n t ê tre  considérées com m e des défin itions des o p é ra teu rs  m o 
m en t e t énerg ie-im pulsion  M ^  e t P »  resp ec tiv em en t, dan s le form alism e 
m a th é m a tiq u e  p résen té . N o tre  d éve loppem en t es t fo rm ulé en  re p ré se n ta tio n  
de H eisenberg  e t t r a i te  des cham ps de bosons. Nous désignerons l’espace de 
M inkow ski p a r  M  e t ses é lém ents p a r  x  — (x, x°), x £ R 3. N o tre  g1*", g,, v =  0, 
1, 2, 3, est te l que g 11 =  g22 — g 33 =  —g00 -  1, g',v = 0  si fi v, e t nous 
ferons usage dan s les som m ations de la  co n v en tio n  d’E in s te in .

A près la  sec tion  2 où nous suivons la  référence [6] p o u r p ré sen te r  les 
re la tio n s qui se ro n t généralisées, e t la  sec tio n  3 où nous p résen to n s l ’a lgèbre 
de H eisenberg  avec la  c o n s tru c tio n  due à H erm ann  [3], n o u s défin issons dans 
la  section  4 la  v a r ié té  Z  e t considérons les é lém ents de l’a lgèb re  de H eisenberg
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com m e des ê tres  g éom étriques définis su r  S .  D ans la  sec tio n  5 il y  a quelques 
d é fin itio n s  e t ré su lta ts  m a th é m a tiq u e s , e t d a n s  la  sec tion  6 nous p résen tons la  
g én é ra lisa tio n  o b ten u e . L a  sec tio n  7 c o n tie n t quelques rem arques fin a les .

2. L’algèbre de Lie du groupe de Poincaré

S o ien t Фг(х), avec l ’in d ice  de sp in  r  v a r ia n t  de 1 a m , les v ariab les  de 
cham ps e t  П г{х) leu rs v a ria b le s  can o n iq u em en t con juguées. Elles son t dan s 
le fo rm alism e h am ilto n ien  les so lu tions d u  prob lèm e de P a u l i—H eisenberg  
d o n t la  p rem ière  p a rtie  co n sis te  à tro u v e r  des o p é ra teu rs  linéaires 77s(x) e t 
Ф$(х) qu i o p è re n t dans u n  esp ace  de H ilb e r t e t sa tis fo n t a u x  re la tions de co m 
m u ta tio n :

[Ф5 (x, xf>) , Фг (x', A0)] =  0 , X £ P 3, ( i )
[Ф3 (x, x ° ) , n r (x', s0)] == iôsr ô(x — x') , (2)

[П, (x. *o), Лг(х \ x»)] =  0 ; r, s =  1, 2, . . . , m . (3)

S oit P =  {L =  (a . Л)/(а, Л)х  =  Л х  -f- a; x, a Ç M }  le groupe de 
P o in ca ré , e t U(a , Л) une re p ré se n ta tio n  de P dan s u n  espace de H ilb ert. U(a, Л) 
sera  u n  o p é ra te u r  u n ita ire  si Л  £ L t  (L  t  e s t la  p a rtie  o rth o ch ro n e  d u  groupe 
hom ogène de L orentz) e t u n  o p é ra te u r a n tiu n ita ire  s i / l  £ L \  (L i  est la  p a r tie  
an tich ro n e).

C onsidérons des tra n sfo rm a tio n s  in fin ités im ales  de P. A lors, nous av o n s:

U  (a**, +  oO =  1 +  — a'“' +  a =  — tf*,
2

o ù  x'“’ e t x f  so n t des in f in ité s im a u x  de p rem ière  o rd re , e t  les d ix  o p é ra teu rs  
M,IV =  M VfJÎ e t  P p son t les é lém en ts d ’algèbre de Lie (ou de sa rep ré sen ta tio n ) 
de P. Ils  sa tis fo n t au x  re la tio n s

[ ^ ]  =  0 ,

w, P)J\ =  g ^ x  Pv 8vK Ptti 5

i [M ßv, M sa] =  M „  — g,,a M ve +  gm —  gve M ^ ,

e t avec les o p éra teu rs  Фв(x) e t  U J x) ,  que nous désignerons in d is tin c te m e n t p a r  
y>s{x) (Vs(x ) =  &s(x )’ Vs+mix) =  Щ * ) ;  S =  1, 2, . . . , m), n o u s avons les r e la 
tions

Ы * ) ’ =  — id^ipsix); =  - ~ —  ̂ s =  1, 2 , . . .  , 2 m ,  (4)

[y>s(x), M ^ ]  =  i{xß d„ — Xv dp) rps (x) +  iPSflv y>r (x) . (5)
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Com m e on  sa it, les re la tio n s  (4) e t (5) su iv en t de la  co n d itio n  d ’in v arian ce  
re la tiv is te  de la  théo rie  e t so n t ob ten u es de

Vs(x) =  Щ а ,Л )ъ ( х ) и - Ц а , Л )  , 
où

Ws(Lx) =  Srsipr (x) ,

avec L  =  (a, Л) u n  é lém ent in fin ite s im a l de P et

( 6 )

Les coeffic ien ts I '  d an s  les re la tio n s  (5) e t (6) so n t a n tisy m é triq u es  
en  les indices ц  e t v.

D ans c e t a rtic le  nous o b ten o n s des re la tio n s qu i re m p lace ro n t (4) e t 
(5) si on  u tilise  des espaces fib ré s  dans l ’é tu d e  de cham ps.

3. L ’algèbre de H eisenberg  de la  théorie  de cham ps

S oin t N  l ’h y p e rp lan  x° =  t =  c o n s ta n t e t  F 0(N )  l ’a lgèbre des fonctions 
in fin im e n t dérivab les e t à su p p o rt co m p ac t su r N.

C onsidérons les in tég ra les  form elles [7]

0 s (f, *°) =  J ^ s ( x> x°) f ( x ) dx  ; S =  1, 2 , . .  . ,  m ,  (7)

ITs(f,x°)  =  J  n s (x, x°) /(x )  dx; f  6 F0(N )  (8)

p o u r lesquelles nous tro u v o n s  grâce à (1), (2) e t  (3) que

[ФЛЛ.*°Ь Фли *0)] =  0 ,
[0S ( f v  x ° ) , n r( f2, X0)] =  iôsr J  ( f j 2)(x, x°) dx  ,

[ t f s ( / u * ° b  n r ( f2, x °)] =  0 ;  f v f 2 Z K ( N ) .

Ces ré s u lta ts  p eu v en t ê tre  in te rp ré té s  com m e les im ages hom om or- 
p h iq u es des re la tio n s  co rresp o n d an tes  e n tre  les é lém ents d ’u n e  algèbre de L ie. 
P o u r  a rr iv e r  à  ce tte  fo rm u la tio n  algébrique , considérons u n  espace vec to rie l 
Г '  [3] engendré  p a r  les é lém ents {/7S( /) ,  0 s{f)  } où /  £ F (N )(F (N )  es t l ’ensem ble 
de fonc tions C ” su r N ).  A vec les défin itions

^ s ( L  x °) =  Ф *(ё /-> X°) , 
gITs (f ,  X«) =  n s(gf, xP), (g, f d  F (N ))  ,

Г '  a  la  s tru c tu re  de m odule.
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Г '  e st u n  m odule lib re . E n  effet , on p e u t p ren d re  l ’ensem ble de 2m 
élém en ts (Ф5(1), Па(1)} com m e une base de Г ' .  L a  base (Ф5(1), T7S(1 )} engendre  
u n  espace v ec to rie l V '  e t  nous pouvons considérer d ’un e  façon n a tu re lle  Г '  
com m e l’ensem ble Г ' ( F) des sections du  f ib ré  d u  ty p e  v ec to rie l (voir la  p a r tie  5) 
(F, TV, p)  où F =  N<S>V 0 é t a n t  le p ro d u it ca rtésien .

D éfin issons su r V  une  form e b ilinéa ire  w, a n tisy m é triq u e , te lle  que

m; ( /7 s (1) , Фг { 1)) =  ôn  , 

w ( n s ( l ) ,  П г( 1)) =  0 ,  

w ( 0 s ( l)»  Ф Д1)) =  0 .

e t so it Г  =  / ” @1 l ’ensem ble  som m e d irec te  de Г '  e t 1.
E n  co n sid é ran t l ’ex ten s io n  de la  fo rm e b ilinéaire  w ,

w : Г '  0  Г  — F ( N ) ,

nous pouvons défin ir u n e  s tru c tu re  d ’algèbre  de Lie su r Г  avec la  seconde 
loi de com position  in te rn e  donnée p a r  le c o m m u ta te u r , c ’est-à -d ire ,

[?o> V«] =  0 » Vo =  1 »

W « ,  Vß] =  j w  (v=o Wp) (x  ̂x °) d x  =  w 'íp V’- / ’

où nous avons désigné in d is tin c te m e n t les é lém ents de Г  p a r грл, oc =
=  0, 1, 2, . . .  , 2m.

L ’algèbre  de L ie Г  a dans la  th éo rie  q u a n tiq u e  de cham ps u n  ro le a n a 
logue au  ro le de l’a lgèbre  de Lie des Р,- e t  (),•’s de la  m écan ique  q u an tiq u e . Г  est 
l ’a lgèb re  de H eisenberg  de la  th éo rie  de cham ps.

4. L a  varié té  d ifféren tiab le  Z

D ans le p a ra g ra p h e  p récéd en t nous avons p ré sen té  la  co n stru c tio n  de 
l ’algèb re  de H eisenberg  à l ’aide de l ’h y p e rp la n  TV de l ’espace de M inkow ski. 
U ne c o n s tru c tio n  analogue p e u t ê tre  réalisée en te rm es  d ’une h y p ersu rface  
généra le  d u  genre espace , c’est-à -d ire , une  h y p ersu rface  <r(n, r)  ca rac té risée  
p a r  u n  v e c te u r n o rm al n =  (n/1) du  genre tem p s e t u n  p a ra m è tre  in s ta n t  r  
te ls  que:

a(n, x) : n • X +  т  =  0 ,  n - n = — l ,  n , x £ M ,

où  n • X =  rFxp e s t le p ro d u it scalaire  de n  e t x.
U ne m o d ifica tio n  d an s ce cas e s t que dan s les co m m u ta te u rs  (2) a p p a 

r a î t r a  une  fo n c tio n  d e lta , (x , y ), défin ie  p a r  ra p p o r t  à l ’hypersu rface  cf(n, x)
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e t te lle  que J à*  (x, y )  f (y )  da =  f ( x ) ,

o ù / e s t  une fo n c tio n  défin ie su r  M.
O n sa it q u e  [6]:
— les v a riab le s  de ch am p s ne son t p a s  n écessa irem en t des observab les, 

m ais la  descrip tio n  d u  cham p  e s t com plète  seu lem en t s’il es t possible d ’o b ten ir  
u n  ensem ble d ’observab les q u i co m m u ten t e n tre  eux,

— les o b servab les son t form és, en tre  a u tre s , à l ’aide de form es q u a d ra 
tiq u e s  dans les v ariab les  de ch am p ,

— dans la  re p ré se n ta tio n  de H eisenberg , les v ec teu rs  d ’é ta t  son t fixes 
e t la  d épendance  du  tem p s e s t p o rtée  p a r les observables. A insi, les p ro p rié té s  
dyn am iq u es du  systèm e p h y siq u e  son t ca rac térisées  p a r  les re la tio n s e n tre  
les observab les,

— les observab les en  v e r tu  de la  co n d itio n  de c o m m u tab ilité  (m icro 
cau sa lité ) so n t associées a u x  h y p ersu rfaces  a(n, r).

D onc, l’ensem ble des hypersu rfaces a(n, t )  joue u n  rô le  rem arq u ab le  
d an s  la  th éo rie , ce qui nous p e rm e t de considérer la  v a r ié té  d iffé ren tiab le

2  — {cr(n, T)/n ■ X -f- r =  0 ,  n  • П =  — 1}

e t les élém ents £ Г  com m e des ê tres géom étriques défin is su r £  (une g én é ra 
lisa tio n  des in tég ra les  (7) e t (8)).

P o u r o b te n ir  avec c e tte  fo rm u la tio n  les re la tio n s, co rresp o n d an tes  à
(1)—(3), considérons £  p longé d an s E , E  é ta n t  u n  espace euclid ien  de d im ension  
c in q  [8].

Soit к =  (kl) =  (k°, к 1, &2, к3, Ad) les coordonnées du  p o in t к £ E , i  =  
=  0, 1, 2, 3, 4.

Avec la  co rrespondance

(к0, к1, к2, к3, №) <=>• (га0, га1, re2, re3, r)  , (9)

£  es t le sous-espace de E  ca rac té risé  p ar

— (к0)2 +  (к1)2 +  (к2)2 +  (к3)2 +  1 =  0 , к° >  0 .

Soit L  =  (а, Л) £ P. A lo rs, d ’après

L  : (re'", т) (Л£ ге\ г  +  а • ге),

L  : к' —► Lj kj\  i , j  =  0 , 1, 2, 3, 4 ,
e t (9), il su it que

L ;  =  Л?, Ц  =  0 ,  L î  =  a ,  L j  =  1, p , v =  0 , 1 , 2 , 3 .
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C om m e les ipa, (ip0 =  1), so n t des ê tre s  m a th é m a tiq u e s  défin is su r  27, en 
c o n s id é ra n t les é lém ents in fin ité s im a u x  de P, aux  re la tio n s  (4) e t (5) co rres
p o n d e n t les re la tio n s  su iv an tes :

où

b ps ( k h  PfA =  — i b p d i W s i k ) ,

[%(k), =  i( /y  dv — K  df) y>s (к) +  H rSllvy)r(k),

di =  ~~r~, i =  0, 1, 2, 3, 4; p , v  =  0, 1, 2, 3; s, r =  1, 2,
dkl

( 10)

( H )

2 m .

D ’après (10), (11) e t grâce à  (9), il ré su lte  que
ÿ

[Vs(n , r ) , i J J  =  i n^ dTy>s {n, t )J; dt =  ,
ô t

!> s ( n » *)> M ^ ]  =  i (n^ d v —  nv д„) y>s(n, t)  +  i I rSllvy)r (n, r),

où

( 12)

(13)

L es re la tio n s  (12) e t (13) so n t les re la tio n s  co rresp o n d an tes  à (4) e t  (5) 
en  c o n s id é ra n t гр com m e des ê tre s  géo m étriq u es défin is su r  27. E lles c o n s titu e n t 
u n e  des é tap es  p a r  lesquelles nous p a rv ien d ro n s  à g én éra lisa tio n  de (4) e t  (5).

5. Les espaces fibrés

C e tte  sec tion  es t consacrée à  u n  exposé rap id e  des ré su lta ts  m a th é m a 
tiq u e s  [9] e t  la  n o m en c la tu re  qu i se ro n t u tilisés dans la  sec tio n  6.

Définition 1 :

S upposons que  F e t m so ien t des Ck-varié tés e t  que  p  : F —*■ m so it 
u n e  su r je c tio n  de classe Ck.

O n  d it  que le t r ip le t  (F, m, p) e s t u n e  f ib ra tio n  d iffé ren tiab le  si:

(C .l)  p o u r to u t  y  £ m ils e x is te n t u n  voisinage o u v e r t  U  de y  d a n s  m, 
u n e  Ck-variété V  e t  u n  C *-difféom orphism e a,

te l  que
a  : р - Ц Ц )  U ®  V,

P\p — l(io  =  P r • a ’

o ù  p r : U ® V - > - U  e s t la  p rem ière  p ro jec tio n .
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O n d it aussi que F est u n  f ib re  de base m e t  de p ro jec tio n  p. F(y) =  p _1(y) 
es t appelée la  f ib re  au-dessus de  y  £ m.

L a co n d itio n  (C .l) s’ex p rim e  aussi en d isa n t que F est lo ca lem en t tr iv ia l.
U n  o u v e rt U  te l que U  CI M  est d it tr iv ia lis a n t, e t o n  m o n tre  [1] que 

to u te s  les fib res  au-dessus des po in ts  d ’u n  o u v e rt tr iv ia lis a n t U  so n t difféo- 
m orphes à une  v a r ie té  V. Si to u te s  les fib res  son t d ifféom orphes à une  m êm e 
v a rié té  V , on d it  que F est u n  espace fib ré  de f ib re  ty p e  V , e t si U  a une  s tru c 
tu r e  d ’espace vec to rie l, (F, m , p) est d it u n  f ib ré  d u  ty p e  vec to rie l.

On appelle sec tion  d ’u n e  f ib ra tio n  (F, m,p) to u te  l’ap p lic a tio n  W : m —*- F 
te lle  que p ■ Y  =  I  (donc p o u r  y £ m, W(y) £ F(y)).

Définition 2:

Soient (F, m,p>) u n  f ib ré  d u  ty p e  v ec to rie l, U(m) l ’a lgèb re  de Lie de 
ch am p s de v e c te u rs  sur m (c’est-à -d ire , l ’espace  des o p é ra te u rs  d ifféren tie ls 
de prem ière  o rd re ), -T(F) l ’ensem ble  de sections de F, e t .F(m) l ’algèbre de fonc
tio n s  C°° sur m. O n appelle co nnex ion  linéaire  d u  fib ré  (F, m, p ) une  ap p lica
t io n  b ilinéaire:

V : F(m)®r(F) — Г{  F)

te lle  que, si o n  donne X  £ U(m) e t Y  £ -T(F), V (X 5 Y ) =  S/X(W) s a tis fa it 
a u x  cond itions:

i) V/ x (S0 = / V x y ,

i i )  V x ( m = X ( f ) ' F  +  f V x ('F),  / £ F ( m ) .

U ne co nnex ion  est co m p lè tem en t d é te rm in ée  si on  donne ses com posan tes 
p a r  ra p p o r t à  u n  systèm e {îf^, X,-} où {îf̂ /з} est une  base  de U(F) e t {X (} 
u n e  base de U(m).

L a connex ion  linéaire n ’e s t  pas u n  te n se u r. O n p e u t c e p e n d a n t associer à 
y ,  u n  ten seu r ap p e lé  ten seu r de  courbure, e n tre  au tres .

Définition 3:

O n appelle te n se u r de co u rb u re  associé à  la  connex ion  V5 l’ap p lica tio n  
trilin éa ire :

R v : F ( m ) ® F ( m ) ® f ( F ) - + r ( F ) ,

te lle  que, si X , У  £ F(m) e t W  £ Г (F),

R v  (X , Y)(W) =  V x V y ' F - V y  Vx  ( Y)  -  VIx, y] (Y)  .
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O n vérifie  fac ilem ent que si f  £ i ’(m ),

R v ( f X ,  Y )(W ) =  f R v {X , Y) ( W)  =  i?v (X J Y ) { W ) =  R V(X , Y ) ( f ¥ )

ce qu i g a ra n ti t  le c a ra c tè re  ten so rie l de i?v .
D ’après les d é fin itions 2 e t 3, o n  v o it que, s’il ex is te  une base {ï^/s} de 

Г  (F) te lle  que
Vx( ^ )  =  0 , X ( F ( m )

alo rs,
Rr? =  0 .

Si le te n se u r de co u rb u re  e s t n u l, le processus co n n u  sous le n o m  la 
tr a n s la t io n  para llè le  e s t in d é p e n d a n t d u  chem in  choisi en  m.

6. Le fib re  (F , E , p )

D an s c e tte  sec tion , E  es t l ’espace euclid ien  in tro d u it  dans la  sec tio n  4 et 
y)a (a  =  0, 1, 2, . . .) so n t les é lém ents de l ’algèbre de H eisenberg  Г  =  Г '  ©  1.

S o it Г ( F) =  {%,} l ’ensem ble de sections du  f ib ré  (F , E, p)  avec F iso
m o rp h e  a E  ® H , où  H  e s t u n  espace  vecto rie l, l ’espace  de réa liza tio n s de 
Г  =  Г '  ©  1. H  est la  fib re  ty p e  de F.

Si k  e t k'  son t d eu x  p o in ts  en  E ,  l ’espace euclid ien  de d im ension  c in q , et 
co m p te  te n u  de l ’isom orph ism e e x is ta n t e n tre  les fib res  F(&), nous av o n s:

Qkk- : m  F(fc'),

o ù  Qkk> e s t l ’isom orphism e d iffé ren tiab le  te l  que:

Qkk'Qk'k" ~  вкк" •

D onc, si к — (k‘) =  (&0, к1, к2, к3, /с4) son t les coordonnées d u  p o in t A, 
nous pou v o n s écrire

Wa(k) =  T(k, k') e(k , k') y>ß(k') Q(k , k ' ) - K  (14)

o ù  Q (k, k') es t u n  o p é ra te u r su r H  e t T^(k, k') son t des num éros-c qu i sa tis fo n t 
a u x  re la tio n s  ob ten u es de

h p j k ); V ß(k )] =  w 'iß Vy (k ) ( 15)

c ’est-à -d ire ,

T l  T eß wdyE =  wlß Ту , a , ß, y, ô, e =  1, 2,
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Supposons que k  e t k '  so n t te ls que к '  =  к  -(- d k .  L a  re la tio n  (14) nous 
p e rm e t de défin ir les coeffic ien ts nom m és coefficients de la  connexion,

*2/ =  d i T £  ( k ,  fc')l*-*s

Qi =  Bt g ( k ,  k ’) \ k=k>

e t de fo rm er les com binaisons:

a d i  у>л +  b [e„ y>x] +  ctii y>ß , (16)

où

o, b, c =  i  !•

d ire ,

L a com binaison  (16) s a tis fa it aux  co n d itio n s de la  d é fin itio n  2, c’e s t-à - 

|avec  X j  =  =  dp a, b, c =  ±  1

V ( X t, yj„) =  ад/ % +  b [Qi, y>x] +  ctii y>ß , (17)

est une  connex ion  linéaire  de (F, E, p).
Le te n se u r de co u rb u re  associé à la  connex ion  V est o b te n u  fac ilem en t de 

la  d é fin itio n  3. O n o b tie n t

R v ( X ,  X j )  (y>„) =  a c  ( d j  t£ i —  d i  t&j) ipß +  ( t l j  t ßyi — l̂8)
— t l i  t y j )  xpß  +  a b  [ d j  Qi — d i ,  Qj,  Wx] +  [[oy, e,], %] •

Si nous désirons que le processus de tr a n s la tio n  parallèle so it in d é p e n d a n t des 
chem ins p a rco u ru s  en  E,  c ’est-à -d ire , que la  connaissance d ’un e  fibre au -dessus 
d ’u n  p o in t k  £ E  d é te rm in e  p a r  l ’in te rm èd e  de q une fib re  a u  dessus du p o in t  k '  

in d ép en d am m en t de chem in  choisi en E,  le  ten seu r du  c o u rb u re  do it ê tre  n u l, 
co n d itio n  q u ’on  o b tie n t si V =  0. D ’après (14) e t (17), la  connex ion  qu i s a t is 
fa it c e tte  co n d itio n  est:

Vxi (v ü  =  Bi rpa — [p,-, y ,]  -  & f ß . (19)

D ’a u tre  p a r t ,  il ré su lte  de (18), avec a  =  1, b =  — 1 e t  c =  —1, que

R v  (Xi ,  X j ) ( Va) =  - ( B j  t i  -  Bi tlj) Vf +  (tlj tßi -  

t'ai ty j)  Wß \ f i j  Qi Qj"* V*] [[@/’ 6l]’ *
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L a  co n n ex io n  (19) avec  la  form ule (20) nous perm et cLobtenir une g én é
ra lis a tio n  de (4) e t  (5). E n  e ffe t, il su it de V x /v Ü  =  0 que

diV>a =  [ e , » v J  +  fZ iV fr d / =  S r  (2 1 )

e t  g râce à la  co rrespondance  (9), nous p o u v o n s  écrire (12) e t  (13) com m e:

[Va (n, r), P J  =  — inß (if4 грр (n , r )  — |>4 (n, r), гра(п, т)]) (22)

[% (n, r), M ßv] =  inß ( tiv(n , t) rpß{n, r) — [gv(n, r ) , y)a(n, r)])  -

— inv{tiß{n, r) \pß (n , r)  — [еДге, t ) ,  ipx(n, r ) ] )  +  (23)

+  ( П, t)

q u i re m p la c e ro n t les re la tio n s  (4) e t (5) d a n s  ce tte  fo rm u la tio n  de la  th é o rie  
de  cham ps.

7. C onclusions

N ous av o n s p résen té  u n e  façon d ’o b te n ir  les re la tio n s  de co m m u ta tio n  
e n tre  les é lém en ts  de l’algèb re  de Lie de g ro u p e  de P o incaré  e t  les v a riab les de 
c h a m p  de bosons en e m p lo y a n t les ob jec ts con n u s sous le n o m  d ’espaces f ib ré s  
e t  ce rta in es  c o n stru c tio n s  se r a p p o r ta n t  à eu x .

Les r é s u lta ts  on t é té  o b te n u s  en p a r ta n t  de la  co n sid é ra tio n  que les é lé
m e n ts  de l ’a lgèb re  de H e isen b erg  p e u v en t ê tre  définis com m e des ê tres géo
m é triq u e s  s u r  la  v a rié té  d iffé ren tiab le  U  (v o ir la  section 4) e t  que le groupe de 
P o in ca ré  a g it tra n s it iv e m e n t su r S .  Y o d z is  [8 ] en co n sid é ran t les g én éra teu rs  
de groupes de sym étries “ in te rn e s "  e t l ’a lg èb re  de Lie co rre sp o n d an te  a u tilisé  
u n  d év e lo p p em en t m a th é m a tiq u e  sem blab le  dans 1‘é tu d e  de  la  géom étrie de 
ru p tu r e  de sy m étries . C’es t le  tra v a il t r è s  in te re ssa n t de  Y o d z is  q u ’ a é té  
l ’o rig ine d u  s u je t  de ce t a r tic le . N o tre  in te n t io n  a été d ’e x p lo re r  le fa it que des 
ch am p s de bosons c o n s titu e n t u n e  algèbre, p o u r in tro d u ire  la  catégorie d ’es
paces fib rés  d an s  la  fo rm u la tio n  de la  th é o rie  q u an tiq u e  de  cham ps.

D es d év e lo p p em en ts  com m e ce que n o u s  avons em p lo y é  dans ce t a r tic le  
p e u v e n t ê tre  u tile s  po u r ex p rim e r des idées physiques in d é p e n d a m m e n t de la  
re p ré se n ta tio n  des algèbres p a r  des o p é ra te u rs  dans l ’e sp ace  de H ilb e rt. L es 
re la tio n s  (22) e t  (23) p e u v e n t ê tre  considérées com m e des d é fin itions p o u r  les 
ê tre s  MpV e t  Р /м dans ce fo rm alism e m a th é m a tiq u e . L a  c o n s tru c tio n  ex p lic ite  
de e t P (X en  term es des v ariab les  de c h a m p  va  d ép en d re  des c a ra c té r is 
tiq u e s  d y n am iq u es  du  ch am p  considéré, e t c e t aspect d u  p ro b lèm e  nous n ’av o n s 
p as  d iscu té  d an s  ce trav a il.
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SOME REMARKS ON THE ORIGIN OF 
X-RAY DIFFRACTION PHENOMENA

(CONTRADICTIONS IN  T H E IR  USUAL TREA TM EN T) PA R T  I
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1525 BUDAPEST, HUNGARY

(Received in revised form 4. V III . 1981)

The adequacy of the classical T hom son theory on coherent X -ray scattering  of the 
atom s is disputed because of its inconsistency w ith well know n quantised properties of 
(electro-m agnetic) rad iations and the a tom s as well. The assum ption on secondary dipole 
rad iation  by  the atom ic electrons involves num erous contrad ictory  hypotheses as e.g. the usual 
derivation  of the angular dependence of Com pton scattering of th e  atoms, th a t for th e  coherent 
scattering  of the hydrogen atom , etc. The theoretical problem s seem to be due to  ra th e r arb it
ra ry  alternations of the corpuscular (quantum -m echanical) and  undulatory  (classical) tre a t
m ents o f radiation.

1. In tro d u c tio n

T h e  resu lts  o f  f in e  s tru c tu re  s tu d ies  carried  o u t  since La u e ’s discovery  
in  1912 on  all ty p e s  o f  m ateria ls  b y  X -ra y  d iffrac tio n  are well k n o w n . The 
im p o rta n c e  of th ese  s tu d ies  in  all b ran ch es o f science from  p e tro lo g y  to  m o
lecu la r b io logy an d  in  techno logy  is also a p p a re n t. Som e o f th e  o u ts ta n d in g  
re su lts  (as, e.g., th e  doub le  helix  o f  D N S) have ev en  b een  given w ide p u b lic ity .

T h e  early  d ev e lo p m en t of X - ra y  d iffrac tio n  m eth o d s has g re a tly  fac ili
ta te d  th e  sp read  o f  m ore recen t d iffra c tio n  p rocedures, nam ely  th a t  o f  e lec tro n  
an d  n e u tro n  d iffrac tio n , soon a f te r  d iscovering th e  w ave-like p ro p e rtie s  o f 
th ese  rad ia tio n s . T he w ave-like b e h a v io u r  is th e  com m on basis o f  th e  th ree  
w id e-sp read  m eth o d s re su ltin g  in  m a n y  id en tica l a n d  analogous fea tu re s  o f  
p rocessing  an d  in te rp re tin g  m easu red  d iffrac tion  d a ta .

B eing  aw are o f  th e  resu lts  a n d  u n in te r ru p te d  progress o f X - ra y  d iffrac
tio n , th e  read e r w ill c e rta in ly  feel o u r s ta te m e n t p ro v o ca tiv e  t h a t  th e  u su a l 
t r e a tm e n t  o f X -ra y  d iffrac tio n  p h en o m en a  if  d e riv ed  from  th e  so-called  “ co
h e re n t”  sc a tte rin g  b y  electrons is n o t  co n sis ten t w ith  some im p o r ta n t  p r in 
ciples a n d  resu lts  o f  classical and  q u a n tu m  physics.

N everthe less, one encoun ters c o n tra d ic to ry  s ta te m e n ts , u su a lly  in  th e  
in tro d u c to ry  c h a p te rs  o f tex tb o o k s  an d  m anuals on  X -ra y  d iffrac tio n . T he 
s ta te m e n ts  c o n tra d ic t p a r tly  each o th e r , p a r tly  g en era lly  accep ted  theses o f 
o th e r  sec tions o f p h ysics.

As to  te rm in o lo g y , below we sh a ll use in s te a d  o f  “ coheren t”  sca tte rin g
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b y  m atter (atom , electron), rather th e  term  “ unm odified” scattering or, when  
speaking o f the interpretation  just criticised by us, the term “T hom son” scat
ter in g . The essence o f  our standpoint is nam ely  th a t the X -ray  scattering  
th eo ry  o f  J. J. T homson is so com pletely  out-of-date that its application even  
as a first, rough approxim ation to  real facts, is inexpedient.

A lth o u g h  th e  fig u re  g iven  b y  T hom son  fo r th e  sca tte rin g  cross-section  
o f  th e  e lec tro n , a n d  th e  fac to r (1 -f- cos226)/2 fo r i ts  an g u la r d ependence  (where 
26 is th e  sc a tte r in g  angle) are c o n s is te n t w ith  d iffrac tio n  ex p erim en ts , we 
m e a n  th a t  T h o m so n ’s th eo ry  gives no  a d e q u a te  d esc rip tio n  o f a re a l physical 
p h en o m en o n , n e ith e r  in  its  o rig in a l fo rm u la tio n , n o r in  a m odern ized  form  
in  te rm s  of q u a n tu m  m echanics. B u t  th e re  is a  g enera l opinion t h a t  th e  u n 
q u estio n ab le  ex is ten ce  o f X -ra y  d iffra c tio n  w o u ld  be  a positive p ro o f  o f th e  
re a l i ty  o f  T h o m so n  sca tte rin g . T h is  v ie  wis fo u n d  th ro u g h o u t th e  lite ra tu re , 
som e item s o f w h ich  o f d ifferen t ty p e  an d  o rig in  m ig h t be re fe rred  to  qu ite  
a rb itra r i ly  to  g ive som e exam ples ([1] to  [5]).

A  m ore p ro fo u n d  ex p lan a tio n  fo r  th e  m a in te n a n c e  of T h o m so n ’s th eo ry  
w o u ld  need an  ab so rb in g  s tu d y  in  th e  h is to ry  o f  physics. L et us m en tio n  th e  
p e rs is te n t an d  o f te n  sharp  d iscussion  on th e  n a tu re  and  sc a tte r in g  o f  X -ray s 
am o n g  sc ien tis ts  defend ing  th e  classica l e lec tro m ag n etic  th eo ry  (as e.g . T homson) 
o n  th e  one h a n d , a n d  those  p io n eerin g  in  q u a n tu m  physics (as e.g . Compton), 
o n  th e  o th e r [6].

T he co n tro v ers ie s  discussed below  are som ehow  connected  w ith  those 
betw ’een  th e  e lec tro m ag n etic  an d  q u an tu m -m e c h a n ica l theories o f lig h t w hich 
re f le c t th e  c o n tra d ic tio n s  be tw een  th e  w ave-like a n d  partic le -like  p roperties 
o f  ra d ia tio n s . W e do n o t in ten d  to  invo lve  ourse lves in to  u lt im a te  questions 
o f  n a tu ra l  p h ilo so p h y , b u t we p ro p o se  to  fin d  a  sa tis fac to ry  so lu tio n  a t th e  
lev e l o f  th e  p re se n t s ta te  of ph y sica l op tics [7].

As to  th e  d u a lism  of corpuscle a n d  w ave, i t  causes no con flic ts  in  p rac tice , 
n e ith e r  in  re sea rch , n o r in  ap p lica tio n  an d  teach in g , i f  th e  processes o f  em ission 
a n d  a b so rp tio n  o f  ra d ia tio n s  are  t r e a te d  in  te rm s  o f  a d iscon tinuous q u an tu m  
m odel w hile th e ir  p ro p ag a tio n , b en d in g , in te rfe ren ce  an d  d iffrac tio n  are d ea lt 
w ith  on  th e  basis  o f  th e  w ave m odel.

I t  ap p ears  to  us as i f  th e  sc a tte r in g  o f  ra d ia tio n s  (an d  especially  o f  
X -ra y s )  b y  sm all obstacles fo rm ed  a p ecu liar g ro u p  of o p tica l phenom ena 
w h ere  th e  in te rp re ta t io n  w ould h e s i ta te  b e tw een  th e  tw o m odels an d  th e re  
w o u ld  be a p o ss ib ility  (ra th e r  danger) fo r m ix ing  th e m  up . T he q u e s tio n  could 
n a m e ly  be p u t  t h a t  on  im p ac t o f a “ p e n c il”  of lig h t (X -ray ) on  an  a to m , w hether 
th e  l ig h t o b serv ed  b eh in d  i t  is th e  c o n tin u a tio n  o f  th e  inc id en t b e a m  w ith  an  
in flex io n  an d  w ith  e ith e r  u n m o d ified  or m odified  (i.e. reduced) energy , o r is 
i t  r a th e r  a “ new ”  r a y  em itted  b y  th e  a to m  a t  th e  co st o f an  ab so rb ed  pho ton . 
W e do n o t decide th is  question  o f  p rin c ip le , in s te a d  we propose to  t r e a t  X -ra y  
sc a tte r in g  in  th e  follow ing w ay.
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L e t us d iv ide  sc a tte rin g  p h en o m en a  in to  tw o  groups, m o d ified  and 
u n m o d ified  sc a tte rin g , an d  ap p ly  to  th em  th e  q u a n tu m  m odel an d  the  
w ave m odel, re sp ec tiv e ly , so th a t  th e  essen tia l d ifferences as w ell as th e  corre
la tio n  b e tw een  th e m  should  he k e p t  in  view . S uch  a d is tin c tio n  in  tre a tm e n t 
seem s to  be especially  im p o rta n t fo r X -ra y s  because in  dealing  w ith  th e  sc a tte r
in g  o f  v e ry  soft a n d  v e ry  h a rd  e lec tro m ag n etic  ra d ia tio n s  (v isib le  lig h t, y- 
ra y s) , em phasis can  be p u t on th e  w av e  m odel an d  th e  q u a n tu m  m odel, respec
tiv e ly , neg lecting  th e  o th e r aspect as a f ir s t  a p p ro x im a tio n . The sc a tte r in g  o f 
m ed ium  energy  X -ra y s  (and  s im ila rly  th a t  o f  fa s t  e lectrons a n d  th e rm a l 
n eu tro n s) falls in  a  ran g e  o f in te ra c tio n s  betw een  ra d ia tio n  and  m a tte r  w here 
b o th  a p p a re n tly  opposing  aspects m u s t be equally  em phasized . So, we propose 
t h a t  C om pton  m od ified  sca tte rin g , fluorescence, A uger an d  R a m a n  effect of 
X -ra y s  shou ld  be tr e a te d  in  th e  u su a l w ay  as in te ra c tio n s  b e tw een  pho tons 
a n d  a to m s (electrons); b u t, a t  th e  sam e tim e, th e  unm odified  sc a tte r in g  and  
d iffrac tio n  o f X -ra y s  shou ld  be d e a lt w ith  as th e  re su lt  o f p e r tu rb e d  w ave p ro 
p a g a tio n . The logical an d  physical re la tio n sh ip  b e tw een  th e  tw o g ro u p s consists 
in  t h a t  th e  processes m en tioned  f i r s t  cause th em selv es  th e  p e r tu rb a tio n s  for 
th e  w aves m en tio n ed  secondly. 2

2. Remarks on the coherent and incoherent scattering of X -rays

T he in te ra c tio n  o f  X -ray s w ith  m a tte r  gives rise , beside e jec ted  electrons 
an d  ion ized  a to m s, to  several k inds o f  secondary  X -ra y s . These a re  flu o rescen t 
r a d ia tio n  w ith  a lin e  sp ec tru m  c h a ra c te ris tic  o f  th e  exc ited  a to m ; C om pton 
m o d ified  sc a tte rin g , th e  w av e len g th  sh if t o f w hich  depends p rim a rily  on  th e  
sc a tte r in g  angle , n o t  on  th e  ty p e  o f  th e  sc a tte rin g  a to m  an d  on  th e  energy  of 
th e  in c id e n t p h o to n : in  th e  l i te ra tu re  on  X -ray  d iffrac tio n  th e  te rm  “ incoher
e n t sc a tte r in g ”  is o fte n  used  as th e  synonym  fo r C om pton  sc a tte r in g ; and 
la s t b u t  n o t leas t th e  unm odified  sc a tte re d  ra d ia tio n , m ostly  ca lled  “ coheren t 
s c a tte r in g ” , th e  freq u en cy  o f  w h ich  is ex ac tly  e q u a l to  th a t  o f  th e  p rim ary  
b eam  an d  th e ir  p h ases  are in  a w ell defined  re la tio n  to  one a n o th e r . This 
u n m o d ified  ty p e  o f  sc a tte re d  ra d ia t io n  is g enera lly  exp la ined  — follow ing 
J . J . T hom son  — as th e  classical e lec tro m ag n etic  dipole ra d ia t io n  o f th e  
e lec trons osc illa ting  h a rm o n ica lly  u n d e r  th e  in flu en ce  o f  th e  a lte rn a tin g  elec
tr ic  f ie ld  o f  th e  incom ing  w aves. T h e  li te ra tu re  u n an im o u sly  s ta te s  t h a t  th is  
T hom so n  sc a tte r in g  is th e  on ly  co h e re n t one w hich  is alone cap ab le  o f  form ing 
a d iffrac tio n  p a t te rn  o f  th e  fine  s tru c tu re  o f  a specim en. In  th is  sense, a ll o ther 
ty p e s  o f  secondary  ra y s  m en tio n ed  ab o v e  are  in c o h e re n t, giving no d iffrac tio n  
im age o f  th e  in te rio r  o f  m a tte r . C o m p to n  sc a tte rin g  an d  fluorescence p lay  th e  
u n d esired  role o f  p a ra s itic  r  ys in  a ll d iffrac tion  ex p erim en ts . X -ra y  diffrac-
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t io n  li te ra tu re  sugg ests  such a p ic tu re  th a t  th e  elec trons o f a n  a to m  em it 
u n d e r  th e  in fluence  o f  an  a rb i t r a ry  p rim ary  X - ra y  beam  sev era l k inds of 
in c o h e re n t and  one k in d  of co h e ren t secondary  ra d ia tio n . One gets  th e  im pres
sion  th a t  coherency  an d  in co h eren cy  are  in n a te  fe a tu re s  o f th is  o r th a t  ty p e  
o f  secondary  ra d ia tio n s . This p ic tu re  is, how ever, m islead ing  a n d  its  in ad e 
q u a c y  can  be show n b y  th e  ev e ry d a y  p rac tice  o f X - ra y  lab o ra to rie s . As opposed 
to  op tics  o f v isib le  lig h t w here d iffrac tio n  ex p e rim en ts  need  sop h is tica ted  
d ev ices, X -ray  d iffra c tio n  p a tte rn s  o f  very  good q u a lity  can  be o b ta in ed  b y  
u tiliz in g  em itted  ra y s  from  an  a re a  o f  ab o u t 1 m m 2 an d  co llim ating  th e  beam  
w ith  sim ple slits to  a divergence an g le  o f  1 — 2°. T h e  b eam  m ay  be e ith e r  m ono
c h ro m a tic  w hen  u s in g  B ragg’s m e th o d  on a ro ta t in g  single c ry s ta l or th e  usual 
ang le-d ispersive  d iffrac to m eters  fo r  stu d y in g  c ry s ta l  pow ders, glasses, or 
liq u id s  or p o ly ch ro m a tic  w hen  th e  L aue m e th o d  is used or, re cen tly , th e  
energy -d ispersive  d iffra c to m e try . T h e  whole em ission  spec tru m  o f an  X -ray  
tu b e  is efficien t in c lu d in g  sh arp  sp ec tra l lines a n d  th e  co n tin u o u s “ brem s- 
s t ra h lu n g ” . T he sp e c tru m  can  be  m ad e  visible a n d  analysab le  b y  th e  aid of 
a ro ta t in g  single c ry s ta l  called th e  an a ly zer in  X -ra y  sp ec tro m e try . If, on th e  
o th e r  h an d , th e  p r im a ry  beam  falls o n  a sam ple o f  a rb itra ry  chem ical com posi
t io n  an d  physica l co n d itio n  an d  th e  ana lyzer c ry s ta l  c an n o t “ see”  th e  p rim ary  
b eam  b u t only th e  secondary  one em erging from  th e  irra d ia te d  sam ple, th e  
o b serv ed  sp ec tru m  w ill be m uch  d iffe ren t from  t h a t  o f th e  X -ra y  source. The 
sp e c tru m  of th e  tu b e  appears a g a in  w ith  m uch low er in te n s ity  w h ich  is d e te r
m in ed  b y  th e  c o h e re n t sc a tte rin g  pow er of th e  sam p le  b u t in  ad d itio n  th e re  
a p p e a r  secondary  sp e c tra  due to  C o m p to n  effect a n d  fluorescence. E ach  w ave
le n g th  of th e  p r im a ry  beam  gives rise  to  a re la tiv e ly  b ro ad  b a n d , called 
C o m p to n  p rofile ; e v e n tu a l fluo rescence  p roduces sh a rp  peaks. T h is exp erim en t 
show s th a t  all co m p o n en ts  of th e  secondary  beam , C om pton  m od ified  rad ia tio n  
a n d  fluorescence in c lu d ed , are re fle c ted  b y  th e  an a ly z e r c ry s ta l in  th e  sam e m an 
n e r, a n d  obeying  B ra g g ’s law , as do th e  p rim ary  b eam  o f th e  X -ra y  tu b e  and  th e  
u n m o d ified  co h eren t secondary  b eam  o f th e  sam ple. T h is m eans t h a t  a t  an  ad d i
t io n a l d iffrac tin g  o b je c t b eh in d  th e  f irs t  one th e re  a re  no obv ious differences 
b e tw e e n  th e  d iffra c tin g  ab ilities o f  various ty p e s  o f secondary  X -ray s an d  
th e  p rim a ry  ra y .

C onsidering th e  stoch astic  c h a ra c te r  o f  e x c ita tio n  processes and  th e  
m acroscop ic  d im ensions o f th e  ir ra d ia te d  sam ple , C om pton sc a tte re d  an d  
flu o re sc e n t ra d ia tio n s  ough t to  be  inco h eren t a n d  th e  sam e ho lds for th e  
e m itte d  beam  o f  th e  X -ra y  tu b e  ex c ited  by  acce le ra ted  th e rm a l e lec trons of 
a  h o t  w ire. N ev erth e less , a t a c e r ta in  d istance  fro m  th e  source a n d  co nstra ined  
to  a low  d ivergence angle , all o f th e m  are capab le  o f  in te rfe ren ce  an d  d iffrac
tio n . F o r analogies one m ay re fe r  to  as tro n o m y  a n d  ra d io a s tro n o m y  w here 
s te lla r  in te rfe ro m e te rs  are used  fo r  m easuring  th e  angu la r dim ensions o f 
so u rces; th e  coherence  of lig h t, a n d  o f rad io  w av es, re sp ec tiv e ly , depend  on
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th e  ra tio  o f d is tan ces  betw een  in d e p e n d e n t sources to  th e  d is tan ce  betw een  
th e  sources and  th e  observer.

A n o th e r ex am p le  for th e  e x p lo ita tio n  o f u n ifo rm  b eh av io u r o f  secondary  
X -ra y s  on a c ry s ta l is th e  a p p lica tio n  o f a c ry s ta l m o n o ch ro m ato r in  th e  d if
fra c te d  beam  o f a n  X -ra y  d iffrac to m e ter. In  th is  case th e  re flec tin g  angle of 
th e  c ry s ta l is fix ed  as th e  B ragg  angle for th e  p r im a ry  w av e len g th  used  for 
d iffrac tio n . T hus th e  c ry s ta l tra n sm its  (i.e. reflects) th e  unm od ified  secondary  
w aves o f  th e  sam ple  w ith  m ax im u m  in te n s ity  w hereas th e  m o d ified  com po
n e n ts  are  n o t re fle c ted  a t  th is  angle . T he ap p lica tio n  o f a B rag g  re flec ting  
c ry s ta l  as a v e ry  selec tive  filte r is b a sed  u p o n  th e  u n ifo rm ly  co h eren t b eh av io u r 
o f  all com ponen ts because  being re flec ted  or n o t b e in g  re flec ted  b y  a c ry sta l 
a t  a g iven  B ragg  ang le  m eans n o th in g  else b u t  in te rfe ren ce  am o n g  w aves 
being  in  phase or in  opposite  p h ase , resp ec tiv e ly .

T here  is no d o u b t, o f course, t h a t  th e  d iffrac tio n  im age o f  a s tru c tu re  is 
fo rm ed  b y  th e  w aves sca tte red  u n m o d ified  and  a ll o th e r  co m p o n en ts  o f  th e  
s c a tte re d  beam  fo rm  a m ore or less un ifo rm  b ack g ro u n d  reducing  th e  c o n tra s t 
o f  th e  d iffrac tio n  p a t te rn .  B u t th e  re a l reaso n  w hy  th e se  ra d ia tio n s  seem  to  he 
ab so lu te ly  in co h e ren t is th a t  th e y  a re  e m itte d  b y  th e  a to m s o f th e  sam ple  and  
are  rea lly  in co h e ren t on  th e  spo t a n d  a t th e  m o m en t o f th e ir  s ta r t .  Y e t, a 
n a rro w  b eam  o f th e m  a t  a ce rta in  d is tan ce  from  th e  source can  p ro d u ce  in te r 
ference p a tte rn s . B u t in  th is  re sp ec t m odified  seco n d ary  beam s do n o t differ 
from  th e  so-called p rim a ry  beam  o f  a n  X -ra y  tu b e  w hich  is also inco h eren t 
a t  th e  sp o t o f th e  o rig in : th is  beam  co n ta in s no p ieces o f in fo rm a tio n  on th e  
f in e  s tru c tu re  of th e  m e ta l p la te  w here  i t  has s ta r te d  fro m , b u t a n a rro w  pencil 
o f  i t  a t  a c e rta in  d is tan ce  from  th e  tu b e  can  be u tilized  for fin e  s tru c tu re  
d e te rm in a tio n  on a n  a rb itra ry  ta rg e t . U sua l X -ra y  d iffrac tio n  p a tte rn s  can  be 
e v a lu a te d  accord ing  to  th e  ru les o f  F rau n h o fe r  d iffrac tio n  p a tte rn s  in  visible 
o p tics . The f irs t co n d itio n  for F ra u n h o fe r  d iffrac tio n  is th a t  th e  d is tan ce  b e t
w een  th e  p o in tlike  source an d  th e  d iffrac tin g  o b jec t be  su ffic ien tly  la rge .

As to  th e  m echan ism  o f u n m o d ified  sc a tte rin g , T hom son’s h y po thesis  
c la im s i t  to  be th e  d ipole ra d ia tio n  o f  th e  e lectrons induced  b y  th e  inc id en t 
w ave. H ow ever, F ra u n h o fe r  d iffrac tio n  (or o th e r ty p e s  o f  d iffrac tion ) in  optics 
do n o t req u ire  t h a t  th e  d iffrac tin g  o b jec t be com posed  o f ac tiv e  lum inous 
sp o ts  w hich  th em selv es  em it in d u ced  ra d ia tio n  co h e ren tly  w ith  each  o ther 
u n d e r th e  in fluence  o f  a n  in c id en t p r im a ry  w ave. O n th e  c o n tra ry , d iffrac tin g  
o b jec ts  in  optics m o s tly  consist o f  passive  com ponen ts (like screens w ith  slits 
or holes, tra n s p a re n t  o r reflec tive  p la te s  w ith  grooves, e tc .), i.e. d is tin c t spots 
d iffer from  th e ir  su rro u n d in g s b y  th e ir  response ( tra n s m ittiv ity , re f le c tiv ity , 
e tc .) to  an  in c id en t l ig h t beam .

T he in te n tio n  o f  th e  p re sen t p a p e r  is to  p o in t o u t som e in co n sis ten t 
fe a tu re s  o f  th e  T hom so n  th eo ry  a n d  also to  show  a possible w ay  o f  exp la in ing  
X -ra y  d iffrac tion  w ith o u t th e  in te rv e n tio n  o f th is  th e o ry , by  follow ing m ore
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c lose ly  th e  p a th  a lre a d y  b ea ten  b y  ph y sica l op tics  o f  v isib le  lig h t. B efore doing 
so , a b rie f  su m m a ry  o f  T h o m so n ’s X -ra y  s c a tte r in g  th e o ry  shou ld  be g iven 
in  th e  n e x t p a ra g ra p h .

3. T he X -ray  sc a tte r in g  theory  o f  J .  J .  T hom son a n d  som e of its  consequences

T he su m m a ry  g iv en  below  co n ta in s  no s ta te m e n t w hich  cou ld  n o t be 
fo u n d  in  d iffe ren t te x tb o o k s  on  X - ra y  d iffrac tio n  (see e.g. [1] to  [5]).

A  free e le c tro n  w h en  h it b y  a n  X -ra y  beam , begins to  v ib ra te  u n d er th e  
in flu en ce  o f th e  a lte rn a tin g  electric  fie ld  o f th e  in c id e n t w ave a n d  is there fo re  
a c tin g  as an  o sc illa tin g  dipole sou rce  o f seco n d ary  spherica l w aves w ith  th e  
sam e w av e len g th  a n d  freq u en cy  as th e  p rim a ry  p la n a r  w ave. T h e  cross-sec
t io n  o f  th is  p rocess h a s  been d e te rm in ed  n u m erica lly  b y  T hom son  from  w hich 
a  u n iv e rsa l le n g th  c o n s ta n t, ca lled  th e  “ classical ra d iu s  of th e  e le c tro n ”  can  
b e  d e riv ed : re =  2 .8 X l 0 -15 m . T h e  fo rm ula  o f  th e  d iffe ren tia l c ross-sec tion  
c o n ta in s  beside th e  c o n s ta n t cre, a n  an g le -d ep en d en t fac to r, (1 -(- cos220)/2 
w h ere  20 deno tes th e  angle o f  sc a tte r in g . T he a n g u la r  v a r ia tio n  is due to  
p a r t ia l  p o la riza tio n  o f  a n  u n p o la rized  in c id en t b eam  being sc a tte re d . A ccord
in g ly , th e  sc a tte re d  in te n s ity  e x h ib its  tw o eq u a l m ax im a  a t  ang les 20 =  0° 
a n d  180° and  a m in im u m  a t 90° w h ich  has h a lf  o f  th e  value o f  th e  m ax im a.

T he po lar in te n s i ty  d iagram  is c ircu la rly  sy m m etric  a ro u n d  th e  p ro p a g a 
t io n  d irec tio n  as ax is  a n d  m irro r-sy m m etric  to  th e  p lan e  p e rp en d icu la r  to  i t .  
T h e  accu racy  o f  th e  an g le -d ep en d en t fac to r is co n firm ed  b y  th e  p rac tice  o f  
d iffra c tio n  m easu rem en ts . In te g ra tio n  over th e  sp h ere  su rro u n d in g  th e  e lec tron  
y ie ld s  th e  to ta l  s c a t te r in g  cross-sec tion  Qe w hich  is th e  ra tio  o f sc a tte re d  energy  
to  th e  in c id en t one. I t s  value is Qe =  (8nß)ffe =  6 6 .6 X l0 ~ 30 m 2. T he orders 
o f  m ag n itu d e  o f  f ig u re s  given b y  T hom son  are  in  a ll p ro b a b ility  co rrec t, b u t 
th e ir  accu racy  h as  n o t  been ch eck ed  b y  d irec t m easu rem en ts  fo r lack  o f 
s c a tte r in g  o b jec ts  co n sis tin g  o f free electrons.

W hen , h ow ever, A. H . Co m pto n  began  to  s tu d y  th o ro u g h ly  th e  s c a tte r 
in g  b y  lig h t e lem en ts  w ith  th e  co n sid e ra tio n  in  m in d  th a t  th e y  c o n ta in  w eak ly  
b o u n d  e lec trons, h e  w as n o t ab le  to  verify  T h o m so n ’s fo rm ula , b u t  he d id  
d isco v er a ty p e  o f  sc a tte rin g  u n k n o w n  before, i.e . he found  th e  C om pton  
effec t. C oncerning th e  free e lec tro n , C om pton’s d iscovery  has fu lly  d isproved  
th e  T hom son  h y p o th e s is  since i t  is th e  u nan im ous v iew  o f physics th a t  a free 
e le c tro n  is cap ab le  o n ly  o f C om pton  sca tte rin g , n o t  a t  all of T hom so n  s c a tte r 
in g . D esp ite  th is , T h o m so n ’s co n cep t has k e p t a f irm  p o sitio n  in  lite ra tu re  
e x p la in in g  th e  c o h e re n t, unm od ified  sc a tte rin g  o f  a to m s. I t  is n a m e ly  a w idely  
a c c e p ted  h y p o th es is  t h a t  th e  e lec tro n s o f  an  a to m  do sc a tte r  in  tw o  d ifferen t 
w ay s  accord ing  to  T h om son  an d  C om pton . T he f i r s t  is called co h eren t, th e
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second in co h eren t sc a tte r in g , th e ir  su m  is th e  to ta l  s c a tte r in g  o f th e  a to m . The 
n o tio n  o f to ta l  s c a tte r in g  pow er h as  b een  in tro d u ced  b y  R aman (1928) and  
Com pton  (1930) [4]. A ccord ing  to  genera lly  accep ted  v iew s, th e  to ta l  s c a t te r 
ing  o f  a n  a to m  is th e  sum  of th e  to ta l  sc a tte rin g  pow ers o f all o f i ts  e lec trons 
w hich  a re  un ifo rm ly  eq u a l to  th e  T hom so n  cross-section  cfe. W ith in  th is  sum , 
th e  in co h eren t s c a tte r in g  is also a sim ple sum  o f th e  co n tr ib u tio n s  b y  th e  
in d iv id u a l e lectrons, b u t  th e  co h e ren tly  sc a tte re d  in te n s ity  is th e  sq u a re  of 
th e  re s u lta n t  co h e ren t am p litu d e  w hich , in  tu rn , is com posed  o f e le m e n ta ry  
a m p litu d es  w ith  re g a rd  to  th e ir  phases. A ccordingly , th e  coheren tly  sc a tte re d  
am p litu d e  a t zero angle is m ax im al because all e lem en ta ry  w aves are in  phase, 
its  m ag n itu d e  is Z  e lec tro n  u n its  (e .u .) w here Z  is th e  atom ic  n u m b er; w ith  
increasing  sc a tte rin g  angle, th e  re s u lta n t  am p litu d e  ra p id ly  decreases due  to  
th e  ph ase  sh ifts am ong  th e  e lem en ta ry  w aves. In  acco rdance  w ith  th is , th e  
c o h e ren tly  sc a tte re d  in te n s ity  of th e  a to m  s ta r ts  from  Z 2 e.u . a t  ang le  0 and  
also falls rap id ly  w ith  increasing  angle. T he phase sh ifts  depend  on th e  m u tu a l 
positions of th e  e lec trons w ith in  th e  a to m . T he co h eren tly  sca tte red  am p litu d e  
o f a free a to m  is g iv en  b y  a f u n c t io n /  =  f(Q) ta k in g  th e  am p litu d e  o f  a h y p o 
th e tic a l T h o m so n -sca tte rin g  free e lec tro n  as u n ity . In s te a d  o f th e  angle , th e  
sc a tte rin g  va riab le  q =  (4jr/A) • sin в is chosen  as in d e p e n d e n t v a riab le  w hich 
ren d ers  th e  fu n c tio n  /  in d ep en d en t o f  th e  w av e leng th  A. f(q)  is called  atom ic  
a m p litu d e  or a tom ic  fo rm  fac to r. V ariab le  q is th e  m odule  o f a v ec to r o b ta in e d  
as th e  d ifference b e tw een  th e  P o y n tin g  vec to rs o f th e  in c id en t an d  sc a tte re d  
w aves, re sp ec tiv e ly  ( th e ir  m odule ta k e n  as 2 jr/A u n it)  a n d , s tr ic tly  speak ing , 
/  is a fu n c tio n  o f v e c to r  q. T he v ec to r  can  be rep laced  b y  its  m odule i f  th e  
e lec tron ic  cloud o f th e  a to m  is sph erica lly  sym m etric .

I t  follows from  T h om son’s h y p o th es is  th a t  th e  in te n s ity  o f  co h e ren t 
s c a tte r in g  is in v e rse ly  p ro p o rtio n a l to  th e  square  o f th e  m ass o f th e  v ib ra tin g  
ch a rg ed  p a rtic le . F o r  th is  reason , th e  T hom son  sc a tte r in g  o f a to m ic  nuclei 
m u st be  b y  several o rders w eaker th a n  th a t  o f an  e lec tro n , th u s  being  neg li
gible.

As a lread y  seen, th e  classical T hom so n  th e o ry  h a d  to  m ake a com prom ise 
w ith  q u a n tu m  th e o ry  b y  sharin g  th e  in te n s ity  w ith  C om pton  sc a tte r in g . 
A n o th e r im p o r ta n t s tep  tow ards q u a n tu m  m echanics is  m ade in  c a lc u la tin g  
th e  a to m ic  a m p litu d e s /(g ) , because in it ia l  calcu la tions w ith  classical p o in t-lik e  
e lec trons gave w rong  resu lts . Now, th e  e lectrons a re  t re a te d  as e lec tron ic  
clouds ch a rac te rized  in  th e  a to m  b y  th e  rad ia l charge d en sity  fu n c tio n  g(r) 
an d  o b ta in e d , in  tu rn ,  from  th e  a tom ic  w ave fu n c tio n  as its  sq u ared  m odule. 
/ ( q) is th e  F o u rie r tra n sfo rm  o f 4 ят  • g(r). F o r sp h erica lly  sym m etric  a to m s, 
г is rep laced  b y  r =  |r |. I n  th is  case, th e  atom ic  a m p litu d e  is

f (q )  =  4 jr£ ° s in (r_ L dr
Г

( 1 )
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a n d  th e  co h eren t in te n s ity  is

Hq) =  P(q) • ( la )

A s seen  from  E q . (1), th e  to ta l  charge  d e n s ity  can  be com posed  ad d itiv e ly  
fro m  th e  c o n tr ib u tio n s  Qj(r) (j' — 1, . . . , Z)  o f  th e  e lectrons. Ow ing to  th e  
re la tio n sh ip s  b e tw e e n  /(g ) , g(r) a n d  th e  e igenfunctions W, ca lcu la ted  a tom ic 
a n d  m olecu lar a m p litu d es  h av e  becom e m ore an d  m ore a c c u ra te  following 
th e  im p ro v em en ts  on  th e  q u a n tu m  m echan ical a tom ic  an d  m o lecu lar m odels.

As know n , d e tec tio n  tech n iq u es  for X -ra y s  can n o t m easu re  am plitudes 
b u t  o n ly  th e  in te n s itie s . The u n m o d ified  in te n s i ty  sc a tte re d  b y  N  pieces of 
free  a tom s (rea lizab le  in  p rac tice  b y  a sam ple  o f  low -pressured  in e r t gas) is 
e q u a l to  jV -/ 2(?)• I n  all o th e r cases, i.e. for free  m olecules an d  fo r an y  kinds 
o f  condensed  m a tte r ,  th e  u n m o d ified  sc a tte r in g  is th e  sq u are  o f  a re su lta n t 
a m p litu d e  com posed  o f  th e  a to m ic  am p litu d es. I n  ca lcu la tin g  th e  re su lta n t 
a m p litu d e  for a b u lk  specim en, F o u rie r  tra n s fo rm a tio n  p lays a sim ilar role as 
in  ca lcu la tin g  th e  a to m ic  am p litu d e  from  th e  ra d ia l  charge d e n s ity  o f th e  a tom . 
T h e  sim ple sp a tia l  densities (m easu red  as n u m b e r of e lec trons or a tom s in  
u n i t  vo lum e vs co -o rd in a tes  in  space) y ield  th ro u g h  F ourie r tra n s fo rm a tio n  th e  
s c a tte re d  a m p litu d e s  in  th e  g-space ( =  rec ip ro ca l space) an d  v ice  versa . T he 
a m p litu d es  are  n o t  m easu rab le  q u a n titie s . T h e  m easurab le  in ten s itie s  can  be 
o b ta in e d  th e o re tic a lly  as th e  F o u rie r  tra n s fo rm  o f ce rta in  au to -co rre la tio n  
fu n c tio n s  o f th e  sim ple d ensity  fu n c tio n s . Such  fu nc tions are k n o w n  in  p rac tice  
o f  c ry s ta l s tru c tu re  analysis as th e  P a tte rs o n  functions a n d  in  stud ies on  
liq u id  and  am o rp h o u s  s tru c tu re s  as th e  ra d ia l d is tr ib u tio n  fu n c tio n  o f a tom s 
(e v e n tu a lly  o f  e lec trons). The re la tio n sh ip s  are  m u tu a l and  so, m easu red  in te n 
s itie s  can  be tra n sfo rm e d  in to  P a tte rs o n  fu n c tio n s  and  ra d ia l d is tr ib u tio n  
fu n c tio n s , re sp ec tiv e ly . This m eans also a p o ssib ility  for checking  th e  correctness 
o f  th e o re tic a l a to m ic  am p litu d e  func tions an d  th e  atom ic  m odels as well. 
T h e re  is genera lly  a good ag reem en t b e tw een  ex p erim en ta l an d  th eo re tica l 
d a ta ,  th u s  v e rify in g  th e  a d eq u acy  o f  fu n d a m e n ta l fo rm ulas u tilized  in  d a ta  
p rocessing  a n d  in  th eo re tica l ca lcu la tio n s. D esp ite  all po sitiv e  experiences, 
th e  p h ilo sophy  b e h in d  th e  fo rm u las  as com ing  from  th e  T hom so n  th e o ry  is 
n o t  necessarily  as co rrec t as th e  fo rm ulas th em selves. Below , we t r y  to  p o in t 
o u t  t h a t  in sis ten ce  o n  any  fo rm  o f  T hom son’s m odel necessarily  leads to  s ta te 
m e n ts  c o n tra d ic tin g  several law s an d  fac ts  accep ted  b y  q u a n tu m  m ech a
n ics an d  p h y sica l op tics  to -d a y . B efore dealing  w ith  these  co n trad ic tio n s , th e  
an om alous s c a tte r in g  or d ispersion  o f a tom s as in te rp re te d  b y  th e  T hom son 
m o d e l should be  m en tioned .

Follow ing th e  te rm ino logy  o f T hom son  sc a tte rin g , th e  sim ple fo rm ula (1) 
fo r  c a lc u la tin g /(g )  — even fo r sph erica lly  sy m m etric  a tom s — yields accu ra te  
re su lts  only w h en  all electrons o f  th e  a tom  are  “ alm ost free”  fo r th e  v ib ra tin g
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effect o f  th e  in c id e n t w ave, viz. i f  th e  “ ow n freq u en cy ”  of all e lec trons is fa r 
enough  from  th a t  o f  th e  in c id en t w ave. B u t w h en  th e  incom ing  w ave fre 
q u en cy  lies in  th e  n e ig h b o u rh o o d  o f  an  X -ra y  a b so rp tio n  edge o f  th e  a to m , 
th e n  th e  e lec tron  responsib le  fo r th is  edge is no m ore  free an d  its  v ib ra tio n  
ex c ited  b y  th e  in c id e n t w ave m u s t  be  some k in d  o f  fo rced  osc illa tio n  n ea r to  
its  p o in t o f resonance . T he c o n tr ib u tio n s  o f th e  e lec trons in  q u es tio n  — p ri
m arily  th o se  in  th e  K -shell — w ill differ from  th e  o th ers  in  a m p litu d e  and  
phase . T he a m p litu d e  o f th e  w hole a to m  becom es a com plex ex p ressio n  o b 
ta in e d  from  E q . (1) b y  add ing  to  i t  tw o  co rrec tion  te rm s , n am ely  a r e a l / '  and  
an  im ag in a ry  / " ,  as follows:

f(q) = /„ ( ? )  +  / '  +  i f"  (2)
and

I(q) =  /(<?) • /(? )*  =  [/(,(?) +  / Т  +  Г . (2a)

w here f 0(q) s tan d s  f o r / (g )  o f E q . ( 1 ) ; / '  a n d / "  are  p rac tica lly  in d e p e n d e n t of 
q, b u t  th e y  s tro n g ly  depend  on th e  atom ic  species an d  th e  w av e len g th . As f '  
can  be ^  0, i t  e ith e r  reduces or in creases  th e  a to m ic  in te n s ity  w hile  th e  im a 
g in a ry  te rm  / "  a lw ays increases i t .  N um erically , f '  an d  / "  h av e  b een  d e te r 
m ined  b y  several a u th o rs  on q u a n tu m  m echan ical basis and  th e ir  accu racy  
could  be im proved  from  tim e  to  t im e , sim ilarly  to  th e  f c(q) fu n c tio n s (see e.g. 
[4], Vol. IY).

T h ey  p lay  an  im p o r ta n t ro le  n o t only  in  sim p ly  processing exp erim en 
ta l  d a ta , b u t  also in  p lann ing  n ew  experim en ts ap p ly in g  th e  “ h e a v y  a tom  
m e th o d ” . B u t ag a in , w e m u st m ak e  a d is tin c tio n  b e tw een  good fo rm ulas and  
a c c u ra te  n u m erica l ca lcu la tions on  th e  one h an d , an d  th e  dub ious ph ilosophy  
o f T hom son  sc a tte r in g  on  th e  o th e r.

4. C ontrad ictions re su ltin g  from  T hom son  scattering

T he m odified  sc a tte rin g  o f X -ra y s  d iscovered  b y  A. H . Co m pton  [6] h ad  
n o t b een  p red ic ted  a n d  could n o t b e  exp la ined  b y  th e  classical e lec trom agnetic  
th e o ry . W e m u st n o te , how ever, t h a t  M axw ell’s eq u a tio n s  im p ly  th e  n o tio n  
o f th e  m o m en tu m  o f a p ro p ag a tin g  e lec trom agnetic  fie ld  and  so th e y  p red ic t 
ra d ia tio n  p ressure . T h u s , i t  w ould  h av e  been  possib le  to  foresee th e  elastic  
collision  o f an  e lec tro n  w ith  lig h t in s te a d  of its  h a rm o n ic  v ib ra tio n  as claim ed 
b y  th e  T hom son  th e o ry  b u t, of cou rse , w ith o u t p red ic tin g  th e  en erg y  loss and  
w av e len g th  sh ift o f  ra d ia tio n  a f te r  collision. W ell know n  is C o m p to n ’s idea  
b y  w h ich  he succeeded  to  o b ta in  th e  w aveleng th  sh if t from  th e  p rincip les of 
co n se rv a tio n  of en erg y  an d  of m o m e n ta  applied  to  th e  p h o to n -e lec tro n  collision 
w ith in  th e  fram es o f special re la tiv ity .
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B eside v e rify in g  th e  reduced  h a rd n ess  o f sc a tte re d  ray s b y  th e ir  increased  
a b so rp tio n , C o m p to n  w as a rgu ing  fo r th e  n o v e lty  o f  th is  ty p e  o f  sca tte rin g  
t h a t  i ts  an g u la r d is tr ib u tio n  h a d  b een  found  b y  h im  stro n g ly  asy m m etric  in  
fa v o u r  o f  th e  fo rw ard  d irec tio n  as opposed  to  th e  fo rw ard -b ack w ard  sy m m etry  
o f  T h om son  sc a tte r in g  [6]. A p a ra d o x ic a l fe a tu re  o f  th is  science-h isto rica l fac t 
is t h a t  reg a rd in g  th e  X -ra y  sc a tte r in g  o f  free a to m s, i t  is th e  co h e ren t p a r t  
— i.e . th e  T h o m so n  sc a tte rin g  — w hose a m p litu d e  an d  in te n s i ty  exh ib its  
m a x im u m  value  a t  zero  angle an d  decreases d ra s tic a lly  w ith  increasing  angle 
w hile  th e  C om pton  m odified  in te n s ity  o f  th e  a to m s s ta r ts  from  zero in  forw ard  
d ire c tio n  and , in c rea s in g  m ono to n o u sly , ten d s  to  i ts  m ax im um  in  b ack w ard  
d ire c tio n  (owing to  th e  recoil fa c to r  o f  B re it— D irac , i t  passes th ro u g h  a v e ry  
f la t  m ax im u m  below  th e  angle 180°). To clear th is  p a ra d o x , le t us f ir s t  rem em 
b e r  t h a t  b o th  th e  sy m m etrica l T h o m so n  in te n s ity , an d  C om pton’s e q u a tio n  
fo r  th e  w av e len g th  sh if t to g e th e r  w ith  th e  K le in — N ishina fo rm u la  for th e  
C o m p to n  in te n s ity  a re  va lid  for a h y p o th e tic a l free  e lec tron . B u t a ll rea l s c a t
te r in g  m easu rem en ts  are  p erfo rm ed  o n  atom ic  sy s tem s, n o t on  free electrons 
a n d  so th e  sc a tte r in g  p ro p erties  o f  th e  atom s w ith  b o n d ed  e lec trons an d  also 
th e  energy  range  o f  th e  app lied  ra d ia t io n  m u s t be  ta k e n  in to  acco u n t [4]. 
T h e  K le in— N ish in a  fo rm ula  y ie ld s  a n  asy m m etric  in te n s ity  d is tr ib u tio n  
c h a ra c te r is tic  o f  p r im a ry  ra d ia tio n s  above 1 MeV b u t  i t  y ields a fu lly  sy m 
m e tr ic a l one q u ite  s im ila r  to  th e  T h o m so n  in te n s ity  d is tr ib u tio n  fo r rad ia tio n s  
below  0.1 MeV w h ich  is ju s t  th e  ra n g e  o f  X -ra y s  used  for d iffrac tio n  w ork. 
I n  ad d itio n , th e  b o n d in g  energy  o f  th e  elec trons necessarily  defines a low er 
an g le  lim it below  w h ich  C om pton  e ffec t is n o t possib le  (see also P a r t  I I  [8] 
S ec tio n  5).

D esp ite  th e  k n o w n  deficiencies o f  e lec tro m ag n etic  lig h t th e o ry , th e  T hom 
son  cross-section  is g enera lly  accep ted  fo r th e  a to m ic  electrons w ith  th e  on ly  
ch an g e  th a t  i t  sh o u ld  p e r ta in  to  th e  to ta l  sc a tte r in g  pow er (co h eren t -)- in 
co h e re n t) . W e d a re  n o t  s ta te  th a t  th is  usage w ould  n o t be co n sis ten t w ith  th e  
X - ra y  d iffrac tio n  w o rk  o f n ea rly  70 y ears . Y e t, w e m u st ask  th e  question , 
w h a t  is th e  ra tio  o f  unm odified  to  m odified  in te n s itie s  w ith in  th e ir  sum  an d  
o n  w h a t p a ra m e te rs  does i t  d epend .

W e have a lre a d y  re fe rred  to  th e  genera l v iew  th a t  a rea lly  free e lec tron  
e x h ib its  only  C o m p to n  sca tte rin g . N everthe less, th e  la ck  o f “ co h e re n t”  sc a tte r 
in g  h as  n o t been  v e rif ied  b y  a  c ru c ia l ex p e rim en t o n  free e lec trons. I t  is a 
f a c t ,  how ever, t h a t  th e  sc a tte re d  ra d ia tio n  o f a ll a tom ic  sy stem s consists 
o f  unm od ified  (in te rfe rin g ) an d  m od ified  (n o t in te rfe rin g ) co m ponen ts. A ny 
p ro g ress  in  a to m ic  m odels invo lves th e  im p ro v em en t o f  n o t o n ly  th e  f(q) 
a to m ic  sc a tte rin g  fa c to rs , b u t  also  th a t  o f C o m p to n  atom ic  cross-sections 
( in ten s itie s). C o m p u ted  and  m easu red  C om pton  p ro files h av e  a lre a d y  been  
u tiliz e d  for m o lecu la r s tru c tu re  s tu d ies . T he fo rm u las  an d  n u m erica l tab les  
a re  ag a in  c o n s is te n t w ith  m easu rin g  p rac tice , b u t  we f in d  som e illogical
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m om ents in  th e  w ay  in  w hich  th e  tw o  ty p es o f s c a tte r in g  are re la te d  to  each 
o th e r in  te rm s  o f th e  T hom son th e o ry .

A s a lread y  m en tio n ed , th e  to ta l  sca tte rin g  o f  th e  electrons in  a n  a to m  is 
now  ta k e n  as th e  fu n d a m e n ta l p ro p e r ty  (7tot) com posed  o f a co h e re n t ( J coh) 
and  an  in co h eren t ( J inc) p a r t:

Itotiq) =  h - ° e -  1 + C °S22e =  Icoh(q) +  Iinc(q) (3)
Zi

for each  e lectron . T h e  to ta l  s c a tte r in g  of an  a to m  w ith  a tom ic n u m b e r Z, 
in te g ra te d  over th e  w hole sphere a ro u n d  th e  a tom , is  therefo re

2 n Z J ” JtotOp) - s in  q> dep =  Z  ■ Qe , (4)

w here <p is th e  sc a tte r in g  angle (26 elsew here) and  Qe is  th e  in te g ra te d  in te n s ity  
o f  an  e lec tro n , i.e.

Qe — I e ' 2;
' + 1 1 -f- COS2 (p

• j :
d (cos cp) =  ■ Ie — 8л

• Ge In- (4a)

O n th e  o th e r  h an d , w e know  th a t  th e  am plitude  o f  th e  w ave sc a tte re d  coher
e n tly  is g iven  b y  th e  F o u rie r tra n s fo rm  o f th e  ra d ia l  electron  d e n s ity  o f the  
a tom  an d  th e  co h e ren t in te n s ity  is th e  square o f th is  expression. T h u s , f tot 
an d  Icoh a re  know n a n d  J inc m u st be  defined  as th e  difference J tot — J inc. 
H ere , we feel a d efic ien cy  in  th e  c h a in  o f ideas.

T h e  w ay  o f c a lc u la tin g  th e  co h e ren t am p litu d e  sca tte red  b y  th e  atom  
u n am b ig u o u sly  show s th a t  th is  is com posed  of c o n tr ib u tio n s  of a ll e lectrons 
w ith o u t d is tin c tio n  b u t  ta k in g  in to  acco u n t th e ir  c loud-like  d is tr ib u tio n  a round  
th e  n u c leu s. The F o u rie r  tran sfo rm  o f th e  d ensity  com prises th e  in te rfe ren ces 
am ong th e  w aves sc a tte re d  b y  th e  in d iv id u a l e lec tro n s. These re su lt in  a p e r
fect a m p lif ic a tio n  a t  q =  0 and a p e rfe c t ex tin c tio n  fo r  q =  oo. T he am p litu d e  
an d  th e  in te n s ity  a re  m o n o tonously  decreasing  b e tw een  q =  0 an d  th e  p h y si
ca lly  e x is tin g  u p p er lim it  q — 4л1/. (26 =  180°, sin  6 =  1). The ov er-a ll m ono
tono u s decrease is th e  sum  o f c o n tr ib u tio n s  o f d iffe ren t shapes. T he am p litu d e  
curves o f  e lec trons in  d iffe ren t shells a re  d ifferen t; fo r th e  К -electrons o f  m ost 
o f  th e  a to m s  i t  is c o n s ta n tly  2 e.u . in  th e  whole q -range; th a t  o f  th e  ou ter 
(valence) e lec tro n s is ra p id ly  decreasing  like e~aq or those o f th e  m ed ium
shells show  s tro n g ly  d am p ed  oscilla tions. The to ta l  am p litu d e  a t  q == 0 is Z  
e .u ., th e  in te n s ity  is th u s  Z 2 e.u. o f  in te n s i ty  (un it is th e  T hom son cross-section  
o f  th e  e lec tron ). W ith in  th e  fin ite  ra n g e  o f q, th e  co h e re n t in te n s ity  decreases 
from  Z 2 to  a  low level b u t  n o t zero [1], [4]. W e m u s t here  realize t h a t  in te r-
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fe ren ces am ong w aves o f d efin ite  in ten s itie s  c a n n o t change th e  t o ta l  sca tte red  
e n e rg y  o f  th e  su m  o f  these w aves, on ly  th e ir  in te n s i ty  d is tr ib u tio n  in  space. 
So, th e  in te g ra te d  in te n s ity  o f th e  a to m  is n o t  h ig h er and  n o t  low er th a n  Z  
e .u . because each  e lec tro n  c o n tr ib u te s  to  i t  b y  1 e .u . B u t th e n  E q . (3) w ould 
y ie ld  I tot =  I coh a n d  co n seq u en tly , I inc =  0 w h ich  is an  ab su rd  re su lt.

T rue , one n e v e r  finds E q . (3) in  in te g ra te d  form  in  th e  l i te ra tu re . The 
in c o h e re n t in te n s i ty  fu nc tion  is g iv en  vs q, as th e  d ifference b e tw ee r th e  
c o n s ta n t  Z  an d  a q-dependen t te rm :

É n e i ? )  =  h  ■ 2 ’ t 1 - f e j 4 ) ]  =  I e Z -  2 f? J q ) (5)

w h ere  f e n^s a re  n ew  functions n o t  to  be confused  w ith  th e  a to m ic  am plitude  
/(</)• E ach  o f th e  f e m(m =  1, 2, . . . , Z ) is th e  sine F ourier tra n s fo rm  o f th e  
ch a rg e  d en sity  c o n tr ib u tio n  o f  th e  m ’th  e lec tro n  o f th e  a to m . T he charge 
d e n s ity  can  re a lly  be  regarded  as superim posed  o f  c o n tr ib u tin g  single e lectron  
d en sitie s , an d  so, th e  te rm s f em c a n  be th e  co m p o n en ts  of th e  a to m ic  sca tte red  
a m p litu d e . T he sq u a re  of th e ir  su m  yields th e  co h eren tly  s c a tte re d  in te n s ity
o f  th e  a tom , b ecau se  th e n  th e  am p litu d es  a re  a d d itiv e  (v ec to ria lly ). B u t th e

z
su m  o f  th e  sq u a re s , ^ f e m or th e  single te rm s f 2e m do no t co rresp o n d  to  an y

l
m e a su ra b le  in te n s i ty . W e m u s t ac c e p t th e  fa c t t h a t  th e  sum  o f  th e  com ple
m e n ts  [1 — / e >m(?)] y ields a u sefu l expression  fo r th e  C om pton m o d ified  sc a tte r
in g  o f  th e  a to m . E q . (5) of W a lle r an d  H a rtre e  h a s  been  co m p le ted  w ith  th e  

z  z
c ross-te rm s — 2  2  fe, m„ b y  W e n t z e l  [1], [4] to  acco u n t for th e  P a u li exclusion

m к
p rin c ip le . T he co m p le ted  E q . (5) h a s  to  be m u ltip lie d  by  th e  p o la riz a tio n  fac to r 
o f  T hom son  a n d  th e  recoil fac to r  o f  B re it— D irac  in  o rder to  o b ta in  th e  accu ra te  
C o m p to n  in te n s i ty  as a fu n c tio n  o f  q. Some im p o r ta n t  fea tu res  o f  f inc (q) can  
b e  in fe rred  also fro m  E q . (5). F o r  q =  0, a l l / e m =  1, co n seq u en tly , I inc (0) =  0 
fo r  a ll ty p es  o f  a to m s. B eginning  from  th e  th i r d  row  of th e  p erio d ic  system , 
th e  tw o  e lec tro n s o f  th e  К -shell g ive f e x =  f e 2 =  1 c o n s ta n tly , th u s , these  
e lec tro n s do n o t  c o n tr ib u te  to  I lnc(q) a t  all; th e  co n trib u tio n s  o f  a ll o thers are  
m o n o to n o u sly  in c reas in g  from  0 to w ard s  1; acco rd in g ly  th e  C om pton  in te n 
sitie s  o f  lig h t a to m s  approach  Z , th o se  o f h e a v ie r  a tom s Z  — 2 e .u . a t  high q.

The p h y s ica l co n ten ts  o f E q s . (3) and  (5) is exp lained  v e ry  often  in  th e  
l i te ra tu re  so t h a t  th e  coheren t s c a tte r in g  o f th e  a to m  is fu rn ish e d  m ain ly  b y  
its  s tro n g ly  b o u n d  inner e lec tro n s while th e  in co h eren t s c a tte r in g  m ust be 
a sc rib ed  to  th e  w eak ly  bound o u te r  ones [1], [2]. T he la t te r  p a r t  o f  th e  s ta te 
m e n t is c e r ta in ly  co rrec t, b u t  th e  f irs t  one c a n  easily  be d isp ro v ed . In  th e  
low er p a r t  o f  th e  »/-range, e v id e n tly  all e lec tro n s co n trib u te  to  f(q)  in  equal
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B an n er, s in ce / ( 0 )  =  Z , an d  / COh(0) =  Z 2. I t  is t r u e  th a t  I cô (q) decreases q u ite  
rap id ly  w ith  increasin g  q while I inc(q) g rad u a lly  increases, neverth e less  th e  
re la tio n sh ip  b e tw een  th e  tw o  changes can n o t be  as sim ple as suggested  b y  
E q s. (3) an d  (5). T he decrease o f  I COh(q) does n o t  need  th e  ex p la n a tio n  b y  th e  
increases o f I inc b u t  ra th e r  th e  ru les  o f  th e  ad d itio n  o f coheren t w aves. A ccord
in g  to  th is , a ran g e  o f co n stru c tiv e  in te rfe rence  m u s t necessarily  be accom pan ied  
b y  a range  o f d e s tru c tiv e  one, o therw ise  th e  energy  co n se rv a tio n  law  w ould be 
v io la ted . T he ^-dependence o f J inc m u st be d educed  from  f ir s t  p rincip les.

A n o th e r p ro b lem atic  fe a tu re  o f th is  view  is th a t  th e  co h eren t in te n s ity  of 
th e  free a to m  is a lm o st nev er o bserved  (except m easu rem en ts  on a d ilu ted  noble 
gas) because th e  a d d itiv ity  o f co h e ren t am p litu d es ex tends to  th e  atom s o f a 
m olecule an d  to  o th e r  a tom s or m olecules in  a condensed  system . T he coheren tly  
s c a tte re d  in te n s ity  a t  a ce rta in  p o in t q is, q u ite  n a tu ra lly , a fu n c tio n  o f th e  
a to m ic  s tru c tu re  o f  th e  sam ple. A t th e  sam e tim e , th e  C om pton  in te n s ity  is 
com posed  n ea rly  ad d itiv e ly  o f th e  a tom ic in ten s itie s , h a rd ly  in fluenced  b y  
th e  s tru c tu re  o f  th e  hu lk  sam ple. I n  te rm s o f E q . (3), th is  w ould  m ean  th a t  
b y  ex ten d in g  th e  v a lid ity  o f th is  E q u a tio n  to  a n  TV-atom system , its  le ft-h an d  
side an d  th e  second te rm  on th e  r ig h t-h a n d  side w ould  sim ply  be m u ltip lied  
b y  N  w hereas th e  f irs t  te rm  o f th e  r .h .s . w ould  be com pletely  re d is tr ib u te d , 
so t h a t  its  v a lu e  could  v a ry  b e tw een  zero an d  N 2 • I coh(q)- O ur questio n  is, 
w h y  shou ld  th e  C om pton  sc a tte r in g  “ rem em ber”  a fic titio u s a to m ic  coheren t 
s c a tte r in g  pow er a n d  p roduce som ehow  its  co m p lem en ta ry  sc a tte r in g  w hen, 
a t  th e  sam e tim e , th e  coheren t in te n s ity  has “ fo rg o tte n ”  its  ow n v alue  in  th e  
in d e p e n d e n t a to m ic  s ta te . W e a re  scep tica l a b o u t such  an  ab ility . A  possible 
an sw er w ould he t h a t  th e  l.h .s. o f  E q . (3) should  be n o t sim ply  N  • I iot(q) b u t 
i t  shou ld  v a ry  to g e th e r  w ith  icohM f) + N  ‘ *inc(i). T h en  Eq- (3) loses its  
p h y sica l s ign ificance an d  m eans on ly  an  e x tra  n o ta tio n  for th e  su m  o f s c a t
te re d  in ten s itie s . I n  such a role, i t  is rea lly  u tilized  in  p rac tice  as th e  base for 
n o rm aliz in g  th e  ex p e rim en ta l in te n s ity  fu nc tion  befo re  su b m ittin g  i t  to  F ourie r 
tra n s fo rm a tio n .

T he co m m en t freq u en tly  m ad e  on  E qs. (3) an d  (5) ab o u t th e  d ifferen t 
ro les o f  in n e r a n d  o u te r  e lectrons in  th e  co h eren t sc a tte rin g  can  be ob jected  
also b y  th e  fu n d a m e n ta l re q u ire m e n t o f  th e  T hom son  th e o ry  concern ing  th e  
“ a lm o st free”  s ta te  o f  th e  elec trons. W e see, in d eed , th a t  th e  sim ple expression 
fo r th e  co h eren t am p litu d e , i.e. th e  F o u rie r tra n s fo rm  of th e  ra d ia l  e lectron  
d e n s ity , needs special co rrec tions ju s t  for s tro n g ly  b ound  in n e r e lectrons. 
A tte n tio n  m u st be p a id  to  th e  fa c t th a t  th e  in n e rm o st e lec trons (K -shell) 
ta k e  no p a r t  in  C om pton  sc a tte rin g  b u t  ex h ib it a g re a t cross-section  fo r “ tru e ”  
a b so rp tio n  (fluorescence ex c ita tio n ) and  sim u ltan eo u sly  for co h eren t s c a tte r 
ing . L a te r  we sha ll r e tu rn  to  th ese  fac ts .

H ere , we em phasize  th e  o p in io n  th a t  th e  C om pton  sc a tte rin g  pow er o f 
a to m s an d  of b u lk  sam ples has to  be  tre a te d  as th e  sum  of e le m e n ta ry  colli-
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sions b e tw een  e lec trons and  p h o to n s , th o u g h  in flu en ced  by  th e  s tru c tu re  of 
m a te r ia ls , b u t  b y  no  m ean s d e te rm in ed  b y  th e  co h e ren t unm od ified  in te n s ity  
o f  e ith e r  free a to m s, o r th e  sam ple as a w hole.

A d m ittin g  th a t  E q s . (1) th ro u g h  (5) have  b een  v e ry  useful in  ev a lu a tin g  
d iffra c tio n  m easu rem en ts , th e  use o f  ph y sica l p ic tu res  an d  ex p lan a tio n s  usually  
a d d ed  to  th em , in c lu d in g  T hom son’s p ic tu re  a b o u t th e  osc illa ting  electrons, 
seem s v e ry  m uch d o u b tfu l. I t  is h a rd ly  u n d e rs ta n d a b le  th a t  T hom son’s classical 
e lec tro d y n am ica l m odel — y e t w ith o u t accoun ting  fo r ra d ia tio n  p ressu re  — 
w h ich  h a d  been  m e a n t orig inally  for free  e lectrons b u t  p roved  to  be in ad e
q u a te  fo r th em , sh o u ld  be su itab le  to  exp la in  th e  “ to ta l”  sc a tte rin g  of 
th e  e lec tro n s in  th e  a to m . T he n o tio n  o f to ta l  sc a tte r in g  am a lg am ates  th e  
c lassica l T hom son  sc a tte r in g  w ith  th e  q u an tic  C o m p to n  effect (b u t does n o t 
in c lu d e  “ tru e ”  a b so rp tio n , i.e. one o f  th e  m ost im p o r ta n t  in te rac tio n s  betw een  
a to m s  an d  X -ra y  p h o to n s) . A p a rt from  E q . (3), th e  tre a tm e n ts  o f  T hom so n  and 
C o m p to n  sc a tte rin g , resp ec tiv e ly , re f le c t tw o  oppo site  views o f th e  n a tu re  of 
X -ra d ia tio n .

C om pton  s c a tte r in g  is described  as due to  th e  e lastic  collision o f  a p h o to n  
o f  en e rg y  hv0 and  m o m en tu m  K 0, w ith  an  e lec tron  (a t  re s t  or w ith  i ts  m om en
tu m  in  th e  atom ) a f te r  w hich th e  p h o to n  w ill e x h ib it less energy , hvx <  hv0, 
a n d  a changed  m o m en tu m  K x ^  K 0; |K X| <[ |K 0|, th e  d ifferences being 
tra n s fe r re d  to  th e  e lec tro n . T he s c a tte re d  in te n s ity  in  th is  te rm in o lo g y  is th e  
f lu x  o f  ph o to n s p ro p o rtio n a l to  th e  sq u a red  a m p litu d e  o f  th e  w ave associated  
to  th e m ; th e  a m p litu d e  itse lf  p lays no  ro le . The n u m b e r o f p h o tons is in v ariab le , 
so, e ach  im p a c t c o n tr ib u te s  to  th e  sc a tte re d  in te n s ity  b y  one p h o to n  th e  energy 
loss o f  w hich  depends o n  th e  s c a tte r in g  angle.

O n th e  o th e r  h a n d , d esc rip tio n s o f  T hom son  sc a tte rin g  re p re se n t th e  
p r im a ry  b eam  as a p la n a r  w ave w ith  w av e  v ec to r K 0, th e  a m p litu d e  g iven b y  
th e  e lec tric  fie ld  s tre n g th  E 0, th e  in te n s i ty  b y  E q. T h e  w ave p assin g  b y  th e  
e le c tro n  (a t  rest) m ak es i t  v ib ra te  h a rm o n ica lly  b y  w h ich  i t  becom es th e  source 
o f  seco n d ary  e lec tro -m agnetic  sp h erica l w aves, th e  sc a tte re d  w aves h av in g  in  
all d irec tio n s th e  a m p litu d e  E x (w here  E 1< ^ E 0) a n d  th e  in te n s ity  I x — E j 
m o d u la te d  w ith  th e  p o la riza tio n  fa c to r  (1 -)- cos2 26)/2. T he ra tio  J j /7 0 =  
=  (S i /£ „ )2 is th e  T hom so n  d iffe ren tia l cross-section . T he sc a tte re d  am p litu d e  
o f  a  m acroscopic sam p le  co n ta in in g  JV • Z  e lec trons ( N  is o f th e  o rd e r o f 1020, 
Z  th e  m ean  a tom ic  n u m b er) is o b ta in e d  as th e  v e c to ria l sum  o f am p litu d es 
(b u t  n o t  necessarily  a ll e lem en ta ry  am p litu d es in  one sum ) an d  th e  in te n s ity  
as th e  square  o f th e  re su lta n t am p litu d e(s). The en e rg y  s ta te s  o f  th e  sca tte rin g  
a to m s are  cla im ed to  be  in v a ria n t w hile  em ittin g  co h e ren t secondary  ra d ia tio n  
in  a f in ite , co n tin u o u s w aveleng th  ra n g e . T he q u a n tise d  b eh av io u r o f  th e  atom s 
a n d  ra d ia tio n s  is ig n o red  b y  th is  th e o ry . U n q u estio n ab le  is th e  fa c t  th a t  th e  
c o h e re n t in te n s ity  s c a tte re d  b y  a m acroscopic  sam p le  depends d ire c tly  on th e  
c o n fig u ra tio n  o f all e lectrons, i t  c a n n o t be com posed ad d itiv e ly  o f  c o n tr ib u 
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tio n s  b y  th e  elec trons an d  in  th e  m a jo rity  o f  cases, n o t o f  a tom ic co n tr ib u e  
tio n s  e ith e r .

T he co n cep t o f  “ to ta l”  sca tte rin g  th u s  am algam ates n o t  only tw o  ty p e s  
o f  sc a tte r in g , b u t  also tw o  d ev ia tin g  th e o rie s  o f  ra d ia tio n . As seen a b o v e , i t  
m a y  h av e  tw o  d ifferen t m ean in g s: i) a  s im ple com prehensive  nam e fo r  th e  
sum  o f tw o  in ten sitie s ; in  th is  m eaning , i t  c an  be w ell u tiliz ed  for p ra c tic a l 
ca lcu la tio n s; ii) f ix in g  th e  to ta l  sc a tte r in g  pow er o f th e  e lec tro n , i t  sugg ests  
t h a t  C om pton  sca tte rin g  m u s t be th e  re s u lt  o f  a su b tra c tio n  (J tot — jTcoh). 
I t  is th e  v a lid ity  th is  of m ean in g  th a t  is challenged  in  th e  p re se n t p ap e r.

T he inconsistencies m an ife s t them selves v e ry  m ark ed ly  in  th e  u su a l t r e a t 
m e n t o f  th e  hyd ro g en  a to m . As m en tio n ed  above, th e  s tro n g  d ec rease  o f 
u n m o d ified  a to m ic  sc a tte r in g  w ith  in c reasin g  q is g en era lly  ascribed to  d e 
s tru c tiv e  in te rfe ren ces am ong  coheren t e le m e n ta ry  w aves b u t  w ith o u t p a r t ic ip a 
tio n  o f th e  a to m ic  nuclei. O ne m igh t e x p e c t therefo re  t h a t  th e  u n m o d ified  
s c a tte r in g  o f  a sing le-electron  system , th e  hydrogen  a to m , has no g-depen- 
dence (ex cep t po lariza tion) a n d  accord ing ly , th is  a tom  does n o t p a r tic ip a te  in  
C om pton  sc a tte r in g . C o n tra ry  to  th is  e x p e c ta tio n , we f in d  (in  th eo ry  as w ell 
as in  p rac tice ) th a t  th e  co h e re n t sc a tte rin g  o f H -atom  decreases r a th e r  a b 
ru p t ly  fro m  1 to  0 an d  sim u ltan eo u sly , i ts  C om pton  sc a tte r in g  changes in  th e  
o p p o site  w ay . E q . (3) seem s to  be valid  w ith o u t m od ifica tio n  (because Z — 1),
i.e .,

iv>t(q) =  iconiq) +  itficiq) =  iÂq), (За)

w h ere  I e is th e  T hom son  sc a tte r in g  of th e  e le c tro n  (p o la riza tio n  fac to r in c lu d ed ). 
I n  e .u ., th e  a m p litu d e  an d  th e  in te n s ity  o f  th e  unm odified  sca tte rin g  a t  q =  0 
are  b o th  =  1. A t every  q, th e  C om pton sc a tte r in g  is

1 Ы  = 1 -  I f W  •

W h a t is su rp ris in g  th e re  is th e  fo rm u la tio n  o f  I ôh(̂ [) and  i ts  sq u are  ro o t, f H(q); 
th e  la t te r  is n am ely  th e  sine F o u rie r tra n s fo rm  o f th e  e lec tro n  d ensity  cau sed  
b y  th e  o n ly  e lec tro n  o f th e  H -a to m , i t  is th u s  iden tica l w ith  th e  form  fa c to r  
o f th is  e lec tro n , /£д(д).

T he F o u r ie r  tra n sfo rm  o f  th e  rad ia l e lec tro n  d ensity  o f  a n  atom  is n o th in g  
else b u t  th e  o p e ra tio n  o f su m m in g  up e le m e n ta ry  a m p litu d es  w ith  re g a rd  to  
th e ir  p h ase  differences w h ich  derive fro m  th e  p a th  d ifferences of c o h e re n t 
in c id e n t w aves an d  sc a tte re d  w aves tra v e llin g  from  th e  p r im a ry  source to w a rd s  
th e  d e te c to r  a n d  chang ing  d irec tio n  a t  th e  sca tte rin g  c e n tre s  of th e  o b je c t. 
T he T h o m so n  th e o ry  o f one h y d ro g en  a to m  te lls  us th a t  th e  electronic c loud  
o f  a  single e lec tro n  m u st be d iv id ed  in to  in fin ite s im a lly  sm all volum e e lem en ts  
d V  an d  s im ila r charge “ e lem en ts”  odV  e ach  o f  w hich o sc illa te  in d ep en d en tly ,
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u n d e r  th e  in flu en ce  o f in fin ite s im a lly  w eak  p a r t ia l  w aves o f  th e  inc iden t b eam ; 
th e  em erging seco n d ary  w aves w hich m u s t b e  s till w eaker (b y  1026) in te rfe re  
w ith  each o th e r , re su ltin g  f in a lly  in  th e  a b r u p t  fall o f co h e ren t in te n s ity ;  a 
s im ila r d esc rip tio n  m u st ho ld  fo r th e  co m p lem en ta ry  C o m p to n  sca tte rin g . T h e  
a b su rd ity  o f th is  idea — e ig h t decades a f te r  P l a n c k ’s a n d  E i n s t e i n ’s th e o 
ries  — m ay  be  ev id e n t, n ev erth e less , a s im ila r  descrip tion  o f  th e  sc a tte rin g  o f 
th e  H -a to m  c a n  be found  in  a ll X -ray  d iffra c tio n  te x tb o o k s  w ith  th e  o n ly  
d ifference th a t  n o  stress is la id  on  th e  w ord  “ in fin ite s im a l”  [1, 2, 3].

A  fu r th e r  q u es tio n  aris in g  from  th e  T h o m so n  th eo ry  o f  a tom ic sc a tte r in g  
concerns th e  ro le  o f  th e  a to m ic  cen tres. I t  is obvious t h a t  th e  rad ia l e le c tro n  
d e n s ity  fu n c tio n  g (r )  is re la te d  to  th e  a to m ic  cen tre . B u t rem em bering  a g a in  
th e  m ean ing  o f  th e  F o u rie r in teg ra l, one m u s t  see th a t  th e  atom ic c e n tre  is 
also  a sc a tte rin g  p o in t whose f ic titio u s  w aves in te rfe re  w ith  th o se  of th e  e le c tro n 
ic clouds an d  ju s t  these  in te rfe rences h a v e  th e  m ain  ro le in  de term in ing  th e  
a m p litu d e  fa c to r  o f th e  a to m  an d  th a t  o f  th e  sep ara te  shells as w ell. B u t  
ag a in , it is th e  T hom son  th e o ry  itse lf w h ich  co n trad ic ts  th is  idea b y  d e m o n 
s tra t in g  th e  neglig ib le  s c a tte r in g  pow er o f  a to m ic  nuclei. I n  sp ite  of th is  in c o n 
sis ten cy , experience  shows t h a t  th e  c h a ra c te r is tic  shape o f  atom ic s c a tte r in g  
c u rv e s  can  re a lly  be derived  from  th e  m ean  ra d ii o f e lec tro n  shells as follow s 
fro m  E q . (1). W e m u st r e tu rn  to  th is  p ro b lem  in  th e  second p a r t  of th is  p a p e r .

I t  is w ell know n  th a t  X -ra y s  and  a to m ic  m ateria ls  e x e r t  s till o th e r ty p e s  
o f  in te ra c tio n  on  each  o th e r besides m odified  an d  u n m od ified  sca tte ring . F ir s t  
o f  all, “ t ru e ”  ab so rp tio n  com prising  p h o to -e lec tric  e ffec t, ion ization , a n d  
fluo rescence; a lso  th e  A uger effect. All in te ra c tio n s  are  s tro n g ly  c o rre la ted  
w ith  one a n o th e r ;  a d is tin c tio n  betw een som e o f them  is o n ly  expressing th e  
ex is ten ce  o f  d iffe ren t m easu rin g  tech n iq u es an d  possib ilities as e.g. a b so rp 
tio n - , p h o to -e lec tro n  and  fluorescence sp ec tro sco p y . W e m u s t p ay  som e a t t e n 
t io n  to  X -ra y  ab so rp tio n . T h e  so-called to ta l  ab so rp tio n  cross-section  o f m a te 
r ia ls  is com posed  o f  th ree  m a in  co m p o n en ts : 1) “ tru e ”  a b so rp tio n  ap p e a rin g  
a lso  as p h o to -effec t an d  fluorescence; 2) m od ified  sc a tte r in g ; 3) u n m o d ified  
sc a tte r in g . (A n a lte rn a tiv e  te rm in o lo g y  is “ e x tin c tio n ”  in s te a d  of “ to ta l  a b 
so rp tio n ”  a n d  “ a b so rp tio n ”  fo r  “ tru e  a b so rp tio n ” .) T h an k s  to  new, p ow erfu l 
X - ra y  sources (e.g . sy n ch ro tro n ) and  sen s itiv e  m easuring  devices, m easu rin g  
o f  th e  fine  s tru c tu re  an d  th e  ex tended  f in e  s tru c tu re  o f  abso rp tio n , p h o to 
e lec tro n  an d  fluorescence  sp e c tra , C om pton  profiles, A uger e lec tron  sp e c tra , 
e tc . offers new  pieces o f in fo rm a tio n  on th e  s tru c tu re  of m a t te r  in te ra c tin g  w ith  
X -ra y s . B u t a ll m easu ring  tech n iq u es , o ld e r an d  new er, re q u ire  an  a d e q u a te  
th e o ry  for s e t t in g  clear o b jec ts  to  m easu rem en ts . This h o ld s  also for X - ra y  
d iffrac tio n  w h ich  belongs, in  a  sense, to  a n o th e r  ca tego ry  o f  m easu ring  m e th o d s .

The m o st im p o r ta n t com m on  fea tu re  o f  in te rac tio n s  m en tio n ed  ab o v e  is 
th e ir  p rim ary  dependence  o n  energy  co n d itio n s , i.e. on  th e  inc id en t p h o to n  
en erg y  and  th e  energy  s ta te s  o f  th e  ta rg e t  a to m s; all o th e r  conditions lik e
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chem ical bonding , p h y sica l s ta te , c ry s ta l  s tru c tu re , e tc . a ffec t these  p h en o m en a  
b y  m o d u la tin g  th e  en e rg y  levels. I t  follows from  th is  th a t  th e y  c a n n o t be 
tre a te d , exp la ined  a n d  p red ic ted  in  te rm s  o f classical th eo rie s , b e ing  su b je c te d  
to  th e  law s o f  q u a n tu m  m echanics.

O n th e  c o n tra ry , th e  u n m o d ified  sc a tte rin g  o f  a to m s, an d  d iffrac tio n  
p a tte rn s  o f an y  fo rm s o f  m a tte r  a re  p rim arily  d e te rm in ed  b y  th e  g eom etrica l 
co n fig u ra tio n  o f e lec tro n s w ith in  th e  a to m , and  th e  sp a tia l a rra n g e m en t of 
th e  a to m s in  th e  sam p le , re sp ec tiv e ly . E nergy  co n d itio n s e x e rt seco n d ary  
effects o n  d iffrac tio n  as e.g. th e  an om alous sc a tte r in g  in  th e  v ic in ity  o f an  
a b so rp tio n  edge. T h e  w av elen g th  o f  th e  in c id en t b eam  is also ta k e n  in  
th e  geom etrica l sense as a u n it le n g th  o f periodic re p e titio n s  a n d  n o t  as a 
m easu re  o f p h o to n  energy . F o r th is  reason , d iffra c tio n  p h enom ena  can  be 
in te rp re te d  in  te rm s  o f  classical o p tic s  an d  w ave th eo rie s  w ith o u t th e  exp lic it 
use o f q u a n tu m  m echan ics. H ow ever, th e  ob jec t o f  th is  p a p e r is to  show  th a t  
T h om son’s sc a tte rin g  th e o ry  or m odel does n o t belong to  th e  group o f  a d e q u a te  
classical theories.

T h e  sep a ra te  use o f  a q u an tu m -m ech an ica l m odel an d  a c lassica l m odel 
for th e  tw o  groups o f  in te ra c tio n s , re sp ec tiv e ly , c an  b e  reconciled . T h e ir  incon 
s is ten cy  becom es e v id e n t on ly  w h en  th e y  are ap p lied  s im u ltan eo u sly  to  one 
an d  th e  sam e p h ysica l process. The d ifficu lties get even  m ore  serious i f  a n  in ad e 
q u a te  m odel is chosen  e ith e r  in  c lassica l o r in  q u a n tu m -m e c h a n ica l te rm s. 
In  o rd e r to  se p a ra te  th e  tw o g roups o f  physica l p rocesses, we m u s t also  see 
th e  re la tio n sh ip  b e tw e e n  th e m . ,

A s to  th e  in a d e q u a c y  o f  th e  T hom so n  sc a tte r in g  m odel, i t  sh o u ld  be 
em phasized  th a t  t r e a t in g  th e  a to m s as a rb itra r ily  a n d  c o n tin u o u sly  tu n a b le  
osc illa to rs is n o t ju s tif ia b le ;  such a  m odel is even less perm issib le  fo r X -ray s 
th a n  fo r v isib le  lig h t reg a rd in g  th e  en erg y  ra tio s b e tw een  X -q u a n ta  an d  th e  
b o n d in g  o f (inner) e lec tro n s.

H ow  is i t  possib le  t h a t  e.g. th e  loosely  bonded  e lec trons o f H -a to m s  — if  
p re se n t in  a d iffrac tin g  sam ple  — co u ld  em it X -ray s as h a rd  as th o se  e m itte d  
b y  m uch  h eav ie r a to m s o f  th e  anode o f  th e  X -ra y  tu b e ?  H ow  could  one u n d e r
s ta n d  th a t  th e  atom s o f a  sam ple a re  ab le to  rep ro d u ce  all frequencies w hich 
a re  p re se n t in  th e  p r im a ry  beam  su p p o sin g  th a t  th e  sam p le  is used as a d iffra c t
ing  o b jec t, b u t  th e  ra d ia tio n  of th e  sam e atom s is s tr ic t ly  d e te rm in ed  by  
q u an tu m -m ech an ica l ru le s  if  th e  sam p le  serves for fluorescence  an a ly sis , or is 
used  as anode m a te r ia l in  an  X -ra y  tu b e ?

W e shall en d eav o u r to  propose a n  in te rp re ta tio n  o f  unm od ified  sc a tte r in g  
an d  d iffrac tio n , d iffe ren t in  p rinc ip le  from  th e  dipole ra d ia tio n  o f  T hom son . 
W e shall t r y  to  fin d  a possible so lu tio n  for our p ro b lem  am ong ex is tin g  and  
liv ing  ph y sica l th eo ries  an d  to  avoid  c re a tin g  new  h y p o th eses .
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Contradictions are pointed ou t betw een Thom son’s theory  on coherent X -ray  scattering 
of th e  atom s and well tried  principles of physical optics such as those of H u y g e n s , F r e s n e l , 
K ir c h h o f f , F r a u n h o f e r , B a b in e t , Mi e , and  others. I t  is proposed by  the presen t au thor 
th a t  all types of modified scattering, i.e. Compton effect, fluorescence, and Auger effect should 
be regarded as the prim ary  products of X -photon — atom  collisions, th e  probabilities o f which 
should be derived from quantum -m echanical principles. On the o ther hand, coherent scattering 
is claimed to be a secondary phenom enon accom panying the effects m entioned firs t and  owing 
to the perturbations of th e  homogeneous incident wave front. This means th a t d iffraction p a t
terns are formed by photons of the prim ary beam  which them selves have no t collided w ith 
electrons b u t ra th er have passed round them . Accordingly, Thom son’s hypothesis can be 
dropped as being physically inconsistent and logically redundan t as well.

1. In tro d u c tio n

I n  th e  f irs t p a r t  o f  th is  p ap e r [1] co n trad ic tio n s  w ith in  th e  u su a l t r e a t 
m en t o f X -ra y  sc a tte r in g  an d  d iffrac tio n  h av e  been  d e a lt  w ith . T he c o n tra d ic 
tio n s are  ascribed  to  th e  m ix ing  o f q u a n tu m  m echan ical an d  classical p h y sica l 
aspects  an d  to  th e  use o f  an  a p p a re n tly  in ad eq u a te  m odel o f  sc a tte r in g , th e  
T hom son  m odel. I n  th e  p re sen t second p a r t  we p o in t to  fu r th e r  in co n sis ten t 
s ta te m e n ts  c o n tra d ic tin g  w ell-proved  princip les o f p h y sica l op tics. A lth o u g h  
op tics is m ostly  dealing  w ith  v isib le lig h t, th e re  is no  serious reason  fo r sh a rp ly  
se p a ra tin g  X -ray s fro m  it ,  because d iffrac tio n  p h en o m en a  seem  to  obey  
p h ysica l law s com m on fo r all ty p es  o f w aves, especially  fo r tho se  b e long ing  to  
th e  fam ily  of e lec tro m ag n etic  rad ia tio n s .

I n  th e  p resen t p a r t  we give som e proposals to  rep lace  T hom son  s c a tte r 
in g  b y  a  m ore u p -to -d a te  t re a tm e n t o f  X -ra y  sc a tte r in g  an d  d iffrac tio n  b u t  
w ith o u t aim ing  a t  a f in a l an d  m a th e m a tic a lly  ex ac t so lu tio n  o f  th e  p ro b lem s 
b ro u g h t up  in  b o th  p a r ts  o f  th e  p ap er.
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2. T hom son  sca tte ring  a n d  som e p rincip les of physical optics

P hy sica l o p tic s  is based u p o n  th e  M axw ell eq u a tio n s o f e lec tro d y n am ics. 
T h e  T hom son  th e o ry  o f  X -ray  sc a tte r in g  claim s th e  sam e. Y e t, su rp rising ly , 
w e f in d  severa l im p o r ta n t  s ta te m e n ts  of th e  la t te r  th e o ry  n o t be in g  in  accor
d a n c e  w ith  th e  p rin c ip les  of o p tics .

P hy sica l o p tic s  deals am ong  o th e rs  w ith  th e  in te rfe ren ce , sc a tte rin g  and  
d iffra c tio n  o f e lec tro m ag n etic  w av es  [2], m o st o ften  neg lec ting  th e  q u a n tu m  
p ro p e r tie s  o f ra d ia tio n s . I t  can  in te rp re t  lig h t d iffrac tio n  p a tte rn s  b o th  q u a li
ta t iv e ly  and  q u a n ti ta t iv e ly  by  th e  a id  o f th e  H u y g e n s  prin c ip le  perfec ted  b y  
Y o u n g , F r e s n e l , K i r c h h o f f , F r a u n h o f e r , a n d  o thers. A ccord ing  to  th is , 
e a c h  p o in t in  space  a tta in e d  b y  a  w av e  becom es itse lf  th e  source o f new  sp h eri
c a l w aves; su p erim p o sitio n  o f th e se  from  all p o in ts  of a hom ogeneous fie ld  
y ie ld s  sim ply  th e  lin e a r  p ro p a g a tio n  o f  th e  w hole w ave fro n t (p la n a r  or sp h eri
ca l) . I n  th e  p resen ce  of inhom ogeneities, th e  re s u lta n t w ave fro n t declines 
f ro m  th e  lin ea r d ire c tio n  w h e reb y  a s itu a tio n  fo r th e  ap p ea ran ce  o f in te r 
fe re n c e  or d iffra c tio n  p a tte rn s  is c re a te d .

P ra c tic a lly  im p o r ta n t fo rm s o f  d iffrac tio n  are  o b ta in ed  w h en  F rau n h o fe r 
co n d itio n s  are  m e t, w hich ho lds fo r  u su a l X - ra y  d iffrac tio n  m easu rem en ts. 
U n d e r  these  c o n d itio n s  th e  in c id e n t b eam  is re p re se n te d  b y  a p la n a r  w ave an d  
w h e n  th e  ta rg e t  c o n ta in s  inhom ogeneities com m easu rab le  w ith  th e  w aveleng th , 
th e n  d iffrac tio n  ta k e s  place in  th e r  su rro u n d in g s  a n d  in te rfe ren ce  p a tte rn s  ap p ear 
o n  th e  screen. T h e  p henom ena c a n  be  in te rp re te d  w ith  th e  aid  o f th e  H uygens — 
F re sn e l p rinc ip le . T h e  a rra n g e m en t o f spo ts o f  in h o m o g en e ity  in  th e  d iffrac ting  
o b je c t  and  t h a t  o f  spo ts of m a x im u m  in te n s itie s  on  th e  screen  are  in te rc o n 
n e c te d  by  F o u rie r  tra n s fo rm a tio n . T he p h y sica l p ro p ertie s  o f d iffrac tin g  spo ts 
m a y  be v e ry  d iffe re n t as e.g. o p en in g s c u t in to  a n  opaque d iap h ra g m , o p aq u e  
s p o ts  on a t r a n s p a re n t  p la te , sc ra tch es  in  a n  o p tica lly  sm o o th  su rface (glass 
o r  m e ta l) , f lo a tin g  p artic les in  a  hom ogeneous m ed ium  (gas o r liq u id ), an d  so 
fo r th .  The m a in  fe a tu re s  of th e ir  d iffrac tio n  p a t te rn  are d e te rm in ed  by  geo
m e tr ic a l c h a ra c te r is tic s : d im ensions, shapes a n d  m u tu a l positio n s; o th e r p h y s i
c a l p ro p ertie s  o f  th e  spots, like  re fra c tio n  in d e x , ab so rp tio n , e tc . affect som e 
se c o n d a ry  fe a tu re s  o f  th e  p ic tu re  (in te n s ity , c o n tra s t) .

T here is a second im p o r ta n t  “ p rinc ip le”  v a lid  for d iffrac tio n  p ic tu res , 
k n o w n  as B a b in e t ’s princip le. A ccord ing  to  th is , th e  m em bers o f  a com plem en
t a r y  p a ir  o f d iffra c tin g  objects y ie ld  th e  sam e d iffrac tio n  p a t te rn ,  a p a r t from  
th e  cen tra l illu m in a te d  spo t. T h u s  a d iffrac tio n  im age beh in d  o f  a system  o f 
tr a n s p a re n t  a n d  opaque a reas  o f  req u ired  dim ensions w ill n o t essen tia lly  
c h an g e , i f  th e  d iffrac tin g  sy s te m  is rep laced  b y  its  co m p lem en ta ry  sy s te m  
w h ere  opaque a n d  tra n sp a re n t a rea s  are ju s t  opposite ly  fash ioned .

L et us n o w  exam ine, how  th e  tw o p rin c ip les  o f H u y g e n s—F resnel, an d  
o f  B ab in e t, re sp ec tiv e ly , can  be  app lied  to  a com m on X -ra y  d iffrac tio n  ex p eri-
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m e n t. T he F ra u n h o fe r  cond itions are  m et since b o th  d istances (X -ra y  source 
to  sam p le , and  sam p le  to  d e tec to r)  are  ab o u t 10 cm  or m ore. T he p rim ary  
b eam  is co llim ated  in  o rder to  h a v e  a low angle o f d ivergence, so t h a t  its  tra c e  
in  th e  p lane  of d e te c to r  is confined  to  a sm all spo t (o r, ev en tu a lly , to  a narrow  
rec tan g le  o f ~ 1  cm  len g th ) if  no d iffrac tin g  o b jec t is p resen t. I n  th e  presence 
o f a sam ple of w h a te v e r  com position  and  physica l s ta te , th e re  ap p ears  a p a t 
te rn  o f  d a rk  and  l ig h t areas (d is tin c t spo ts , sh arp  or diffuse circles) a ro u n d  th e  
c e n tra l spo t. W h a t is th e  cause o f  th is  w ell-know n re su lt?  Is th e re  indeed  no 
o th e r  e x p lan a tio n  th a n  th e  h a rm o n ic  oscillation  o f  e lectrons a t  no  m a tte r  
w h a t frequency  or frequencies w ith in  th e  en tire  X -ran g e  an d  th e  secondary  
d ipole ra d ia tio n  as th e  consequence of th e ir  osc illa tions?  W e feel th a t  a p h y si
ca lly  co nsisten t e x p la n a tio n  m u s t be m ore sim ple an d  o u g h t to  he found  
am ong  th e  recognized  law s of th e  co m p e ten t d iscip line.

In  [1] we a llu d ed  to  th e  fa c t t h a t  X -ray s  — ow ing to  th e ir  p h o to n  energy  
ran g e  — in ev itab ly  in te ra c t  w ith  th e  electrons o f  w h ichever a to m ic  species 
w h en ev er th e y  m e e t, h av in g  chances o f several ty p e s  o f  in te ra c tio n : m odified  
s c a tte r in g , a b so rp tio n  or A uger effec t. The effect t h a t  each  o f  th e m  h as on 
th e  p r im a ry  beam  is to  rem ove fro m  it  every  tim e  one p h o to n  e ith e r  b y  ab so rb 
ing  i t  or b y  pu sh in g  i t  aside. T his b e ing  so, each e lec tro n  o f  th e  ta rg e t  re p re 
sen ts  a  singular sp o t in  th e  field  o f  ra d ia tio n , i.e . a n  obstac le  p e r tu rb in g  th e  
in c id e n t w ave f ro n t. O ne w ould sa y  th a t  every  e lec tro n  is an  opaque  p artic le  
for th e  X -ray , s im ila r to  d u st g ra in s  in  th e  a tm o sp h e re  w hich  a re  o p aq u e  for 
an d  s c a tte r  su n lig h t. I t  is th is  e ffec t o f  th e  elec trons t h a t  com pels th e  rem a in 
ing w aves of th e  p r im a ry  beam  to  b end  ro u n d  th e  e lectrons fo llow ing th e  
H u y g e n s—Fresnel p rin c ip le . T h a t m eans th a t  th e  un m o d ified  sc a tte re d  ra d ia 
tio n  w h ich  form s th e  d iffrac tio n  p a t te r n  is itse lf  n o t th e  p ro d u c t o f  a p h o to n — 
e lec tro n  in te ra c tio n , b u t  is ra th e r  a p a r t  of th e  o rig inal beam  passin g  th ro u g h  
th e  space  betw een  th e  electrons. F ro m  th is  s ta n d p o in t i t  becom es obvious th a t  
beside th e  ex istence o f  several ty p e s  o f p h o to n — ato m  and  p h o to n — electron  
in te ra c tio n s , w hich a ll need rigo rous q u an tu m -m ech an ica l t r e a tm e n t, th e re  
ex is ts  o n ly  one ty p e  o f  unm od ified  coheren t ra d ia tio n  w hich can  be, in  ad d i
tio n , q u ite  well d esc rib ed  in  te rm s o f  classical w ave th e o ry . Since th e re  is no 
d o u b t th a t  one p a r t  o f  th e  in c id en t ra d ia tio n  is abso rb ed , a second p a r t  is 
s c a tte re d  b y  collisions, an d  a th ird  p a r t  can  pass — th o u g h  n o t u n d is tu rb e d  — 
w ith o u t colliding w ith  electrons, w e m ay  s ta te  t h a t  th is  is su ffic ien t reason  
for p ro d u c in g  u n m o d ified  sc a tte rin g  an d  d iffrac tion . A ccord ingly , th e  assum p
tio n  o f  a secondary  d ipole ra d ia tio n  o f  electrons is logically  re d u n d a n t, n o t 
to  sp eak  abou t th e  p h y sica l a rg u m en ts  against its  re a lity .

N ow , le t us tu r n  to  B a b in e t’s princip le . I t  follow s from  th e  foregoing 
th a t  a d iffrac ting  o b je c t is considered  as an  o rd e red  (crysta ls) o r p a rtia lly  
o rdered  (atom ic or m olecu lar glasses, liqu ids, or gases) system  o f e lectrons 
f lo a tin g  in  v acu u m  an d  being o p aq u e  for X -ra y s . Such a sy s tem  m ust
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p ro d u c e  a d iffra c tio n  p a tte rn . In  th e  sense of th e  B a b in e t p rinc ip le , th e  com ple
m e n ta ry  o b jec t o u g h t to  be b u ilt  u p  o f  X -ra y  tr a n s p a re n t  e lec trons an d  im 
p e n e tra b le  v a c u u m  w hich  is nonsense . E v e n  i f  assum ing  th e  r e a li ty  o f  T hom son  
sc a tte r in g , th is  w o u ld  m an ifest i ts e lf  in  th e  tra n s m itte d  b eam  as a n  absorb ing  
e ffec t because th e  en erg y  b u n d le  com ing  in  a t  a n a rro w  ste ric  angle , w ould  be 
d isp e rsed  in  all d irec tio n s a t s te ric  angle 4л.  So, th is  w ould  n o t m ak e  a system  
c o m p le m e n ta ry  to  t h a t  o f  “ o p a q u e ”  electrons an d  i ts  d iffrac tio n  pow er would 
b e  o n ly  a f ra c tio n  o f  th a t  o f  a b so rb in g  an d  C o m p to n -sca tte rin g  electrons. 
B a b in e t’s p rin c ip le  excludes th e  co-ex istence  o f  ab so rb in g  an d  in co h eren tly  
s c a tte r in g  e lec trons w ith  those ra d ia t in g  coheren tly .

I n  th e  l i te ra tu re  we o ften  f in d  a q u an tu m -m ech an ica l in te rp re ta t io n  of 
T h o m so n  sc a tte r in g  s ta tin g  th a t  in  th is  ty p e  o f sc a tte rin g  p rocess th e  f in a l 
a n d  th e  in itia l s ta te s  o f  th e  a to m  are  equal. F ro m  th is  a ssu m p tio n  we rea lly  
o b ta in  a S ch rôd inger eq u a tio n  w h ich  y ields th e  (s ta tio n a ry ) e lec tro n  d en sity  of 
th e  a to m . As seen  before, th e  F o u rie r  tra n sfo rm  o f th is  d e n s ity  resu lts  in  
a c c u ra te  a to m ic  am p litu d es . B u t in  o u r w ay  o f th in k in g , th e re  is a v e ry  sim ple 
e x p la n a tio n  w h y  th is  form  o f th e  S chrôdinger eq u a tio n  holds fo r coheren t 
s c a tte r in g . T he c o n s ta n c y  o f  s ta te  suggests th e  absence of an y  p h y sica l in te r 
a c tio n  be tw een  th e  a to m  an d  th e  in c id en t as w ell as th e  s c a tte re d  pho tons 
d u r in g  u n m o d ified  sc a tte rin g . F o r  th is  reaso n  th e  unm od ified  sc a tte r in g  is n o t 
sen s itiv e  for sm all v a ria tio n s  o f  th e  energy  s ta te s  a n d  depends p rim a rily  on 
th e  m ean  charge  d is tr ib u tio n  in  space. T he n am e o f th e  a to m ic  am plitudes 
u sed  earlie r, n a m e ly  th e  “ a tom ic  fo rm  fa c to r”  is q u ite  co rrec t.

I t  is in v a ria b ly  co rrec t to  com pose th e  e x tin c tio n  cross-section  o f th ree  
te rm s , n am ely  th e  ab so rp tio n  (p h o to  effect), th e  m odified  (C om pton), and  th e  
u n m o d ified  sc a tte r in g , since a ll th e  th re e  cause a c e r ta in  a t te n u a tio n  in  th e  
f lu x  o f  p h o to n s p e n e tra tin g  a sam ple . T he use o f th e  n o tio n  “ to ta l”  sca tte rin g  
in  th e  sense t h a t  i t  w ould  ex p ress  an  in h e ren t sc a tte rin g  pow er o f e lectrons 
o r  a to m s, c a n  be  c ritic ized ; in s te a d  o f  th is , th e  analogies b e tw een  ab so rp tio n  
a n d  C om pton  sc a tte r in g  o u g h t to  be b e tte r  em phasized  u n d e r a collective 
te rm , since b o th  o f th e m  are  co n su m in g  — to ta l ly  or p a r tia lly  — th e  energy  
o f  th e  im p a c tin g  p h o to n s . T hese p rocesses to g e th e r  d e te rm in e  th e  a tte n u a tio n  
o f  in c id e n t b eam  b y  collisions w h ich  is, so to  say , copied  or d o u b led  b y  th e  
u n m o d ified  sc a tte r in g  or, in  o th e r  te rm s , b y  th e  H uygens p rin c ip le . A  sim ilar 
p h en o m en o n  in  th e  sc a tte rin g  o f v isib le  lig h t is kn o w n  and  called  th e  “ ex tin c 
t io n  p a ra d o x ”  [3]. A ccep ting  su ch  a “ cause an d  e ffec t”  re la tio n sh ip  betw een  
m o d ified  an d  u n m od ified  sc a tte r in g , re spec tive ly , i t  is easier to  u n d e rs tan d  
th e  a p p licab ility  o f  a com m on sc a tte r in g  cross-section  an d  p o la riza tio n  fac to r 
fo r  b o th  ty p e s . I t  m u s t be e lu c id a ted , how ever, in  w h a t m an n er th e  ab so rp tio n  
c ross-sec tion  cou ld  be added  to  t h a t  o f C om pton  sc a tte rin g  in  o rd er to  y ield  
th e  a c cu ra te  in te n s i ty  of u n m o d ified  sc a tte rin g  (w ith  or w ith o u t co rrection  
fo r  anom alous sca tte rin g ).
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A n op tica l an a lo g y  should  be g iven  in  o rder to  v e rify  th e  la ck  o f  any  
so p h is tica tio n  in  th e  proposed  m odel o f unm odified  X -ra y  sc a tte rin g . This 
ana logy  shou ld  especia lly  d e m o n s tra te  th a t  m odified  sca tte rin g , in  sp ite  of 
its  irre g u la r  s ta tis tic a l c h a ra c te r , c an  b e  th e  cause w h ich  gives rise to  co h eren t 
s c a tte r in g  an d  d iffrac tio n  phenom ena . W hen  p rep a rin g  a n  o p tica l g ra tin g  b y  
sc ra tch in g  para lle l g rooves in  th e  sm o o th  surface o f  a glass or m e ta l p la te , 
we spoil in te n tio n a lly  th e  hom ogeneous re fra c tiv ity  or re fle c tiv ity  o f  th e  su r
face an d  c rea te  th e re  new , irreg u la r  surfaces w h ich  sc a tte r  lig h t irre 
g u la rly , so to  say , in co h e ren tly . O ne c e rta in ly  could  d e te c t th e  d is tr ib u tio n  
an d  in te n s ity  of th is  s c a tte re d  lig h t b y  th e  aid  o f a su ita b ly  s itu a te d  and  
m oved p h o to m e te r. H ow ever, for th e  user o f a g ra tin g  sp ec tro g rap h  these  
d a ta  are  q u ite  ir re le v a n t, im p o r ta n t is for h im  th e  sp e c tru m  alone fo rm ed  b y  
F ra u n h o fe r  d iffrac tio n  o f  th e  lig h t w h ich  passes th e  u n d is tu rb e d  p a r ts  o f  th e  
glass or m e ta l p la te . N evertheless w ith o u t th e  grooves sc a tte rin g  irreg u la rly , 
F ra u n h o fe r  d iffrac tio n  w ould  n o t ta k e  p lace a t  all.

T here  is, how ever, a section  w ith in  th e  discipline o f  X -ray s  w here th e  t r e a t 
m en t o f sc a tte rin g  is s im ila r to  th a t  p ro p o sed  above, from  th e  v e ry  b eg in n in g  of 
s tu d ies  a n d  th is  is th e  sm all-angle  s c a tte r in g  of X -ray s  (SA X S). I n  a ll p ap ers  
an d  te x tb o o k s  dealing  w ith  SA X S, we f in d  th a t  th e  in te n s ity  o f  sm all-angle  
sc a tte r in g  caused b y  co llo idal partic les o f  m ean  e lec tron  d e n s ity  an d  flo a tin g  
in  a so lv en t o f e lec tro n  d en sity  q0 is p ro p o rtio n a l to  th e  d ifference ( p: — q0)2. 
T his m eans t h a t  th e  in te n s ity  is in d e p e n d e n t of th e  s ig n  o f th e  e lec tro n  d en 
s ity  d ifference. To e x p la in  th is  in dependence , all a u th o rs  re fer to  B a b in e t’s 
p rin c ip le  (see e.g. [4]).

I n  sp ite  of ex is tin g  analogies, o u r allusions to  o p tic a l g ra tin g s a n d  to  
H u y g en s’s princip le  a re  n o t su ffic ien t to  in te rp re t X -ra y  d iffrac tion . W e fin d  
som e m ore resu lts  in  o p tic s  offering fu r th e r  analogies w ith  X -ray s  an d  a deeper 
u n d e rs ta n d in g  o f th e ir  unm od ified  sca tte rin g .

3. The light scattering theory o f  three-dim ensional particles

D evices used for p ro duc ing  d iffrac tio n  w ith  v isib le  lig h t are m o stly  tw o- 
d im ensional w hich m ean s th a t  th e ir  th ick n ess  can  be neg lec ted  in  com parison  
w ith  th e  tw o  o ther d im ensions. T he in te n s ity  o f l ig h t d iffrac ted  b y  th em  
v an ishes a t  th e  lim itin g  angle n/2, i.e . th e re  is no a m p litu d e  an d  in te n s ity  
“ b ack w ard s” . This b e h av io u r has been  exp la ined  th e o re tic a lly  b y  K ir c h h o ff

[2]. O n th e  o th e r h a n d , sc a tte re d  an d  d iffrac ted  X -ra y s  can  be o b serv ed  in  
th e  w hole space a ro u n d  th e  sc a tte rin g  o b je c t, th e  lim itin g  angle for th e m  is л .  
One ca n  u n d e rs ta n d  th is  difference in  b eh av io u r considering  th a t  X -ra y  d iffrac 
tio n  re s ts  on  sc a tte rin g  b y  single e lec trons w hich b y  no m eans can  be reg a rd ed  
as tw o-d im ensional obstac les  for X -p h o to n s .
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F o r tu n a te ly , th e  s c a tte r in g  o f visib le lig h t b y  sm all, th ree-d im en sio n a l 
p a rtic le s  is also a n  im p o r ta n t p h en o m en o n  o f n a tu re  (d u st a n d  w a te r  d rop le ts  
in  th e  a tm o sp h e re , cosm ic d u s t in  space, co llo idal sols, e tc .) , i ts  th e o ry  has 
th e re fo re  been  developed , to o . B ecause  o f m a th e m a tic a l p rob lem s, ex ac t th e o 
ries  could  be  w orked  ou t o n ly  fo r  som e id ea lized  lim iting  cases. P ro m in en t 
am o n g  th e m  is M ie’s th e o ry  on  sc a tte rin g  b y  sm all, sp h erica l, co nduc ting  
p a rtic le s  o f in f in ite ly  high e lec tric  co n d u c tan ce , and  d ie lec tric  partic les of 
s im ila r shape  a n d  in fin ite ly  h ig h  re la tiv e  p e rm ittiv ity . I t  has also been know n 
fro m  ex perience  t h a t  th e  av e rag e  in te n s ity  a n d  its  d is tr ib u tio n  in  space v e ry  
s tro n g ly  d ep en d  on  th e  ra tio  o f  th e  rad iu s  o f (spherical) p a r tic le  to  th e  w av e
le n g th  o f ra d ia tio n . O n th is  basis  severa l ty p e s  an d  ranges o f  lig h t sca tte rin g  
b y  sm all p a rtic le s  are  d is tin g u ish ed  an d  n a m e d  a fte r  th e ir  d iscoverers: 
R a y l e ig h , M ie  an d  T y n d a l l .

T he im p o r ta n t  p ap e r o f M ie  p u b lished  in  1908 (see [2]) gives ex ac t so l
u tio n s  fo r th e  in ten s itie s , p o la riz a tio n  s ta te , a n d  angu la r d is tr ib u tio n  o f s c a t
te re d  lig h t as fu n c tio n s  o f  th e  ra t io  sphere ra d iu s /w av e len g th . Mie’s th e o ry  
h as  been  b ased  u p o n  th e  M axw ell fie ld  eq u a tio n s  an d  s ta r ts  from  th e  tr a n s i
t io n  co n d itions o f  e lectric  an d  m ag n e tic  fie ld  v e c to r  com ponen ts a t  th e  b o u n d 
a ry  surfaces be tw een  v acu u m  a n d  th e  co n d u c tiv e  (iso lating) p a rtic le . The so lu
tio n s  o f  fie ld  eq u a tio n s  w ith  th e  p ro p er lim itin g  cond itions y ie ld , w ith o u t an y  
a ssu m p tio n s  in  a d d itio n , th e  a c c u ra te  d esc rip tio n  o f sc a tte rin g . I t  is a v e ry  
im p o r ta n t  fa c t from  th e  p o in t o f  view  o f ou r su b jec t th a t  M ie’s f in a l form ulas 
p ro v ed  to  be id e n tic a l w ith  th o se  describ ing  th e  em itted  ra d ia tio n  of an  oscil
la tin g  elec tric  dipole. The id e n tic a l fo rm ulas re flec t, how ever, tw o very  d if
fe re n t ph y sica l processes. Tw o o f  th e  resu lts  o f M ie’s th e o ry  sh a ll be em phasized.

i) T he sp a tia l in te n s ity  d is tr ib u tio n  a n d  p o la riza tio n  o f  ligh t s c a tte r 
ed  b y  v e ry  sm all spheres (R /X ^ y  10 -3 ) are e x a c tly  equal to  th o se  given b y  
T hom so n  fo r th e  X -ra y  s c a tte r in g  o f th e  free e lectron . T h is ty p e  o f s c a tte r 
in g  is c h a ra c te r is tic  for th e  R ay le ig h  range  w h ich  m eans t h a t  Mie’s th e o ry  
c o n ta in s  th e  R ay le ig h  sc a tte r in g  as a m arg in a l case b u t  w ith o u t assum ing  
v ib ra tin g  d ipoles.

ii) W ith  increasing  ra d iu s  o f  th e  sphere, th e  fo rw ard— b a c k w a rd  sy m m etry  
o f  in te n s ity  d is tr ib u tio n  is g ra d u a lly  d is to rte d  in  fav o u r o f th e  fo rw ard  d irec
tio n . T his ty p e  o f  sc a tte rin g  is c h a ra c te ris tic  fo r spheres w hose d iam eter is 
co m m easu rab le  w ith  th e  w av e len g th . The a sy m m e try  of in te n s i ty  is called, in  
a n a rro w  sense, th e  Mie effect. T h e  in te n s ity  v s  angle cu rves o f  spheres in  th e  
Mie ran g e  e x h ib it s trik in g  likeness to  tho se  o f  th e  coheren t sc a tte rin g  o f th e  
h y d ro g en  a to m  an d  all th e  o th e r  a tom s. T h e  analogy  can  be  co n tin u ed  w ith  
th e  op tica l sc a tte r in g  o f s till la rg e r  spheres a n d  SAXS b y  d ilu te  so lu tions 
o f m acrom olecules.

W e m u s t n o te  on th is  an a lo g y  th a t  accord ing  to  th e  Mie th eo ry , th e  
to ta l  a m o u n t o f  sc a tte re d  l ig h t v e ry  s tro n g ly  increases w ith  th e  d iam eter of
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sphere. O n th e  o th e r h a n d , th e  X -ra y  sc a tte r in g  pow er o f  th e  atom s varies  
w ith  th e  a tom ic  n u m b er, i.e . each  e lec tro n  co n tr ib u te s  to  i t  eq u a lly  
(1 e .u .), in d ep en d en tly  o f th e  d im ensions o f  i ts  cloud. T h is d ifference seem s to  
u p se t th e  ana logy  b e tw een  th e  tw o  processes. H ow ever, one m u st ta k e  in to  
acco u n t th a t  in  th e  Mie th e o ry , th e  spheres a re  n a tu ra lly  th o u g h t o f as u n i
fo rm ly  filled  w ith  th e  sc a tte r in g  m a te ria l; th e  sc a tte rin g  m ass increases th e re 
fore  as th e  th ird  pow er o f  th e  rad iu s . T he electron ic  c louds in  th e  a to m s, 
how ever, re p re se n t alw ays one u n ity  o f charge  o b ta in ed  as th e  vo lum e in te g ra l 
o f  each  se p a ra te  cloud in d e p e n d e n tly  of i ts  rad iu s . T h a t  m eans th a t  th e  
difference lies in  th e  p reco n d itio n s, n o t in  th e  sc a tte rin g  m echan ism .

G enerally  speaking , th e  analogies c a n n o t be d ea lt w ith  as id e n titie s  
b e tw een  lig h t sc a tte rin g  cau sed  b y  sm all, th o u g h  f in ite  spheres o f w ell-con
d u c tin g  m e ta l an d  X -ra y  sc a tte r in g  caused b y  an  e lem en ta ry  p a rtic le . H ow ever, 
we feel t h a t  th ese  analogies ca n  tu rn  o u t to  be m ore fa r-reach in g  and  m ore 
p ro d u c tiv e  th a n  tho se  w ith  osc illa ting  d ipoles. A successful a d a p ta tio n  o f th e  
Mie th e o ry  to  th e  u n m od ified  X -ra y  sc a tte r in g  w ould m ean  a t  th e  sam e tim e  
th a t  th e  fo rm al princ ip le  o f  H uygens could  be rep laced  b y  th e  princip les o f 
e lec trodynam ics.

4. Interpretation of the anom alous scattering

In  S ection  3 o f  [1] we a lluded  to  anom alous sc a tte r in g  (in  o th e r te rm s : 
d ispersion) tre a te d  b y  th e  T hom son  th e o ry  as forced v ib ra tio n s  of s tro n g ly  
b o n d e d  e lec tro n s in  th e  v ic in ity  o f po in ts  o f  resonance. B u t i f  one re jec ts  th e  
fu n d a m e n ta l  assu m p tio n  on  h a rm on ica lly  oscilla ting , “ a lm o st free”  elec trons, 
th e n  its  ex ten s io n  to  bon d ed  ones m u st be d iscarded  too .

W e propose again  to  follow  th e  line o f  th o u g h t:  C om pton  sca tte rin g  an d  
“ t r u e ”  ab so rp tio n  —> H u y g en s’s princip le  —► B a b in e t’s p rin c ip le  —»■ u n m od ified  
sc a tte r in g  a n d  d iffrac tio n . A ccord ing  to  Section  2, one c a n  consider in  g enera l 
th e  u n m o d ified  a tom ic  s c a tte r in g  as a pecu lia r “ shadow ”  effect caused  b y  th e  
tw o  m ain  ty p e s  o f p h o to n  — e lec tron  collisions, n am ely  C om pton  sc a tte rin g  
a n d  t ru e  a b so rp tio n  o f  av e rag e  p ro b a b ility . I n  th e  sim ple case each  e lec tro n  
ex h ib its  p ra c tic a lly  th e  sam e collision cross-section  for th e  in c id en t p h o to n s . 
I f , how ever, th e  p h o to n  en erg y  falls in  th e  v ic in ity  o f a K , L , or M e x c ita tio n  
p o te n tia l o f  th e  a to m , th e n  th e  a b so rp tio n  cross-section  o f  th e  exc itab le  e lec
tro n s  increases b y  som e o rd e rs  o f m ag n itu d e . So long as th e  in c rem en ts  a re  
n o t  v e ry  b ig , th e se  e lec trons w ill sim ply  a d d  an  increased  c o n tr ib u tio n  to  th e  
m ean  a m p litu d e  an d  in te n s ity . B u t i f  th e  “ o p a c ity ”  o f  su ch  elec trons exceeds 
v e ry  m uch th e  average  v a lu e , th e  effect m u s t change sign , so th a t  th e  a m p 
litu d e  sc a tte re d  by  th e m  is be ing  su b tra c te d  from  th e  sum  o f th e  o th e rs  
(B a b in e t’s p rinc ip le ); in  th is  case th e  anom alous in te n s i ty  w ill be low er
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th a n  th e  n o rm a l one. T h u s , we can  u n d e rs ta n d  a t  le a s t q u a lita tiv e ly  b o th  p o 
s itiv e  a n d  n eg a tiv e  a m p litu d e  co rrec tio n s. D ed u c tio n  o f  q u a n tita tiv e  fo r
m u las , a n d  ex p la n a tio n  o f  th e  im ag in a ry , p h ase-co rrec tion  te rm  m a y  be a 
fu tu re  ta s k .

5. Compton scattering o f the atom s and the K lein— Nishina formula

In  S ection  4, [1] w e have  c ritic ized  th e  p rocedure  b y  w hich C om pton  
sc a tte re d  in ten s itie s  o f  th e  a tom s a re  o b ta in ed  as th e  d ifference o f “ to ta l”  
s c a tte r in g  an d  u n m od ified  sca tte rin g . O u r suggestion  is to  derive th e  a tom ic  
m odified  in ten sitie s  d ire c tly  from  th e  s ta te s  of th e  e lec trons w ith o u t th e  use 
o f  th e  am b ig u o u s n o tio n  o f  “ to ta l”  s c a tte r in g  pow er.

T h e  fo rm ulas of K l e in  an d  N is h in a  (1928) [5], [6], [7], a c cu ra te ly  gi
v in g  th e  C om pton  cross-sections o f e lec trons as fu n c tio n s  o f  th e  sc a tte r in g  
angle 26, an d  th e  p h o to n  energy  hv0, re sp ec tiv e ly , a re  w ell know n in  q u a n tu m  
m echan ics an d  q u a n tu m  e lec tro d y n am ics. T he in itia l va lu e  o f  all these  fu n c tio n s 
fo r 26 =  0 is g iven as e x a c tly  equal to  th e  T hom son  c ross-sec tion  7 . 9 4 x l 0 _s0 
m 2/s te ra d ia n . W ith  in c reasin g  angle, th e  ru n s  of th e  cu rv es  are v e ry  m uch 
d iffe ren t d epend ing  on  th e  p h o to n  en erg y  as p a ra m e te r. F o r those  above 
1 MeV, th e  sc a tte rin g  cross-section  decreases m on o to n o u sly  w ith  increasing  
angle to w a rd s  a m in im um  va lu e  a t  26 — 180°, th e  m in im u m  being  th e  low er, 
th e  h ig h e r is th e  p h o to n  energy . T he cu rv es p e rta in in g  to  p h o to n  energies 
below  1 M eV all ex h ib it a  shallow  m in im u m  a t  26 =  90° te n d in g  to  a second 
m ax im u m  a t  26 =  180°. F in a lly , in  th e  energy  ran g e  o f  ~ 0 .0 1  MeV, th e  
second m ax im u m  becom es eq u a l to  th e  in itia l v a lu e , th e  m in im um  is eq u a l 
to  th e ir  h a lf  v a lue  an d  th e  cu rves ge t a sy m m etrica l sh ap e  a ro u n d  th e  m in i
m u m . X -ra y s  used for d iffrac tio n  pu rp o ses  belong to  th is  ran g e  an d  th e  shape  
o f  th e ir  K le in —N ish ina  cu rv es  looks s im ila r  to  th e  in te n s i ty  cu rve  of th e  free 
e lec tro n  acco rd ing  to  T h o m so n : i t  is g iven  b y  (1 -f- cos2 20)/2. This fa c t is 
u su a lly  co m m en ted  on so th a t  for so ft X -ray s  th e  K le in —N ish ina  th e o ry  
rep ro d u ces  T hom son’s th e o ry .

In  th e  op in ion  o f th e  p resen t a u th o r , th is  co m m en t is e rroneous an d  
p repossessed  in  fav o u r o f  th e  T hom son  th e o ry , consid erin g  th a t  T hom son  
sc a tte r in g  is perfec tly  u n m o d ified  w hile th e  re su lts  o f  K le in  an d  N ish ina  are 
v a lid  jo in tly  w ith  those o f  C om pton  on  m od ified  energy  an d  m om en tum . The 
co incidence b e tw een  th e  tw o curves re fle c ts , how ever, th e  para lle lism  o f tw o 
ty p e s  o f  sc a tte r in g , a t  le a s t for th e  case o f  th e  free e lec tro n  w here  th e  u n m o d i
f ie d  c ross-sec tion  is a “ co p y ”  o f  th e  m o d ified  one as s ta te d  above. B u t acco rd 
in g  to  S ec tio n  4 [1] th e  n o tio n  o f  T hom son  sc a tte rin g  has to  be  rep laced  b y  th e  
sc a tte r in g  o f  R ay le ig h —Mie.

T he K le in —N ishina fo rm ulas ap p ly  to  sc a tte rin g  b y  free  e lectrons, th e re 
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fo re  th e  m odified  sc a tte rin g  fu n c tio n s  o f  a tom s do  n o t obey th e m . As a lread y  
seen , all o f th e m  h a v e  th e  in itia l va lu e  zero for 26 =  0 and , g ra d u a lly  increasing , 
th e y  te n d  to w a rd s  Z  e.u . w ith o u t ac tu a lly  reach in g  it .  I n  o th e r  te rm s, th e  
e lec trons — th o se  in  th e  К -shell excep ted  — h a v e  th e  ten d e n c y  to  c o n tr ib u te  
to  Com pton sc a tte r in g  by  1 u n i t  b u t  c a n n o t reach  th is  lim it below  ce rta in  
va lu es  o f  th e  s c a tte r in g  angle. T his fa c t can  easily  be u n d e rs to o d  from  th e  
b o u n d  s ta te  o f  th e  electrons. I n  c o n tra s t to  free e lectrons, th e re  m u s t be a 
m in im um  "m o u n t o f k inetic  energy  for each a tom ic  e lec tro n  to  be ejec ted  
from  its  o rb it. T h e  am o u n t is g iven  by  th e  io n iza tio n  energy  fo r th a t  o rb it or 
th e  ex c ita tio n  p o te n tia l for one o f  th e  sp ec tra l lines. T he necessary  energy  
tra n s fe r  to g e th e r  w ith  m o m en tu m  tra n sfe r  define  a m in im um  C om pton  sc a tte r 
in g  angle for each  o rb it below  w hich th e  en erg y  tra n sfe r  b y  th e  C om pton  
m echanism  w ould  be to o  low . T h e  to ta l  C om pton  cross-section  o f  an  a to m  o f 
n u m b er Z  is com posed of Z  te rm s  w hich begin  to  rise from  zero  a t d ifferen t 
sc a tte r in g  angles depend ing  o n  th e  p o te n tia l energies o f  th e  elec trons w hich  
th e y  belong to . T h e  superim p o sitio n  o f  such  te rm s  m u st re su lt in  a g rad u a l 
rise  o f th e  C om pton  in te n s ity  cu rv e  in  acco rdance  w ith  experience. W e have 
seen  th a t  th e  C om pton  sc a tte r in g  curve  o f th e  H -a to m  grow s a b ru p tly  from  
0 to  1, also a ffirm in g  our a ssu m p tio n .

The in te ra c tio n  betw een  a n  elec tron  an d  a  p h o to n  n o t m ee tin g  th e  co n 
d itio n  for C om pton  sca tte rin g , c an  follow one o f  tw o  o th e r w ays, i) The p h o to n  
is e ith e r  to ta lly  abso rbed  by  in e las tic  collision (p ho toe lec tric  effect, fluorescence 
ex c ita tio n ), o r, ii) sca tte red  w ith o u t ap p reciab le  energy  tra n s fe r  an d  loss of 
m o m en tu m  b y  a n  elastic  collision  w ith  th e  a to m  as a w hole. W e should  n o t 
ca ll i t  sim ply  th e  elastic  collision as opposed to  th e  “ in e lastic”  C om pton  effect 
as th e y  are som etim es re fe rred  to , because b o th  o f  th em  are e lastic  in  th e  sense 
o f  th e  analogous collisions in  m echanics w ith  co n se rv a tio n  o f  k in e tic  energy  
a n d  m om en ta . T h e  difference b e tw een  th e m  co nsists  in  th e  re la tiv e  m asses o f 
th e  p a rtn e rs  co llid ing  w ith  th e  p h o to n . The a ssu m p tio n  o f  th e  ev e n tu a l e x is t
ence o f e las tica lly  sca tte red  u n m od ified  p h o to n s  does n o t m ean  th a t  th e y  
w ould  he th o u g h t o f  as th e  co m p o n en ts  o f u n m od ified  sc a tte r in g  an d  d iffrac
t io n  by  th e  m acroscopic  sam ple . This w ould  c o n tra d ic t th e  a rg u m en ta tio n  
o f  th is  paper.

6. Conclusions

6.1. All in te ra c tio n s  (collisions) b e tw een  th e  ph o to n s o f  a n  in c id en t X -ra y  
b eam  and  th e  a to m s viz. e lec tro n s of a m a te ria l sam ple are g o v ern ed  b y  th e  
law s o f q u a n tu m  m echanics. T h e  energy and  th e  d irec tio n  o f e m itte d  or s c a t te r 
ed  secondary  X -ra y s  can n o t b e  in d ep en d en t o f  th e  energy  s ta te s  o f  th e  a to m s 
a n d  o f th e  in c id e n t ra d ia tio n . O n th e  o th e r h a n d , th e y  can  be n e ith e r  in f lu 
enced , no r d e te rm in ed  by  th e  in te n s ity  o f th e  unm odified  sc a tte r in g  o f th e
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sam p le  w hich , on i ts  p a r t ,  obeys v e ry  w ell th e  law s o f  classical e lec tro m ag n e
tic  w av e  th eo ry .

6 .2 . X -ra y s  p ro d u ced  by  tr a d it io n a l  m eth o d s in  com m on d iffrac tio n  and  
sp ec tro sco p ic  la b o ra to rie s  are, b y  n a tu re ,  n e ith e r  d e fin ite ly  co heren t, n o r inco
h e re n t. A ll av a ilab le  p rim a ry  an d  seco n d ary  X -ray s  are  capab le  o f  p roducing  
d iffra c tio n  on  a sam p le  i f  th e  la t te r  is se p a ra te d  b y  a c e r ta in  d is tan ce  from  th e  
sou rce  o f  ray s  an d  th e  cond itions fo r F rau n h o fe r  d iffrac tio n  are fu lfilled  in  
th e  m easu rin g  e q u ip m e n t.

6 .3 . T he a to m s an d /o r e lec tro n s do n o t em it classical e lec tro m ag n etic  
d ipo le  ra d ia tio n  u n d e r  th e  in fluence o f  in c id en t w aves. T h e ir a b ility  to  sc a tte r  
u n m o d ified  X -ray s  c a n  be ex p la ined  b y  th e  ana logy  w ith  o p tica l R ay le igh  
s c a tte r in g  o f sm all p a rtic le s  in  th e  in te rp re ta tio n  o f Mie. T he fin a l eq u a tio n s 
o f  M ie are  fo rm ally  id en tica l w ith  th o se  o f an  o sc illa ting  dipole b u t  th e ir  
p h y s ica l c o n te n t is d iffe ren t; th e y  describe  th e  in te n s ity  d is tr ib u tio n  o f  w aves 
n o t p e n e tra tin g  in to  th e  p artic le , y e t  forced  to  change d irec tion .

6 .4 . In  genera l, th e  p ro d u c tio n  o f u n m od ified  sc a tte r in g  an d  d iffrac tio n  
p a t te rn s  b y  single a to m s or b u lk  specim ens is ex p la in ed  by  th e  H u y g e n s— 
F re sn e l p rinc ip le  ap p lied  to  a p e r tu rb e d  co h eren t X -ra y  beam , th e  p e r tu rb a 
tio n s  b e in g  caused  b y  th e  e lectrons o p aq u e  for th e  X -ray s . T he o p a c ity  of 
e lec tro n s  follows from  th e ir  C om pton  sc a tte r in g  an d  abso rb in g  p ro p e rty . T hus, 
th e  tw o  la t te r  p rocesses can  he co nsidered  as th e  cause, an d  unm odified  
s c a tte r in g  an d  d iffra c tio n  as effects, b u t  n o t th e  o th e r w ay  ro und .

6.5. T he “ to ta l”  sca tte rin g  pow er o f  th e  e lec tro n  c a n n o t be accep ted  as 
an in h e re n t c a p a b ili ty  o f  th e  e lec tro n . T h is n o tio n  am a lg am ates  tw o  ty p e s  of 
s c a tte r in g  w hose p h y sica l orig in  is v e ry  d ifferen t. T he C om pton sc a tte rin g  
cross-sec tions o f  th e  a to m s ough t to  b e  deduced  in d ep en d en tly , b y  th e  use of 
th e  K le in  — N ish ina  fo rm u las  and  th e  en erg y  levels o f th e  a tom s. T his, to g e th e r  
w ith  th e  “ tru e ”  a b so rp tio n  c ross-sec tion  m akes a “ to ta l”  consisting  o f  th e  
effects o f  elastic  an d  in e lastic  p h o to n — elec tro n  collisions. This k in d  o f  to ta l  
co llid ing  cross-sec tion  c a n  be th o u g h t o f  as doub led  b y  unm od ified  sc a tte r in g  
(v ia  H u y g e n s’s p rin c ip le ). The o p a c ity  o f  e lectrons being  an  u n q u estio n ab le  
fa c t, th e  B ab in e t p rin c ip le  of o p tics m akes th e  a ssu m p tio n  on th e ir  s im u lta 
neous ra d ia tin g  p ro p e r ty  re d u n d a n t an d  im possible as well.

6 .6 . In  sp ite  o f  a ll th e  above c ritic ism , n e ith e r  th e  re su lts  o f X -ra y  
d iffra c tio n  stu d ies , n o r  th e  ex p e rim en ta l and  m a th e m a tic a l m eth o d s lead ing  
to  th e m , a re  d isp u te d  b y  th e  p re sen t a u th o r . The in te n tio n  of th is  p a p e r  is to  
s ta r t  a  process o f co llec tive  th in k in g  o v er th e  th e o re tic a l fo u n d a tio n s o f  th is  
v e ry  im p o r ta n t  an d  p ro d u c tiv e  d iscip line.

T h e  ideas se t fo r th  in  th is  p a p e r  m igh t ap p ea r p rim arily  in  teach in g . 
In  c e r ta in  d e ta ils , h ow ever, th ey  m a y  lead  to  p ra c tic a l consequences. C erta in ly  
th e re  a re  som e s ta te m e n ts , m a th e m a tic a l d eriv a tio n s, an d  p rac tica l recom 
m en d a tio n s  in  th e  l i te ra tu re  on X -ra y s  w hich have  b een  genera lly  accep ted

Acla Physica Academiae Scientiarum Hungaricae 52, 1982



ORIGIN OF X-RAY DIFFRACTION PART II 87

b u t  n o t rea lly  v e rified  by  ex p erim en ts  a n d  w hich  had  b e e n  in ferred  from  th e  
T hom son  m odel ta k e n  too  lite ra lly .

6.7. T he suggested  change o f a t t i tu d e  to  X -ra y  d iffrac tio n  shou ld  he 
follow ed b y  a c ritic a l su rv ey  o f  th e o re tic a l functions a n d  equa tions u tiliz e d  
in  ev e ry d ay  X -ra y  stu d ies . Such  a w ork co u ld  clear up w h ich  o f th e  e q u a tio n s  
an d  fu n c tio n s shou ld  rem ain  u n v ariab le , ch an g in g  only th e  v e rb a l ex p lica tio n  
of th e ir  c o n ten ts , an d  w hich o f  th e m  shou ld  be su b jec ted  to  som e a lte ra tio n s  
in  th e  q u a lita tiv e  or q u a n tita tiv e  sense o f th e  w ord.
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THE WATANABE MODEL FOR 6LI-NUCLEUS 
OPTICAL POTENTIAL
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Optical po ten tia ls for the scattering  of 6Li projectiles are calculated using the W atanabe 
m odel and a n a - f d  cluster model w ave function for 6Li. Reasonable f i ts  to  the elastic differ
ential cross section and vector polarization are obtained.

1. In tro d u c tio n

C onsidering 6Li as an  a lp h a  partic le  a n d  a d eu te ro n  in  S -s ta te  m o tio n  
an d  each  in  i ts  g round  s ta te ,  (W atson [1]) m odified th e  (W atanabe  [2]) 
d eu te ro n  o p tica l p o te n tia l to  give th e  c e n tra l  p a r t  o f eL i op tica l p o te n tia l  
in  th e  form

V,u ( r ) =  dR  \V(R)  |> R +  K (1.1)

w here  Vx a n d  Vd are  th e  a- an d  d eu te ron -nuc leus o p tic a l p o ten tia ls , R  =

r d
1 2 .

— r  and  r  =  —  r rf =  ■— r  a re  th e  re la tiv e  a n d  cen tre  o f  m ass co o rd ina tes
3 2

o f 6Li and  tp(R) is th e  w ave fu n c tio n  of th e  in te rn a l m o tio n  o f 6Li w hich  is 
ta k e n  as th e  w av e  fu n c tio n  fo r th e  bound s ta te  a t  —1.47 M eV o f th e  follow ing 
p o ten tia l,

F(R) =  V 0

V(R) =  oo , R <  R C0re ,

w ith  th e  p a ra m e te rs  V0 =  — 45.25 MeV, R 0 =  2.0 fm , R core =  1.25 fm  an d  
a =  0.7 fm , W atso n  [1] e v a lu a te d  th e  in te g ra l (1.1) nu m erica lly . H e u sed  
th e  ca lcu la ted  p o ten tia l to  gen era te  sa tis fac to rily  th e  ex is tin g  d iffe ren tia l 
cross section  o f eLi e lastica lly  sc a tte re d  by  d iffe ren t ta rg e ts .

1 +  exp R - R  n -1
+  Ve(R) » R  >  R qo

* Perm anent address: Physics D epartm ent, F acu lty  of Science, M ansoura U niversity , 
M ansoura, E gypt

** P erm anent address: M athem atics and Theoretical Physics D epartm ent, A tom ic 
E nergy E stablishm ent, Cairo, E gyp t
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T h e n  a f te r  ex is tin g  d a ta  on th e  v e c to r  p o la riza tio n  P  (W eiss  e t  al
[3]), a sp in -o rb it p a r t  is req u ired  in  a d d itio n  to  th e  c e n tra l  p a r t , g iv en  b y  
(1.1). W e h av e  e v a lu a te d  b o th  th e  c e n tra l  p a r t  and  th e  sp in -o rb it p a r t  u sin g  
in s te a d  a  sim ple h a rm o n ic  o sc illa to r w av e  fu n c tio n  w h ich  has re su lted  in  a 
single in te g ra l o th e r  th a n  tim e  consum ing  doub le  in teg ra l. M oreover, th e  choice 
o f  th is  sim ple w ave fu n c tio n  p roved  to  be  q u ite  reaso n ab le . The p o te n tia ls  
c a lc u la ted  w ere u sed  to  gen era te  b o th  th e  d ifferen tia l cross section  and  v e c to r  
p o la r iz a tio n  o f  th e  e la stica lly  sc a tte re d  eL i p ro jectiles show ing  a sa tis fa c to ry  
f i t t in g .

2. P o ten tia l ca lcu la tio n
a) The central part

U sing  th e  no rm alized  g round  s ta te  harm onic  o sc illa to r w ave fu n c tio n

¥>(*)
2a I3/4

jt
exp ( — ai?2) , ( 2 . 1)

th e  p o te n tia l, g iven  b y  E q . (1.1) becom es, a f te r  in te g ra tin g  over th e  an g u la r 
d im ensions an d  chan g in g  th e  variab les ,

V u (r) =  4
2a
n -Jo ex P { — 18a(e2 +  r2)} SA(36agr)U.,(g) g d g +

+ I exp { —9 a (e 2 +  r2)/2} SA(9agr) Ud(g)gdg
Jo

( 2 .2)

U sing  th e  o sc illa to r c lu ste r-m o d el w av e  function :

v(R) =
4a ( 2a  I3/4

j/15 ( 71

th e  p o te n tia l, g iven  b y  E q . (1.1), becom es:

R 2 exp  ( — a.R2) (2.3)

Vu(r )
16 a 2 

5 r
2
71* j o ^ ф Ц | ( 8 1 ( г -  e))4 + i - ( 9 ( r -  g))2 +  2^

X exp  [— 18a(r — g)2] —

X

8 i ( r  +  g)4 + 9 (r +  g)2 +
2a

exp [ —18a (r  +  g)2] [ +

+
2

X exp  

X exp

, U r - Q)2+- ha  4 2a
X

(2.4)

- T * - *

~ T { r + e f

-  | т т ( г +  е)‘ +  —16 a
A ( r _ , ) 2  +  J _
4 2a

X
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b) The spin-orbit part

D ue to  th e  lack  of ex p e rim en ta l d a ta  o n  th e  tenso r p o la riza tio n , we sh a ll 
n o t consider th e  sp in  ten so r com ponen ts o f  th e  6Li op tical p o te n tia l. I n  th is  
case, th e  nu c lea r p o te n tia l w ill ta k e  th e  fo rm :

Vu(r) =  Vu(r) =  Fso(r)(l ■ S ) . (2.5)

U sing th e  W atanabe  [2] m odel, we h a v e  e s tim a ted  th e  sp in -o rb it p a r t ,  
Vso (r), averag ing  th e  d -sp in -o rb it in te ra c tio n , Uso _d(rd), o v e r th e  re la tiv e  
m o tion  o f th e  d- an d  а -clusters; i.e.

ŝo(r) = J W(R)\2VSo-Árd)dR. ( 2 .6)

U sing th e  harm onic  o sc illa to r w ave fu n c tio n  (2.1) or (2 .3) and  using  th e  
ap p ro x im a te  re la tio n :

j  W(R. r)R  d R  y>(R, r) r  • R dR

1 ' S Fso(r) =  j  j  dR W(R) \2VS

we get

SO+d
2 R  • r

3 r2

(2.7)

L • S„, (2.8)

w here
L =  — iA (R  Л V*) .

T ak ing  VSQ_d in  th e  T hom as fo rm ; i.e.

we get

w here

VSO- ä ( r ) = U sd0-  ~ f d(r) , 
г dr

1 • S Fso(r) =  ~  Usd0-  (r) L • Sd ,
3 r dr

fu(r) =  J W(R)\2 fä(rd) dR

(2 .9)

( 2 . 10)

( 2 . 11)

a n d / a is th e  rea l p a r t  o f th e  d e u te ro n  nu c lea r p o ten tia l. E q . (2.10) m eans t h a t  
i f  th e  d eu te ro n  sp in -o rb it p o te n tia l  is o f a T h o m as form  w ith  s tre n g th  Usdo. 
th e  6Li sp in -o rb it p o te n tia l w ill also ta k e  th e  T h o m as form  b u t  w ith  a s tre n g th  
reduced  to  1/3 I / sdo a re su lt su p p o rtin g  th e  f re q u e n tly  ex p ec ted  sm aller sp in - 
o rb it p o te n tia l th e  h eav ier th e  p ro jec tile  is. T h e  pro jectile  m ass n u m b er (A) 
dependence o f  th e  sp in -o rb it p o te n tia l  was in v e s tig a te d  (A m akaw a  and  K u bo

[4]) w ith  th e  re su lt th a t  th e  sp in -o rb it p o te n tia l  is alm ost p ro p o rtio n a l to  A ~ 2.
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In se r tin g , for ip(R), th e  form  (2. 1) in to  E q . (2 .10) and ch an g in g  th e  
v a riab les , w e get

(1 • S)fso(r) =  - ~ ~ ( L ■ s a) edefAe){(9ar(e — r) — l)

+  (9ar(p  +  r) 4-  l )  exp ( —  18 arg )}  exp [9a(g  —  r)2/2]
(2 . 12)

In se rtin g , fo r R ), th e  fo rm  (2.3) in to  E q . (2.10) an d  ch an g in g  th e  v a riab le s , 
we get

16a5'2
( l - S ) F so ( r ) = - ^ _ ( L . S d)

w here

F i( r  - Q )  =  r

л  J  0
Qdgfd(e) [Fi(r  — e) +  F 2(r +  e)] , (2.13)

81 Q
—  (r — e)3 +  — (r — e)| "  9a(r — e) X

x |^ (r - ec + i - ( ! (r-,,)*+2- -  ( 8 i ( r  -  Q?  +

+  J _ Í 9 ( r _  e)2 +  J _  
a  I 2a

exp [—9 a (r  -  p)2]

and

^-(r +  e)4 +  -
lo  a

9 1
- Г ( г + 9 ) 2 +  —4 2a

E2(r +  e) =

+  - ^ - ( r  +  p)| +  9 a r ( r  +  e) | - ^ - ( r  +  e)4 +

exp [—9 a(r  +  e)2] .

-  r | - ^ ( r +  e)3 +

3. Results a n d  discussion

W e h a v e  ca lcu la ted  th e  in teg ra l in  E q s . (2.4) a n d  (2.12) for a  n u m b e r 
o f  ta rg e ts  w ith  th e  v a lu e  a  =  0.096 fm ~ 2 w hich  gives a  ro o t m ean  sq u a re
(rm s) fo r 6L i equal to  t h a t  given b y  th e  e lec tro n  sc a tte r in g  d a ta  ( г 2Уи  =
=  2.3 fm . (B u r leso n  a n d  H o fsta d ter  [5], J ackson  [6]). U sing fo r th e  
p o te n tia ls  Va, Vd an d  Usod, th e  phenom enological a- a n d  d-nucleus o p tica l

2 1
p o te n tia ls  a t  E d =  —  E Li an d  E d =  — jg 

3 3
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F o r th e  o p tica l p o te n tia ls , we have used  W oods—S ax o n  p a ra m e tr iz a tio n  
o f  th e  fo rm

V(r) =  -  V0f ( X 0) +  A2 Uso  1 • S —  ^ - f ( X so) - i \ w f ( X J 4 W * f ( X D)\ ,
r dr \ dxD J

(3 .11)
w here

/(*«) =  [1 +  exp  (X ,.)]-1, =  (r — r,- A 1/3)/a,
and

A* =  2.0 fm  .

As a n  exam ple, we p re se n t here th e  p o te n tia l  for th e  elastic  s c a tte r in g  
eL i -|- 58N i a t  E hi =  22.8 MeY. The p o te n tia l  p a ra m e te rs  u sed  are l is te d  in  
T ab le  I.

F o r th e  p a ram e te rs  o f  th e  sp in -o rb it p o te n tia l, th e  geom etrical p a ra 
m ete rs  a re  ta k e n  to  be th e  sam e as tho se  o f  th e  ce n tra l re a l p a r t  o f th e  d -58N i 
sc a tte r in g  p o te n tia l  w hile th e  s tre n g th  is ta k e n  as a free p a ra m e te r .

To see th e  effect o f d iffe ren t form s o f  rp(R) on  th e  fo ld in g  p rocedure , we 
h av e  p lo tte d  th e  fo lded p o te n tia l  for th e  fo rm  (2.1) w ith  a  =  0.096 f m “ 2 an d  
fo r th e  fo rm  (2.3) w ith  a  =  0.11 fm “ 2. F ig . 1 show s th e  fo lded  p o te n tia ls  fo r 
6L i co m p ared  w ith  th e  W oods — Saxon p o te n tia ls  used to  f i t  th e  sam e d a ta  
(W e iss  [3]) from  w hich th e  fo rm er is seen  deeper th a n  th e  la t te r .  This m ak es 
one ex p ec t a deeper p o te n tia l  for av e rag in g  over th e  in te rn a l  m o tion  o f  in d i
v id u a l nucleons th a n  th e  a -p-n  th a n  th e  a -d fo lded p o te n tia l. D ifferen t in te rn a l  
w ave fu n c tio n s  h av e  th e  re su lt  o f ap p ro x im a te  coincidence u n til  r  =  5.5 fm , 
th e n  d e v ia te  m ore an d  m ore  a t  la rger d is tan ces . I t  is th e n  ex p ec ted  th a t  
d iffe ren t w ave functions w ill affect th e  e lastic  sc a tte r in g  d iffe ren tia l cross 
section .

T he p o te n tia ls  c a lcu la ted  for 6L i-nucleus sc a tte r in g  h av e  been  u sed  to  
p roduce  th e  e lastic  s c a tte r in g  cross sec tio n  an d  th e  v e c to r  p o la riza tio n  p  o f 
6Li p ro jec tile s . T he re su lts  o f  th e  ra tio  <y/aR an d  P  are  com pared  w ith  th e  
e x p e rim e n ta l d a ta  (W e is s  [3]) for E u  =  22.8 MeV in c id e n t on 12C, leO, 28Si 
a n d  58N i in  a d d itio n  to  th e  re su lts  for 12C a t  ]ELi =  20 MeV.

Table 1

O p tica l p o te n tia l  p a ram e te r  se ts  fo r  oc(d)—53Ni sc a tte rin g *

Еыь (M„V) V ro “в w ИЪ rw «W

a  68Ni 21 180.7 1.37 0.56 21.9 0 .0 1.37 0.56
a +  MNi 11.8 106.1 1.07 0.81 0.0 16.6 1.36 0.63

* T he d a ta  a re  from  P e r e y  an d  P e r e y  [7 ].
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Fig. la

Fig. lb
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Fig. 1. The radial dependence of the calculated GL i-  58Ni folded optical potential, a) The real 
p a rt calculated w ith two different wave functions and com pared w ith the W oods —Saxon 
po ten tia l used to f it the  sam e scattering d a ta , b) The im aginary p a rt compared w ith the 

Woods — Saxon and c) The spin-orbit potential p a rt

F igs. 2 and  3 show  th e  resu lts  o f  ca lcu la tions w ith  tw o d iffe ren t in te rn a l 
w ave fu n c tio n s for 6L i g iven  b y  E qs. (2 .1) and  (2.3). T h e  gross s tru c tu re , in  the  
sense t h a t  th e  d iffrac tio n  fea tu re  w h ich  ten d s to  a s tru c tu re le ss  lim it  as th e  
ta rg e t  nucleus gets h eav ie r , is rea so n ab ly  produced . H ow ever, i t  is to  be n o ted  
th a t  th e  re su lts  o f ca lcu la tio n s w ith  th e  w ave fu n c tio n  (2.1) describe  b e tte r  
th e  ex p e rim en ta l d a ta , especially  th e  p o la riza tio n  p ,  th a n  do th e  re su lts  of 
ca lcu la tio n s  w ith  th e  w ave fu n c tio n  (2 .3).

O ne m u st, how ever, ta k e  cau tio n . I f  we rem em b er th a t  th e  w av e  func
tio n  p a ra m e te r  defines a rm s rad ius, one  m ay  a t tr ib u te  th e  difference in  resu lts  
to  d iffe ren t rm s rad ii o f  one form  or to  d ifferen t fo rm s w ith  one rm s  rad ius. 
To avo id  th is  puzzle, we p re sen t th e  re su lts  o f ca lcu la tio n  w ith  th e  tw o  form s 
o f  ip(R) g iven  b y  E qs. (2.1) an d  (2.3) h a v in g  th e  sam e rm s rad ius (2 .8  fm ) and  
th e  re su lts  o f ca lcu la tio n  w ith  th e  fo rm  g iven  b y  E q . (2.3) hav ing  tw o  d iffe ren t 
rm s ra d ii (2.8 and  3.99 fm ). The re su lts  are  show n fo r b o th  th e  a n g u la r  d is tr i
b u tio n  o f  th e  ra tio  a/aR a n d  th e  v ec to r p o la riza tio n  p  fo r  6L i—12C a n d  6L i—58Ni 
sc a tte r in g . F igs. 4 an d  5 d isp lay  th e  re s u lt  w hich say  th a t :  while th e  d iffe ren tia l 
cross sec tio n  o f  elastic  sc a tte r in g  c a n n o t produce a d e fin ite  answ er, th e  v ec to r 
p o la riz a tio n  P  is able to  say  th a t  th e  d ifference in  re su lts  is due to  d ifferen t
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Fig. 2. The angular distributions of the ratio o/or calculated with two different wave functions 
for different targets and compared with the experimental data of Weiss [3]

20 60 100 20 60 100 20 60 100 20 60 100 20 60 100
0 cm

Fig. 3. The angular distributions or the vector polarization calculated with two different 
wave functions for different targets and compared with the experimental data
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Table И

O ptical poten tia l param eters for a(d)-nucleus scattering*

ELi (MeV) 
Target 

kx (MeV)

20.0
J*C

22.8
12C

22.8
ieo

22.8
28Si

22.8
“ Ni

23.0 6.67 16.0 7.0 17.2 7.8 18.7 8.0 11.8 21.0

\v 185 103.2 125 130.1 150 118 121 117.4 180.7 106.1

r o 1.4 1.05 1.97 0.9 1.93 1.0 1.55 1.05 1.37 1.07

«0 0.52 0.8 0.5 0.9 0.5 0.6 0.52 0.912 0.56 0.807
W 25.0 9.58 0.0 11.0 0.0 0.0 17.5 0.0 21.9 0.0
WD 0.0 0.0 1.5 0.0 7.5 4.9 0.0 19.7 0.0 16.6

r w 1.4 1.28 1.97 2.1 1.93 1.9 1.55 1.69 1.37 1.35

°w 0.52 0.755 0.5 0.6 0.5 0.6 0.52 0.46 0.56 0.629

* The date  are from P e r e y  and P e r e y  [7].

fo rm s o f  w av e  fu n c tio n s irre sp ec tiv e  o f  th e ir  rm s rad ii. F o r  th is  reaso n  i t  is 
u n q u e s tio n a b le  to  com pare th e  re su lts  o f  tw o  form s w ith  tw o  d iffe ren t rm s 
ra d ii. M oreover, i t  is seen th a t  th e  re su lts  o f  th e  form  (2.1) are b e tte r  th a n  
th o se  g iven  b y  th e  form  (2.3). F o r th is  i t  is enough to  use th e  form  (2.1) in  
our ca lcu la tio n s . T he o p tica l p a ra m e te rs  u sed  are listed  in  T ab le  I I .

W e m a y  conclude th a t :
1. G en era lly  speaking , th e  W a ta n a b e  p o ten tia l is a ffec ted  b y  th e  choice 

o f  th e  fo rm  o f th e  in te rn a l w ave fu n c tio n  o f  th e  p ro jec tile .
2. T he d iffe ren tia l cross sec tion  an d  v e c to r  p o la riza tio n  are no t sen sitiv e  

to  th e  ch an g e  in  th e  v alue  o f th e  rm s ra d iu s  of th e  p ro jec tile  b u t to  th e  fo rm  
o f th e  in te rn a l w ave fu n c tion .

3. T he v ec to r  p o la riza tio n  is m ore sen sitiv e  to  th e  form  of th e  w ave 
fu n c tio n  th a n  is th e  d iffe ren tia l cross sec tion .
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A CORRECTION TO 6Li-WATANARE POTENTIAL
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Using th e  adiabatic approxim ation, an analy tic  expression for th e  correction to  6Li 
W atanahe po ten tia l is obtained. In  addition, we have corrected th is potential th rough  a 
proper choice of the  energy a t which the potential param eters of the constituen ts of 6Li, alpha 
and deuteron, should be taken. The elastic scattering  differential cross section and vector 
polarization of 6Li on 12C, 160 , 28Si and  58Ni are calculated  w ith a corrected  W atanahe po ten 
tial. The results are compared w ith  b o th  experim ental da ta  and the calculated one w ith  un 
corrected W atanahe potential.

1. In tro d u c tio n

U sing th e  W a tan ah e  fo ld ing  m odel, one can n o t in te n d  to  o b ta in  a  good 
f i t  to  th e  e la stic  sca tte rin g  d a ta  since no  acco u n t for ab so rp tio n  m odes is 
inc luded  in  i ts  fo rm u la tio n . W atson  [1] h a s  im proved  th e  f i t  th ro u g h  th e  
m od ifica tio n  o f  th e  im ag in a ry  well. U sing G la u b e r ’s [2] m u ltip le -sca tte rin g  
th e o ry , th e  co rrec tio n  to  th e  W atan ah e  p o te n tia l  was ca lcu la ted  a n a ly tic a lly  
fo r d eu te ro n s [3] an d  tr i to n s  [4]. W e ex te n d e d  th is  m e th o d  to  th e  case o f  eL i 
w ith  th e  re su lt o f  th e  n ecessity  to  m odify b o th  th e  real a n d  im ag in a ry  w ells to  
im prove th e  f i t t in g  o f th e  ca lc u la ted  elastic  sc a tte r in g  d iffe ren tia l cross sec tio n  
o f eLi on 12C, le0 ,  28Si and  ä8N i w ith  th e  ex p e rim en ta l d a ta .

In  ad d itio n , an  a n a ly tic  expression re la tin g  th e  p ro p e r energies o f  b o th  
th e  a- and  d -c lu ste rs  w hich a re  no longer 2/3 b Li and  1/3 E Vl, re spec tive ly , w as 
o b ta in ed . T ak in g  th e  o p tica l p a ram ete rs  o f b o th  th e  a- a n d  d-nucleus s c a t te r 
ing  a t  th e  p ro p e r energies m ad e  some im p ro v em en t in  th e  f i t t in g .

2. The an a ly tica l evaluation  o f the  co rrec tion

In  Gl a u b e r ’s th e o ry , th e  sca tte rin g  am p litu d e  fo r a 6Li p ro jec tile  is 
g iven by.

F(6) — — iK  \ exp (iq • b) [<exp  {i(b, s) }) — l ]  d b , (2-1)

* Perm anent address: Physics D epartm ent, F acu lty  of Science, M ansoura U niversity , 
M ansoura, E gyp t

** Perm anent address: M athem atical and Theoretical Physics D epartm ent, A tom ic 
Energy E stablishm ent, Cairo, E g y p t
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100 A. RABIÉ et al.

where th e  bracket < > denotes the average over the in ternal coordinates of 
eLi neglecting the internal m otion of both  the a- and «/-clusters, b is th e  6Li 
im pact param eter and s is th e  projection o f the vector r d in  the plane per
pendicular to  the direction o f incidence. The phase fu nction  is given b y  [2]

where

*(b- s) =  X* +  Xd

X'W (b) =  K (d) ({V  +  z>yi*) d z

( 2 .2)

(2.3)

and V is the velocity  o f 6Li projectiles. L et us define the 6Li optical potentia l 
VeLi as the effective potentia l yielding a scattering am plitude identical w ith  
th a t g iven  b y  E q. (2.1), i.e.

X * u  (b) = ---- Г* EeLi([62 +  Z2]4'2) d Z , (2.4)
r tv j  —,

where
exp {/ZeLi(b)} =  <exp {ix(b , s)}>. (2.5)

Glauber  [2] has used a sim ilar defin ition  for the optical-m odel phase shifts 
in  his stu d y  o f hadron-nucleus scattering.

Follow ing Glauber , th e  solution o f (2.5) is given by

;*.Li(b) =  2  - ^ - K n ( b ) ,  (2.6)
n=l n -

where
K A b) =  < * ( b ,  s)> <

^г(Ь ) =  < №  8) -  <Z(b- s)>]2> ,

К 3( Ь )  =  <[x(b, s) -  <x(b, s)>]3> , (2Л)
K i(b ) =  <[*(b, s) — <x(b, s)>]4> — 3K |(b ) .

I f  we ignore the distortion o f  6Li during scattering, we are left with the exp an 
sion (2 .6 ) and XeL. w ill reduce to

%«Li(b) =

+

dZx +
( 2 .8)

Changing th e  variable za in  the first integral inside the square bracket by  
z' =  zx -f- 1/3 z and the variable zd in  the second integral b y  z '  =  zda[ +  2/3 z 
and com paring with Eq. (2.4) we get

J M « ) l 2 fci r -  —  R |+  vA г + —  R
1 3 \ 1 l 3

d R , (2.9)
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w hich  is e x a c tly  equal to  th e  W a tan ab e  p o te n tia l. I f  w e express th e  6L i o p tic a l 
p o te n tia l as

V.u(r)  =  Fffi,(r) +  ÔV(r) , (2.10)

th e n  ôV(v ) ch a rac terizes  th e  c o n tr ib u tio n  from  th e  d is to r tio n  and  v ir tu a l  d is
in te g ra tio n  o f th e  6Li in  th e  process of sc a tte rin g .

N u m erica l s tu d ies  w ith  th e  W a ta n a b e  m odel [6, 7] concluded  t h a t  co r
rec tio n s to  th e  rea l p a r t  fo r d eu te rons a re  o f  th e  o rd e r o f  th e  lead in g  te rm . 
Since th e  co rrec tion  to  th e  im ag in a ry  p a r t  is n o t ex p ec ted  to  exceed th e  re a l 
W a ta n a b e  p o ten tia l, we can  safely  assum e th e  series (2.6) to  converge so 
ra p id ly  t h a t  th e  second te rm  is su ffic ien t fo r e s tim a tin g  th e  co rrec tion . I n  th is  
case we h av e

-  - ^ J ” à V ( [ »  +  Z T 2) b, s) -  <*(Ь, 8)>]2̂ > . (2.11)

То o b ta in  an  an a ly tic  exp ression  for E q . (2.11), we sh a ll ta k e  b o th  th e  a- and 
d -nucleus op tica l p o te n tia ls  of th e  G aussian  form

K(<n(T) =  — ( Vo*(d) +  iW Md)) exp ( - r 2/ r 2aW)) . (2 .12)

S u b s titu tin g  E qs. (2.12) an d  (2.3) in to  (2.6), we can , in  princip le , c a lcu la te  
y,;Li (b) u p  to  an y  o rd e r. T he expression  fo u n d  in  th is  w ay  will consist o f  a 
su p erp o sitio n  o f G aussian  fu n c tions, an d  th e  co rrespond ing  G aussian  p o te n tia l  
c an  be im m ed ia ta ly  fo u n d  due to  th e  lin e a r ity  o f E q . (2 .4). I f  we re s tr ic t  o u r
selves to  th e  f irs t  tw o  te rm s  in  E q . (2.6), we fin d  th e  fo llow ing expressions for 
th e  W a ta n a b e  p o te n tia l l T ( r )  an d  its  co rrec tio n  <5FcL.(r)

П)(г) = - u 0
R.,

w here
R 2

exp — 

9

-  U ,0(1
r 0 d

+  ■
2a

Л2

Ra =  rod +

Rd

T
9a

3
exp T*

Ж
(2.13)

(2.14)

U,
and

0 i(d ) 0 r(d) +  iW,0 z(d)

0V 'Li(r) =  — i 71 1

2 hv

I
Otx '0 *

л : 3
exp  (—2r2/Rl)

Uhr,0 d 'Od 4tŐa r ld  U 0i  (foa r0d +  1/ 2 <X. ) 1!‘

R:3

X exp

Xexp ( — 2 r2 R d2) -f-
2 i? '2  I ,-2 R '2 \3 /2  \ r0dn a ~r r 0oc K d ) 1

2(Г; ° +  1 А  -  ( Щ А Ж )  exp ( 2r2jRl)  -  
r0d R* T  r0*K-d

(Ur%d r^d/Ща) exp  ( —2 г2/Щ) —

1 1

' 2  G0 l U 0dr3argd(Ä 2+-R ä)1/2.
R lR 3d

X e x p
m  +  R 2d!

(2.15)
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102 A. RABIÉ et i .

w here
R'a2 =  fő* +  1/9а an d  i?d2 =  r2d +  4/9« . (2.16)

U sing th e  expressions J <d) =  П 3'2 r30<d) U 0a(d) and  <r2>a(d)=  3/2 4 (d)for 
th e  vo lum e in te g ra l and  m ean  square  ra d iu s  o f th e  G aussian  p o te n tia l (2.12) 
th e  vo lum e in te g ra l and  th e  m ean  square  ra d iu s  o f th e  p o te n tia l  Ui°^(r) an d  
its  co rrec tio n  <5 U«;Li(r) are g iven  b y

w here

« (£ )  =  ■

+

and

ß ( E )  =

+

J r Li =  j j f u  (1 -  « (£ )) , J  /Li =  J^ L i (1 +  £ ( £ ) )  , 

J rLI =  J rx +  JRd  > JYu  — JI% -\-J ld i  

3</ad) J ra
+

9<г2>a (<г2я> +  (1/9) < r2d>)

_________ 4 Jffd J / ____________
9<ra>d<r2) d +  (4/9) <r2d> '
________________ 8(«7i?q J Id j  Rd J  la____________________

9(< t2>a +  <r2>d +  <rfd>) (<r2>a +  <r2>d +  <rfd>)

3< r2d> Г J r * -  J l

8 nhv J )Li 9 <r2> a (< r2>a +  (1 /9 )  <rad>)
+

4(J*d -  J?d)
9«r2>d +  (4/9)<r2d» < r 2>d

*J.Rd — J  la Jld)
9«r2>a +  <r2d> +  <rad>) (<y~X +  <r2>d +  (5/9)<r2d>) J

w here

(2.17)

(2.18)

<rl ? ) u — — <r2)a  +  jR d(j2yd +  (1/9) (jfia  +  4 J i?d)<r2d>] ,
J  RU

y (E) =
______ 3
8 nhvJRu(r%)Z

Z J rix J  la ( ri d )

. 9<r2) .
^JRd JId (,Tad)

9<r2>d
+

4(JRgJid +  J / a ^ [ ( t 2)» <?>й +  (!/9 )  <jldy (<r2>d +  (4<г2>д)] 1 

(<^>a +  <r2>d +  <rad>)2 J
4(Jffa  j / d  +  JlaJRd) [< t2) a +  ( l /9 )< r2d) ]  ( ( r 2)^ - f  (4/9) <r2d>) "I 

[(Г2) .  +  ( r 2) ,  +  (5 /9)<r2d>)2 J ’
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Also
<r2/>L. =  <r2,> f t ( l  - 0 ( E ) ) ,

w here

< r /> L i  =  -- ----- [Jla(r2}x +  J l d i ^ d  +  ( 1 /9 )  ( J / a  +  4 J / d) <r2d>] ,
•1/Li

and

3 Г 2<r?d> (Jr* — J j x) 8 ( r‘id) (J ro —
16 hnv J , Li ( r2j } W l  9<r2>, 9<r2) d

, 8(JRxJ Rd J Iя J id) [<^>d (г2) -  +  (l/9)<rgd> ((T2y d +  4<r2„ » ]  _
( < ̂*2> a +  <r2>d +  < 0 ) 2

« ( J * , J m  -  j ,« +  (1/9) <r2d>) (<r2) d +  (4/9)<rfd>) 1

(<^>a +  <»*>d +  (5/9) <r*>ad)3 ’
w here

< Л > = 1  |v (R ) |2 R 2d R .

( 2 .20)

( 2 .21)

To ca lcu la te  th e se  expressions w e assum e th a t  d iffe ren t p o te n tia ls  y ie ld 
in g  eq u a l va lues of th e  vo lum e in te g ra ls  J  and  th e  m ean  sq u are  ra d ii ^ r2̂> 
give an  eq u iv a len t deg ree  of f ittin g . H en ce  we can  use  th e  o p tica l p o ten tia l 
p a ra m e te rs  to  ca lcu la te  th e  expressions (2.17)—(2.20).

3. Em pirical evaluation of the correction

T he o p tica l m odel analysis o f p ro to n  and  n e u tro n  sc a tte r in g  ind ica tes 
th a t  th e  d e p th  of th e  re a l p a r t  of th e  o p tica l p o te n tia l and  hence i ts  volum e 
in te g ra l is lin ea rly  decreasing  w ith  en e rg y , i.e.

J rJ A  — Cn B n E n , (3.1)

w here Cn an d  B n are  p a ra m e te rs  d ep en d in g  on th e  ta rg e t  m ass n u m b e r. The 
sam e c a n  be  fa irly  ex p ec ted  for d eu te ro n s  and  a lp h a  p a rtic le s , i.e.

and
jRdl-A — Cd — B dE d, (3.2)

J rJ A  =  Cx -  B a E . . (3.3)

A ccord ing  to  E q . (2 .17), th e  vo lum e in te g ra l per n u c leo n  of th e  re a l p a r t  of 
6Li op tica l p o ten tia l is

S «-E L1] | i - «J r*u /a ^Li  ~Г С,г -----—
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104 A. RABIÉ et al.

B u t th e  vo lum e in te g ra l per n u c leo n  o f th e  W a ta n a b e  p o te n tia l  is given b y

J r ,u /A  =  Cd — B d E d +  Ca — B x E a . (3.5)

C o m paring  E q s . (3.4) an d  (3.5), one  easily  observes t h a t  i t  is possib le  to  m ake 
th e  vo lum e in te g ra l o f  th e  W a ta n a b e  p o te n tia l e q u a l to  th e  vo lum e in teg ra l 
o f  th e  p o te n tia l, g iven  b y  E q . (3 .4) w hich  ta k e s  in to  accoun t th e  d is in teg ra tio n  
o f  th e  6L i b y  ta k in g  th e  d e u te ro n  a n d  th e  « -p a rtic le  energies n o t a t  1/3 E Li 
a n d  2/3 E Li, re sp ec tiv e ly , b u t  a t  energies re la te d  b y

B x E x +  B d E d =  | | -  B x +  i  B d) E u  +  (Cx +  Cd) « ( E L!) . (3.6)

T his is a straightforw ard ex ten sion  of a m ethod used by M. H . Simbel for 
deuterons and tritons [8].

4. R esu lts  and  discussion

E x p ressio n s (2.17) and  (2 .18) suggest t h a t  we can im p ro v e  th e  f i t t in g  
b y  v a ry in g  th e  d e p th s  o f  th e  re a l a n d  im ag in a ry  p a r ts  o f th e  p o te n tia l. M ore
o v e r , i t  w as fo u n d  th a t  th e  c o rre c tio n  to  th e  m e a n  square  ra d iu s , w hich co n 
ta in s  all th e  g eo m etrica l p a ra m e te rs , is negligible. So, i f  th e  W a ta n a b e  p o te n 
t ia l  is exp ressed  as

v (r) =  Uf(r) +  iwg(r) - f  F s o h(r)(l • s ) , (4.1)

th e  p o te n tia l e x p e c te d  to  im p ro v e  th e  f i t t in g  w ill ta k e  th e  fo rm

F '( r )  =  aUf(r) +  ibwg(r) +  cV s o h(r) I • s , (4.2)

w here  a , b a n d  c a re  f i t t in g  p a ra m e te rs . Figs. 1 a n d  2 rep re sen t th e  resu lts  o f  
th e  ra tio  cr/<JR a n d  th e  vec to r p o la riz a tio n  P  in d u ced  b y  th e  p o te n tia l  (4.1) [12], 
w hereas F igs. 3 a n d  4 d isp lay  th e  re su lts  in d u ced  b y  th e  p o te n tia l  (4.2) w hich 
show  an  im p ro v em en t in  f i t t in g  especially  for th e  v ec to r p o la riza tio n  P. T he 
o p tic a l p o te n tia l  p a ra m e te rs  u se d  a re  lis ted  in  T ab le  I.

C hoosing th e  su itab le  v a lu es  o f  a an d  b, th e  loca tio n  o f  m ax im a an d  
m in im a  is re a so n a b ly  f i t te d  fo r b o th  th e  r a t io  сг/од and  P  as show n in  
F igs. 3 and  4. I t  seem s th a t  th e  p a ra m e te r  b is n o t  su ffic ien t to  p re d ic t co rrec tly  
th e  am p litu d e  o f  th e  osc illa tion . F o r th e  sake o f com parison , we have  c a l
c u la te d  th e  c o rre c tio n  fac to rs a a n d  b accord ing  to  expressions (2.17) an d  
(2.18) using  th e  p a ra m e te rs  o f T a b le  I. The ca lc u la ted  an d  f i t t in g  values a re  
l is te d  in  T ab le  I I .
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Fig. 1. The angular distributions of th e  ratio  calculated according to  th e  a -d cluster
m odel of 6Li. The experim ental da ta  are taken  from [11]

Fig. 2. The angular distributions of th e  vector polarization P calculated according to  th e
a-d  cluster model o f 6Li
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106 A. RABIÉ et al.

Fig. 3. The angular d istribu tions of th e  ratio  o/o# calculated th rough  the corrected W atanabe
po ten tia l

Fig. 4. The angular d istribu tions of the vector polarization  P calculated  through th e  corrected
W atanabe potential
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Table I

O ptical potential param eters for a  (d)-nucleus scattering [10]

Еы (MeV) 20.0 22.8 22.8 22.8 22.8

Target 18C 12C ieo *8Si 58Ni

ЕШЛ) (MeV) 23.0 6.67 16.0 7.0 17.2 7.8 15.7 8.0 21.0 11.8

V 185 103.2 125 130.1 150 118 121 117.4 180.7 106.1

ro 1.4 1.05 1.97 0.9 1.93 1.0 1.55 1.05 1.37 1.07

ao 0.52 0 .8 0.5 0.9 0.5 0.6 0.52 0.912 0.56 0.807
w 25.0 9.58 0.0 11.0 0.0 0.0 17.5 0.0 21.9 0.0

W D 0.0 0.0 1.5 0.0 7.5 4.9 0.0 19.7 0.0 1.66

Tw 1.4 1.28 1.97 2.1 1.93 1.9 1.55 1.69 1.37 1.35
a 0.52 0.755 0.5 0.6 0.5 0.6 0.52 0.46 0.56 0.629

Table II

F ittin g  param eters

Eu (MeV) 
Target

20.0
l*C

22.8
12C

22.8
ieo

22.8
28Si

22.8
58Ni

a b a b a b a b a b

Calculated 0.98 1.47 1.01 1.32 0.98 1.44 1.0 1.03 1.0 1.03
F itting 1.4 1.1 0.3 1.0 0.6 1.0 1.3 0.52 1.0 1.0

C hanging th e  dep ths o n ly  an d  neg lec ting  th e  geom etry  change m ay  be  
a reaso n  for th e  m issed  o p tim u m  coincidence. R ea lly , we h a v e  n o t th is  choice 
o f  v a ry in g  th e  g eom etrica l p a ra m e te rs  o therw ise  we have to  v a ry  9 p a ram e te rs  
for th e  a- and  d -o p tica l p o te n tia ls . This is la rg e  enough to  h id e  an y  p h ysica l 
m ean ing  even w h en  an  o p tim u m  f i t  is a tta in e d .

To d e te rm in e  th e  c o n s ta n ts  R a, B d, Cd a n d  Ca of E q s . (3.2) and  (3 .3), 
th e  vo lum e in te g ra l o f  th e  re a l p a r t  o f b o th  th e  d e u te ro n  an d  th e  a lp h a  p a rtic le  
o p tica l p o te n tia l w as ca lcu la ted  according to  th e  ap p ro x im a te  form ulae [9]

J r = j n R % V 0

4  =  y K 2* ( l  +

1 + 71* cir

R%
7л:2 a \

3 R%

(4.3)

fo r d iffe ren t energ ies. T hen , b y  th e  least sq u a re  m ethod , th e  b e s t values o f  
th e  co n stan ts  t h a t  give th e  b e s t lin ea r d ependence  of E qs. (3 .2) an d  (3.3) a re

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



108 A. RABIÉ et al.

fo u n d . T he o p tim u m  fo rm s a re  found  to  be

J Rd/A  =  973 -  7.6  E d
a n d  (4.4)

J r J A  =  3826 — 17.74 E  .

S u b s titu tin g  th ese  C a n d  В  values a n d  th e  values o f  th e  co rrec tion  p a ra 
m eters  a(a =  1 — a(jE)) in  th e  expression  (3.6), we h a v e  found th e  re la tio n s

17.74 E x +  7.6 E d =  3230 for E„Li =  24.5 MeV 

=  2923 for E eLi =  36.6 MeY 

=  2643 for E .u  =  50.6 MeY

=  1669 for E eLi =  63.0 MeV

for th e  eL i— 12C sc a tte r in g  d a ta  [10].
In  p rin c ip le , a n y  tw o  values of E a a n d  E d sa tisfy in g  a n y  of th e  re la tio n s  

(4.5) a re  ex p ec ted  to  give a f ittin g  o f  th e  sam e q u a lity  as th a t  given b y  co l

i i g .  5. The angular d istribu tions of the ratio  a/aR for 6Li —12C scattering  a t d ifferen t Е ц  
calculated th rough  the  dep th  corrected and the  energy corrected W atanabe p o ten tia l com
pared w ith  th e  noncorrected W atanabe potential. The experim ental d a ta  are taken from  [9]
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Table III

Optical po ten tia l param eter sets for a(d)—12C scattering  [10]

Eu  (MeV) 
E*«f> (MeV)

24.5 36.6 50.6 63.0

a
16.0

d
8.0

a
27.2

d
12.1

a
32.0

d
15.9

a
32.0

d
20.5

V 125.0 132.0 52.5 118.0 71.87 111.7 24.0 108.4

ro 1.97 0.9 1.9 0.97 1.89 0.9 1.99 0.9

«0 0.5 0.9 0.6 0.93 0.45 0.9 0.42 0.84
W 0.0 0.0 6.0 0.0 12.23 0.0 13.0 0.0

WD 1.5 7.73 0.0 9.44 0.0 11.2 0.0 7.46

rw 1.97 1.665 1.9 1.83 1.89 1.92 1.99 1.74

“w 0.5 0.569 0.6 0.47 0.446 0.449 0.42 0.624

Table IV

F itting  param eters

EU (MeV)
24.5 36.6 50.6 63.0

a b a b a b a b

Calculated
F itting

1.0 1.53 
0.4 1.5

0.99 1.06 
0.52 1.2

1.0 1.04 
0.6 0.9

0.98 1.03 
0.94 0.87

re c tio n  th ro u g h  th e  d e p th s . D ue to  th e  lack  of d a ta , w e tr ie d  one se t  fo r  each 
o f th e  fo u r cases. T he re su lts  are show n  in  Fig. 5 fo r th e  tw o co rrec tio n s com 
p a red  w ith  th e  case o f no  co rrec tion . T h e  p a ram e te rs  u sed  in  f i t t in g  th e  d a ta  
are  g iven  in  T ab le  I I I .

F ro m  th ese  p a ra m e te rs  we h av e  ca lcu la ted  a a n d  b according to  exp res
sions (2.17) an d  (2.18). T he c a lcu la ted  an d  th e  f i t t in g  values are  lis te d  in 
T ab le  IV .

T he f i t t in g  p a ra m e te rs  used in  th e  case of co rrec tio n  by  en e rg y  choice 
are  lis ted  in  T ab le  V.

T h e  ra t io  E J E Ll an d  E d/E Li w ere  p lo tted  a g a in s t E u  for th is  d a ta . 
F ig . 6 show s th a t  b o th  ra tio s  begin  w ith  a large value a t  sm all E u  th e n  decrease 
till  i t  re ach es  th e  v a lu e  2/3 a t  E Li *** 220 MeV for E J E hi and th e  v a lu e  1/3 
a t  E Li 124 MeV fo r th e  ra tio  E J E  Li.

F ro m  th e  expressions (2.17) a n d  (2.18) i t  is c le a r  th a t  th e  co rrec tio n s 
to  th e  v o lu m e  in te g ra l p er nucleon  o f  th e  real a n d  im ag inary  p a r ts  o f  th e  
W a ta n a b e  p o te n tia l a re  inverse ly  p ro p o rtio n a l to  _EU a n d  to  th e  t a r g e t  m ass
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Table V

O ptical potential p a ram ete r sets for a (d )— 12C scattering [10]

Eli (MeV) 
Exld) (MeV)

24.5 36.6 50.6 63.0

a
166.0

d
34.4

a
139.0

d
52.0 139.0

d
25.2

a
56.0

d
80.0

V 85.0 91.41 108.1 71.8 108.1 109.0 115.8 60.67

ro 1.34 1.038 1.22 1.25 1.22 0.9 1.5 1.25

«0 0.7 0.788 0.76 0.7 0.76 0.822 0.555 0.666
W 17.7 0.0 16.9 0.0 16.9 0.0 24.0 0.0

WD 0.0 9.75 0.0 11.0 0.0 8.39 0.0 10.06
r w 1.77 1.426 1.85 1.25 1.85 1.545 1.5 1.157
a w 0.52 0.693 0.47 0.7 0.47 0.729 0.4 0.808

n u m b e r  A T T hese sy stem atics  a re  seen in  T ab le  IV  for the  p a ra m e te r  b. W ith  
re sp e c t to  th e  m ass n u m b er v a r ia t io n  these  sy s te m a tic s  are m issed  b o th  w ith  
re sp e c t to  en e rg y  a n d  m ass n u m b e r  v a r ia tio n . T he b rav e  a d o p tio n  th a t  
exp ressio n s (2.17) a n d  (2.18) a re  in d e p e n d e n t o f  th e  form  o f th e  p o ten tia l 
n eed s  ju s tif ic a tio n . T h e  am big u ities  in  th e  o p tic a l po ten tia l p a ra m e te rs  used 
in  ca lcu la tio n s m a y  be a reason . T h e  n o n -e q u a lity  o f  th e  q u a lity  o f  f ittin g  for 
d iffe re n t ta rg e ts  a n d  d ifferen t energ ies and  also  th e  am b ig u ity  in  th e  p a ra 
m e te r  m ay  be a re a so n  for th e  m issed  sy s te m a tic s .

F ro m  T ab le  I I  an d  IV, one n o tices a d ifference  betw een  th e  calcu lated  
v a lu e s  o f a an d  b a n d  th a t  o b ta in e d  b y  th e  f i t t in g  process, w h ich  m ay  be due 
to  th e  use o f th e  a d ia b a tic  a p p ro x im a tio n  in  th e  ca lcu la tions o f  th e  correction .
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y

P h o n o n  S ca tte rin g  in  Condensed M atter

E dited by  H um phrey  J . Maris, P lenum  Press, New Y ork and London 1980

This book is th e  Proceedings of th e  T hird In ternational Conference on Phonon Scatter
ing in  Condensed M atter, held a t Brown U niversity , Providence, Rhode Island (USA), August 
28 — 31, 1979.

R ecent developm ents, like the application of th e  h ea t pulse m ethod and  the new 
“ monochrom atic” phonon generators and  detectors allowed to  carry ou t in  th e  p as t years 
a detailed study of th e  propagation  of phonons and their in terac tion  w ith o ther excitations and 
defects. The works p resented  a t  the Conference show th a t  our understanding of th e  basic 
in teraction  processes has been greatly  im proved due to these new developm ents.

The choice of th e  inv ited  talks indicates th a t the m ost active area in the  s tu d y  of phonon 
propagation  is the phonon transm ission across interfaces (K ap itza  resistance) and  th e  phonon 
propagation  in elastically anisotropic m ateria ls (phonon focusing). As for th e  scattering  pro
cesses, particular a tten tio n  was paid to  th e  study  of phonon scattering  in  am orphous materials 
(the  in teraction  of phonons and the tunneling  states) and to  th e  phonon scattering  b y  electrons 
in  semiconductors. R ela ted  topics include spin-phonon and  phonon-phonon in teractions, the 
stu d y  of the role of phonons in phase tran sition  problems and  in  helium and  th e  new tech
niques for generating and  detecting phonons.

The book gives an  up-to-date account of the research done in the field  of phonons.

J .  SÓLYOM

S tatistica l Physics, P a r t  2 (T heory  of th e  Condensed S ta te )

E. M. Lifshitz and L. P. P itaevskii 
Pergam on Press, Oxford 1980, 387 pages

W ritten  about th e  quantum  theo ry  of the condensed s ta te  of m atter, th is  book con
s titu te s  Volume 9 of th e  fam ous “ Course of Theoretical Physics”  by L . D . L a n d a u  and 
E . M. L if s h it z .

Though not am ong the authors, L a n d a u ’s creative genius is clearly fe lt throughout 
th e  volum e. His original works form th e  basis of several C hapters like the one on Ferm i liquid 
theory , superfluidity, e tc. A t the same tim e, however, the m ost im portan t resu lts relevant 
to  the  topics included in  th is book as produced by  the rap id  developm ent of th e  field  in the 
p as t 20 years are also adequately  accounted for by the authors.

Chapter I  deals w ith  the theory o f norm al Fermi liquid. In  Chapter I I  th e  m ost impor
ta n t  m athem atical m ethod  of present-day sta tistical physics, th e  Green’s function  formalism 
is in troduced and discussed in detail for Ferm i systems a t  zero tem perature. Superfluidity 
is th e  subject m atter of C hapter I I I . The m ain characteristics of quantum  Bose liquids are 
trea ted  here as well as th e ir  Green’s functions and the diagram  technique applicable to  their 
approxim ate calculation. C hapter IV contains details of th e  Green’s function technique a t 
non-zero tem perature. C hapter V is devoted to  superconductivity . Description of the  micro
scopic theory  of a superfluid Ferm i gas is followed by the G inzburg —Landau theory  of super
conductiv ity  in  m etals. C hapter VI has the  title : “ Electrons in  the crystal la ttice” . After
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in troducing  the concept o f Bloch electrons th e  effect of m agnetic field on the electrons in the 
la ttice  is given detailed trea tm en t. C hapter V II, w ritten abou t magnetism  sta rts  w ith  deriving 
the classical equation of m otion of the m agnetic m om ent in  a ferrom agnet. Magnons are dealt 
w ith  subsequently. M icroscopic theory  is based on the H eisenberg H am iltonian. The last 
tw o C hapters are abou t electrom agnetic and  hydrodynam ic fluctuations. Previously electro
m agnetic  fluctuations in  m aterial m edia were the subject o f Volume 8 of th e  Course. The 
reason for the change has been th a t using th e  Green’s function  formalism the theory  could be 
presen ted  in  a much sim pler manner.

This book has been  intended for postgraduate s tuden ts  in theoretical physics. By 
v irtu e  o f its clear style and  the easily comprehensible w ay of presenting the m ain physical 
ideas, however, it  can be recom m ended to  a m uch wider audience: to  last-year undergraduates 
in  physics as well as to  chem ists and non-theorist physicists.

P. SzÉPFALUSY
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ABSORPTION SPECTRA OF Mn2+ IN MANGANOAN
CLINOZOISITE

B. J .  R e d d y  and K . B . N . Sarma

SPECTROSCOPIC LABORATORIES, S. V. UNIVERSITY, TIRUPATI — 517502, INDIA

(Received 19. V. 1981)

E P R  and optical absorption studies are reported  on m anganoan clinozoisite for th e  
firs t tim e. The E SR  spectrum  shows a six-line transition  due to  Mn2 + ion and  gives g ^  2.00 
and  A  «=> 8 4 x l 0 -4 c m -1. An intense resonance line a t  g =  4.7 is identified as due to  Fe3+. 
The optical absorption spectrum  of clinozoisite m ainly consists of six hands, located a t  
15380, 18510, 20400, 23520, 25180 and  34470 cm -1. The bands a t 20400 and 25180 cm -1 
are assigned to *At , aE(G) and *E(D) s ta tes, respectively, since they  are sharp and do no t 
show any shifts on cooling to 80 K . The o ther bands a t 15380, 18510, 23520 and 34470 cm -1 
are assigned to 1T 1(G), 2 * 4T.,(G), aT2(D) and  *A2(F )  s ta tes, respectively, due to  spin-forbidden 
transitions of Mn2 + sited in a d istorted  octahedron of oxygen atom s. The crystal field p a ra 
m eters which gave a good fit to the observed band positions are В  =  683 cm -1 , C =  2714 cm -1 
and Dq =  683 cm -1 .

1. In tro d u c tio n

D ollase [1] refined  th e  c ry s ta l s tru c tu re  o f  clinozoisite , (^^ A lg S ig O ^O H ). 
Langer  an d  R aith  [2] s tu d ied  th e  in fra red  sp ec tra  of A1—F e I I I  clino- 
zoisites. Tsang an d  Ghose [3] re p o rte d  th e  E P R  and  o p tica l sp ec tra  o f a 
b lu e  zoisite w hereas Schmetzer [4] s tu d ied  th e  ab so rp tio n  o f  a ch ro m ian  
zo isite . As n e ith e r  op tica l n o r E S R  sp ec tru m  o f m an g an o an  clinozoisite  is 
re p o rte d , th e  a u th o rs  to o k  u p  th e  p resen t in v es tig a tio n .

Tsang an d  Ghose [3] suggest th a t  Mn2+ ions in  zoisite  occupy  one of 
th e  Ca sites p re fe rab ly  Ca (I) p o s itio n  in  ag reem en t w ith  ionic ra d iu s  an d  charge 
considera tions. A  s im ila r s itu a tio n  ex ists in  clinozoisite  in  w h ich  M n2+ m igh t 
be s ited  in  Ca (1) p o sitio n  w ith  oxygen  a tom s as ligands in  a s lig h tly  d is to rted  
o c ta h e d ra l sy m m e try  (C a—0  =  0.242 nm ).

2. E xperim en ta l

P in k  coloured  clinozoisite co llected  from  a open-cast m ica  m ine in
R a p u r  ta lu k  of N ellore d is tric t, A. P ., In d ia , w as u sed  in  th e  p re se n t w ork. I ts  
a b so rp tio n  sp ec tru m  w as reco rd ed  in  th e  m ull fo rm  a t room  te m p e ra tu re  in  
th e  ran g e  200 — 2000 nm  on a C ary  — 17D sp ec tro p h o to m e te r  a n d  on a D M R  — 
21 sp ec tro p h o to m e te r . R oom  a n d  low  te m p e ra tu re  sp ec tra  o f  th e  c ry s ta l
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(0.7 m m  th ick ) w ere also reco rded  in  th e  w av e len g th  reg io n  300—950 n m  on 
a  m ed iu m  q u a rtz  sp ec tro g rap h  on O R W O  film  (27 D in) a n d  K o d ak  IN  p la tes 
fo r 5 to  80 m in u tes . F ro m  th e  m ic ro p h o to m etric  pro files o f  th e  h an d s  a n d  iron 
sp e c tru m , th e  w av e len g th s  an d  o sc illa to r s tre n g th s  o f  th e  b an d s w ere  d e te r
m in ed . T he b a n d  po sitio n s o f th e  sam ple  observed  b y  d iffe ren t devices a re  found  
to  ag ree  v e ry  closely. E P R  sp ec tra  o f  th e  sam ple w ere reco rded  a t  ro o m  an d  
low  te m p e ra tu re s  on  a Je o l X -b a n d  E S R  sp ec tro m e te r . M anganese and  
iro n  w ere d e te rm in ed  q u a n ti ta t iv e ly  on  a V arian  T e c h tro n  A A-6 A tom ic 
A b so rp tio n  sp ec tro m e te r . T he c linozoisite  sam ple is fo u n d  to  c o n ta in  0 .38%  
o f M n an d  0 .045%  o f F e  b y  w eigh t. So th e  observed  ab so rp tio n  sp ec tru m  m igh t 
be a t t r ib u te d  to  M n in  th e  sam ple.

3. T heory

T h e  M n2+ ion  h a s  th e  electron ic  co n fig u ra tio n  A (3ds) w here A  s ta n d s  for 
th e  closed argon  shell. T h is c o n fig u ra tio n  gives rise to  th e  free ion  te rm s  °.S 
a n d  4G a n d  severa l o th e r  q u a r te t  a n d  d o u b le t s ta te s  o f  w hich  6S  is th e  g round  
s ta te . I n  an  o c tah ed ra l c ry s ta l fie ld  eS  tran sfo rm s as ®Hlg(S) w hereas 4G sp lits  
in to  4H lg(G) +  iE g(G) +  4T 2g(G) +  4T lg(G). O f th ese , th e  eA lg(G) lies low est ac
co rd in g  to  H u n d ’s ru le . T h u s all th e  ab so rp tio n  b an d s  o f Mn2+ re su lt from  th e  
sp in -fo rb id d en  tra n s it io n s .

4. R esu lts  an d  analysis

4.1. E P R  measurements

T h e E P R  sp ec tru m  of m an g a n o a n  clinozoisite  in  pow der fo rm  w as ob
serv ed  a t  300 К  (show n in  Fig. 1) a t  9.287 G H z. N o sig n ifican t changes were 
o bserved  in  th e  sp ec tru m  a t  80 K . T h e  E P R  sp ec tru m  o f clinozoisite h as  a six- 
line M n2+ cen tra l t r a n s it io n  b ro ad en ed  an d  gives g  =  2.002 +  0.005 an d  
A  =  (84 +  4 ) x W ~ 4 c m “ 1. T he e x p e rim en ta l va lues o f  g  an d  A a re  in  general 
ag reem en t w ith  Mn2+ values for zo isites [3] an d  fo r o th e r  oxides [5]. T he in 
te n se  resonance  line on  th e  left w as id en tif ied  as F e 3+ because o f th e  lack  of 
h y p e rfin e  sp littin g . T h is p eak  a t  g =  4.7 a t  1400 G in  th e  figure m u s t be due 
to  a n  ion  w ith  S  =  5/2 in  a s tro n g ly  asy m m etric  p o te n tia l as w as f irs t  de
m o n s tra te d  b y  C a s t n e r  e t  al [6].

4.2. Optical absorption studies

T he op tica l a b so rp tio n  sp ec tru m  o f clinozoisite  a t  300 К  reco rd ed  on 
C ary-17D  sp e c tro p h o to m e te r  for n u jo l m ull o f th e  sam p le  is show n in  Fig. 2. 
T h e  room  te m p e ra tu re  sp ec tru m  consists  of b ro ad  b a n d s  a t 15 380, 18 510 and
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23 520 c m -1  a n d  sharp  b a n d s  a t 20 400 (px), 25 180 ( r2) and  34 470 c m -1 . 
O ptica l s tu d ies  a t  low te m p e ra tu re  on m ed iu m  q u artz  sp ec tro g rap h  fo r c ry s ta l  
fo rm  (F ig . 3) in d ica te  t h a t  th e  firs t tw o  sh a rp  bands (jq an d  v2) do n o t  show  
a n y  sh ifts w hereas th e  f i r s t  tw o b ro ad  b a n d s  show re d sh if t. T herefo re , th e  
tw o sharp  b a n d s  are a ssigned  to  tra n s it io n s  from  eA 1(S)  to  4A 1T iE(G) an d

wavelength ( nm )

Fig. 2. Trace of the spectrophotom etric record  of clinozoisite in  mull form a t 300 K .

Acta Physica Academiae Scientiarum Hungaricve52,1982

Fig. 1. E P R  spectrum  of clinozoisite powder a t  300 K.
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Fig. 3. Trace of the m icrophotom etric profiles of abso rp tion  spectrum of clinozoisite at 300 К
and 80 K.

Fig. 4. Energy level diagram of Mn2+ in clinozoisite in  an  octahedral sym m etry  plotted as a 
function  of the c ry s ta l field param eter Dq with В =  683 c m -1 and С =  4B . The solid circles 

show th e  experim ental energies a t 300 K.
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4F ( ß ) ,  resp ec tiv e ly  (su ffix  g is o m itte d ) . The c ry s ta l fie ld  d ep en d en t bands 
w hich  show  red  sh ifts a re  assigned acco rd ing ly  to  4T 1(G) an d  4T 2(G) s ta te s .

T he values of В  an d  C are ca lcu la ted  from  th e  solu tions o f  T a n a b e — 
S u g a n o  equ a tio n s from  th e  expressions [7]

vl =  F ( 4A „  iE(G) -  E f A J S ) )  =  1 0В  +  5C,

r2 =  E(4E(D) -  EfAJS))  =  17В +  5C

a n d  fo u n d  to  be В  =  683 c m -1 , C =  2714 c m -1  an d  C /ß  is n ea rly  4 .0 . E n erg y  
m atrices  for d5 co n fig u ra tio n  in  o c ta h e d ra l field are  so lved  on an  IB M  co m p u te r 
for d iffe ren t Dq v a lues an d  g raph  d raw n  betw een E / В  and  Dq/B  (show n in 
F ig . 4). F ro m  energy-level d iag ram  th e  bands a t  22 220 and  23 520 c m -1 are 
assigned  to  4T 2(ß )  s ta te  an d  th e  b a n d  a t  34 470 c m -1  to  i A 2(F)  s ta te .  A  good 
f i t  o f th e  ex p e rim en ta lly  observed  b a n d  positions is o b ta in ed  fo r Dq/В  — 1.

5. D iscussion

A n in te re s tin g  fe a tu re  was o b se rv ed  for th e  b a n d  a t  20 435 c m -1  w hen 
s tu d ie d  w ith  inc id en t po larized  lig h t in  tw o m u tu a lly  p e rp en d icu la r d irec tions. 
F o r one o f th e  p lanes o f  v ib ra tio n , th e  b an d  w as o b serv ed  to  sp lit in to  tw o 
(20 164 an d  19 788 c m -1). I t  has b een  suggested  b y  K oide an d  P ryce [8] 
th a t  iA l(G) s ta te  lies low er th a n  4F(G ) s ta te  by  ab o u t 100 c m -1 . T h e  b an d s a t 
20 164 an d  19 788 c m -1  are , th e re fo re , a ttr ib u te d  to  iA l(G) and  4F(G ) s ta te s , 
re sp e c tiv e ly . T he m easu red  osc illa to r s tren g th s  (T able I) for some o f  th e  bands

Table I

O bserved wavelengths, w avenum bers and oscillator strengths, calculated energies and  assign
m en t of bands for Mn2+ in clinozoisite (Dq =  683 cm -1, В  =  683 cm -1 and  С =  4B)

Observed band positions Cary — 17D 
Spectrophoto

meter 
At 300 К

Calculated 
band posi

tions 
(cm-1)

Assignment 
w.r.t. the 
ground 
state

*A(S)

Recorded on medium quartz spectrograph

at 300 К at 80 К

Wave
length
w

Wave
number
(cm-1)

Oscillator 
strength 
(/X 10«)

Wave
length
w

Wave
number
(cm-1)

Oscillator 
strength 

(/X 10-«)

Wave
length
w

Wave
number
(cm-1)

642.1 15 570 5.1 643.1 15 545 4.0 650 15 380 15 531 4 77(G)
523.3 19 104 536.5 18 634 3.0 540 18 510 18 728 ‘Tjj(G)
489.2 20 435 19.5 489.2 20 435 13.0 490 20 400 20 490 lA v  *E(G)
453.12 22 063 4.3 453.12 22 063 3.8 450 22 220

426.0 23 468 427.2 23 402 7.8 425 23 520 23 680 *Tt(D)
413.2 24 195 413.2 24 195
396.6 25 214 0.3 396.6 25 214 0.2 397 25 180 25 271 iE(D)

290 34 470 34 150 4d 2(F )
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a re  low  as ex p ec ted  fo r sp in -fo rb id d en  tra n s itio n s  [9] and  a re  o f  th e  sam e o r
d e r  as re p o rte d  fo r  M n2+ in a s ilica te  [10]. T he v a lu es  of В  a n d  C for Mn2+ in 
th e  clinozoisite  a re  s im ila r to  th o se  observed  fo r silicates b y  Ma n n in g  [11]. 
T h e  observed  a b so rp tio n  sp e c tru m  does n o t possess th e  fe a tu re s  of M n3 + 
sp e c tru m  in ep id o te  [12] w hich h as  a  sim ilar s tru c tu re  as clinozoisite . The good 
ag reem en t b e tw een  ex p erim en ta l a n d  th e o re tic a l s tud ies ju s tif ie s  th e  assign
m e n t o f clinozoisite  b a n d s  to  M n2 + . F u r th e r , th e  observed  E P R  sp ec tru m  has 
s im ila r  fea tu res  as observed  b y  Sa r a sw a t  an d  U p r e t i  [13] a n d  U p r e t i [14] 
fo r M n2 + . F o r  th e  p in k  coloured sam p le , th e  E S R  a n d  op tica l ab so rp tio n  s tu 
d ies in d ica te  th e  p resen ce  of M n2+ in  clinozoisite  s ited  in a s lig h tly  d is to rted  
o c ta h e d ro n .
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ELECTRICAL PROPERTIES OF AgTlSe2 
SEMICONDUCTOR IN THE LIQUID STATE

A . H . Abo u  E l  E la and N . A bdelm ohsen

PHYSICS DEPARTMENT, ISLAMIC GIRLS COLLEGE, NASR CITY, CAIRO, EGYPT 

(Received in  revised form 24. V II. 1981)

The electrical conductiv ity  and  therm oelectric pow er of AgTlSe2 have been investigated 
as a function of tem peratu re  from 390 °C up to 508 °C. The experim ental d a ta  are analyzed in 
term s of a model developed for the density  of states and  electrical tran sp o rt in  solid am orphous 
semiconductors (М отт [12]). Positive therm oelectric pow er suggests a large predom inance of 
holes in electrical conduction. I t  appears th a t the conduction is due to holes in localized sta tes 
near the hand edge.

1. Introduction

M uch tim e  an d  resea rch  h av e  been d e v o ted  to  u n d e rs ta n d  th e  p ro p ertie s  
of liqu id  sem iconducto rs. T h e  ph y sica l c h a ra c te r  o f liqu id  sem iconducto rs p u ts  
th e m  in  an  in te rm e d ia te  p o sitio n  betw een  sev era l o th e r classes o f m a te ria ls : 
liqu id  m eta ls , m o lten  sa lts  a n d  am orphous solids. V arious m odels w ere su g 
gested  for liq u id  sem ico n d u cto rs  [1 — 8], an d  th e  m ost com prehensive  a t ta c k  
on th e  th e o re tic a l p roblem s posed  by  th e  ex istence  of liq u id  sem iconducto rs 
has been  m ade b y  М отт [1, 2 ]. Mott [2] a n d  Cutler [5] h a v e  show n th a t  
liqu id  sem iconducto rs h av e  a special re la tio n sh ip  to  solid am orphous sem i
co nducto rs, th e  fa c t th a t  th e re  is a liqu id  r a th e r  th a n  a solid h a s  no  sign ificance 
in  m an y  aspec ts  o f e lec tron ic  b eh av io u r, since th e  tim e  scale fo r m an y  ty p e s  
o f electron ic m o tio n  is m uch  fa s te r  th a n  fo r a to m ic  m otion , a n d  th e  sam e co n 
cep ts or theo ries a ie  app licab le .

O f all th e  p h ysica l p ro p e rtie s , th e  e lec tron ic  tra n s p o r t  p a ram e te rs  are  
th e  m ost d is tin c tiv e  ones fo r liq u id  sem iconducto rs. The a im  o f th e  p resen t 
c o n tr ib u tio n  is to  in v e s tig a te  th e  electrical co n d u c tiv ity  a n d  th e rm o e lec tric  
pow er of A gTlSe2 te rn a ry  sem ico n d u cto r in  th e  liqu id  s ta te . A gTlSe2 possesses 
a chalco p y rite  s tru c tu re  [9, 10], an d  its  m e ltin g  p o in t is 328 °C. R ecen tly  t e r 
n a ry  ch a lco p y rite  sem ico n d u cto rs  have  a t t r a c te d  a g rea t dea l o f a tte n tio n  
because  of th e ir  possib le a p p lica tio n s  in  e lec tro -o p tica l dev ices [11] an d  in 
fra red  d e tec tio n  an d  gen era tio n .
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2. Experimental techniques

A gT lSe2 sam ples w ere p rep a red  b y  m eltin g  th e  p ro p e r  am oun ts o f  h igh ly  
p u re  co m p o n en t e lem en ts (99.999% ) o b ta in e d  from  G oodfellow  M etals Co. 
T h e  m a te r ia l  w as sealed  in  ev acu a ted  q u a r tz  tu b es  a t  10 ~ 3 P a  an d  h e a te d  a t 
1200 °C fo r 12 hours w ith  freq u en t ro ck in g  to  ensu re  ho m o g en iza tio n  o f  th e  
m elt. T h en  th e  tu b es w ere quenched  in  ice to  o b ta in  th e  sam ple  in th e  am o r
phous s ta te . T he solid m a te r ia l is th e n  h e a te d  in in e rt a tm o sp h e re  u n til  i t  m elts 
a n d  th e n  is tra n sfe rre d  to  th e  m easu rin g  cell.

T h e  m easu rin g  cell w as m ade fro m  a ceram ic m a te r ia l  an d  w as f i t te d  
w ith  g ra p h ite  e lec trodes, h e a te r  and  th e rm o co u p les  fo r a c c u ra te  m easu rem en ts  
o f te m p e ra tu re . T he w o rk in g  space b e tw een  th e  e lec trodes was m ade h igh ly  
hom ogeneous an d  th e  sp ac in g  b e tw een  th e  electrodes w as 10~4 m . M easure
m e n ts  o f  th e  e lec trical c o n d u c tiv ity  w ere  ca rried  ou t u s in g  a highly  s tab ilized  
pow er su p p ly , a sen sitive  v o ltm e te r  a n d  a sensitive g a lv an o m ete r cap ab le  of 
m easu rin g  c u rre n ts  as low  as 10 ~9 A.

3. Results and discussion

F igs. 1 an d  2 show  th e  te m p e ra tu re  dependence o f  t h e  electrical co n d u c
t iv i ty  a n d  th e rm o e lec tric  pow er in  th e  liq u id  s ta te  from  390 °C up to  508 °C. 
In <7 a n d  S  a re  found  to  be lin ea r w ith  1 /T  on ly  a t low  te m p e ra tu re s , a n d  th e  
a c tiv a tio n  energy  d e te rm in ed  from  th e  slope of In a v e rsu s  1/T in  th e  low 
te m p e ra tu re  region is fo u n d  to  be =  0.54 eV. F o r h ig h e r  te m p e ra tu re s  th e  
a c tiv a tio n  energy  becom es te m p e ra tu re  d ep en d en t a n d  decreases w ith  te m 
p e ra tu re . T h e  te m p e ra tu re  dependence  o f  th e  th e rm o p o w er w hich is p o sitive  
y ie ld s a s lig h tly  low er v a lu e  for th e  a c tiv a tio n  en erg y  E s — 0.5 eV. P o sitiv e  
values o f th e rm o e lec tric  pow er in d ic a te  a la rge  p red o m in an ce  o f ho les in 
«dectrical tra n s p o r t .

T h e  m easu red  t r a n s p o r t  d a ta  can  be in te rp re te d  in  te rm s o f th e  m odel 
dev e lo p ed  b y  Mott [12] a n d  D avis a n d  Mott [13] fo r  a solid am orphous 
sem ico n d u c to r. A ccord ing  to  th is  m odel, th e  e lec tron ic  s tru c tu re  o f  energy  
b an d s  is n o t s ig n ifican tly  d ifferen t from  th a t  in  th e  co rrespond ing  c ry s ta l. 
T h e  m a in  d ifference is t h a t  th e  e lec tron ic  s ta te s  a t th e  b a n d  edges a re  ta iled  
in  th e  fo rb id d en  gap a n d  becom e localized . T herefo re , th e  co nduc tion  m ech
an ism  changes rad ica lly  from  c ry s ta llin e  to  am orphous s tru c tu re . To ex p la in  
th e  p o sitiv e  sign of th e  th e rm o e lec tric  p ow er u su a lly  observ ed , i t  is supposed  
th a t  th e  ra n g e  of localized  s ta te s  in  th e  co n d u c tio n  b a n d  is w ider th a n  in  th e  
valence  b a n d .

Tw o co n d u c tio n  p rocesses m ay  o ccu r: (a) co n d u c tio n  due  to  holes ex c ited  
in  e x te n d e d  s ta te s  a t  E v; (b) co n d u c tio n  due  to  holes e x c ite d  in  localized  s ta te s
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n e a r  th e  b a n d  edges w ith  an  a c tiv a te d  m o b ility , in  th e  la t te r  case th e  a c tiv a 
t io n  energy o f  th e  e lec trical c o n d u c tiv ity  (Ea) m u s t be s lig h tly  h igher th a n  
t h a t  o f th e  th e rm o p o w e r (Es). In d e e d , th e  a c tiv a tio n  energy  o f  th e  co n d u c ti
v i ty  is com posed o f  tw o  te rm s : th e  a c tiv a tio n  en erg y  for c a rr ie r  c rea tio n  a n d  
fo r  ca rrie r h o p p in g , w hile th e  a c tiv a tio n  en erg y  o f th e rm o p o w er only  includes 
th e  one for c a rr ie r  c rea tio n  [14].

T he p re se n t re su lts  show  th a t  E a =  0 .54 eV is s lig h tly  h igher th a n  
E s  =  0.5 eV, th e re fo re , th e  co n d u c tio n  m ech an ism  m ay  be a t t r ib u te d  to  holes 
e x c ite d  in  lo ca lized  s ta te s  n e a r  th e  b a n d  edges w ith  an  a c tiv a te d  m o b ility . 
M o tt  [12] an d  Cu t l e r  [15] h a v e  show n th a t  w h en  th e  a c tiv a tio n  energy  fo r 
th e  hole m o b ility  is sm all co m p ared  w ith  th e  energy  gap, th e  electrical co n 
d u c tiv i ty  m ay  be  expressed  as

cr =  o'о exp
E f - E

k T ( 1 )

w h ere  th e  v a lu e  o f  a Q varies s tro n g ly  w ith  th e  co n d u c tio n  process and  can  be 
d e te rm in e d  fro m  th e  in te rc e p t o f  log a cu rv e  a t  1/T  =  zero, an d  is eq u a l to  
130 (Í2-1  • m -1 ). M oreover, (E F — E v) d ep en d s on th e  te m p e ra tu re  a n d  is 
g iv en  b y

E P - E V =  E (0 ) -  y T  . (2)

F ro m  E qs. (1) a n d  (2) one o b ta in s

a =  <70 ex p  (y/к) exp ( —E(0)jkT)  (3)

w ith  E a E s , th e  te m p e ra tu re  coefficient y,  w hich  gives th e  te m p e ra tu re  
d ep en d en ce  o f  th e  energy  g ap , m a y  be c a lc u la ted  d irec tly  from  th e  th e rm o 
p o w er w hich is g iven  by

S
к
e

E p  — E v 
kT

k^  JE(0)
кт

(4)

w h ere  th e  av e rag e  energy  o f th e  tr a n s p o r te d  hole is k T A  m easu red  w ith  re 
sp e c t to  E v a n d  th e  v alue  of A  d ep en d s on th e  n a tu re  of th e  sc a tte r in g  process. 
I f  A  is know n, у  c a n  be d e te rm in e d  from  th e  in te rc e p t on th e  1 /T  =  zero ax is 
o f  a p lo t o f S  v e rsu s  1/T. F ro m  E q s. (1) a n d  (4) one o b ta in s  th e  re la tio n  b e 
tw e e n  a an d  S

a =  a0 exp (5)
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I t  is c lear from  F igs. 1 an d  2 t h a t  log  a an d  S  v a ry  lin ea rly  w ith  1 jT,  
in  th e  low  te m p e ra tu re  ran g e , in  acco rdance  w ith  E q s. (3) a n d  (4). T he s tra ig h t 
line e x tra p o la te d  to  1 /T  =  zero yields S 0 — (—y  -|- kA)le.  Mott a n d  D avis

[14] an d  Cu t l e r  an d  Mott  [15] have show n th a t  th e  k in e tic  te rm  A  is o f  th e  
o rd er o f u n i ty  fo r d iso rdered  s tru c tu re s . I n  th e  p resen t d iscussion, w e assum e

Fig. 3. log (electrical conductiv ity) versus therm oelectric power for liquid AgTlSe2.

A  =  1, th e n  th e  value o f y  fo r liqu id  A gTlSe2 is found  to  be  0.56 X 10 ~4 eV /K . 
Mott [14] h a s  a t tr ib u te d  th e  lin ea r decrease of th e  gap w ith  increasing  te m 
p e ra tu re  to  th e  fa c t th a t  th e  difference b e tw een  th e  d is tan ce  from  one a to m  
to  n ea re s t a n d  n e x t n ea re s t n e ig h b o u r decreases.

F ig . 3 show s th a t  th e  dependence o f  log  a versus S  is lin ear in  th e  low  
te m p e ra tu re  ran g e , in  acco rdance  w ith  E q . (5). T he b e h a v io u r of F igs. 1, 2 
an d  3 a t  h ig h  te m p e ra tu re s  m a y  be a t t r ib u te d  to  th e  effect o f th e  te m p e ra tu re  
on th e  en erg y  gap. The lin e a r  decrease o f th e  gap m ay  g ive rise to  th e  t r a n s i 
tio n  from  sem ico n d u ctin g  to  m eta llic  b e h a v io u r ex p ec ted  a t  h igher te m p e ra 
tu re s  [14, 16]. As th e  gap c o n tra c ts  w ith  increasing  te m p e ra tu re , th e  ta ils  o f 
th e  co n d u c tio n  an d  valence b an d s  becom e m ore  p ro n o u n ced  an d  th e  a c t iv a 
tio n  energy  is low ered. A t su ffic ien tly  h igh  te m p e ra tu re s , th e se  ta ils  o v erlap  
lead ing  to  a filling  in  of th e  gap  an d  th e  d isap p earan ce  o f  localiza tion . C onse
q u en tly , th e  e lec trical c o n d u c tiv ity  show s a w eak  te m p e ra tu re  dependence  
an d  th e  th e rm o e lec tric  pow er should  a p p ro a c h  zero.
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GAIN MEASUREMENTS IN THE H e -I +  LASER

A . T a s z n é k  and  J .  W o j t k o w i a k

INSTITUTE OF PHYSICS, UNIVERSITY OF GDANSK, 80—952 GDANSK, POLAND 

(R eceived in revised form  22. V III. 1981)

The gain of some visible transitions of th e  excited iodine ion was exam ined using fre
quency selective absorption technique. This m ethod  can be used to  find optim um  discharge 
param eters in the lasing m edium . As an exam ple the positive colum n He —1+ system  was 
studied. The results were com pared w ith a sim ple theory of discharge radiation propagating 
along the axis of the discharge tube.

In tro d u c tio n

A b so rp tio n  m eth o d s  are  co n v en ien t to  d e te rm in e  m an y  p a ra m e te rs  of 
gas lase rs, such  as th e  p o p u la tio n  densities , atom ic te m p e ra tu re , a b so rp tio n  
coeffic ien t a t  th e  cen tre  o f  line an d  th e  o th e r  p a ra m e te rs . U sing as a n  exam ple  
th e  p o sitiv e  colum n H e —1 + laser, th e  m e th o d  p re se n te d  here  offers a sim ple 
w ay  to  sea rch  for new  la se r  tra n s itio n s  a n d  confirm s th e  p resum ab le  excita- 
ta t io n  m echan ism s o f th e  lasing  levels.

T he H e —1 + laser sy stem  is a w ell know n  m ix tu re , in  w hich la se r  oscilla
t io n  w as o b ta in ed  using  b o th  th e  ho llow -cathode d ischarge  [1—4] a n d  th e  
po sitiv e  co lu m n  d ischarge [5—7]. F ow les and  J e n s e n  [6] an d  Sh a y  e t al.
[8] h av e  suggested  th a t  th e  th e rm a l — energy  charge  tra n s fe r  re a c tio n  b e 
tw een  th e  helium  ion s ta te  2S 1/2 and io d in e  a to m  g ro u n d  s ta te  2P 3/,2 is th e  do
m in a n t p rocess for th e  p o p u la tio n  o f som e excited  io d ine  ion  s ta te s  be long ing  
to  th e  5s2 5р л (2Z)°) 6p  co n fig u ra tio n  (sh o rtly  6p')  [9]:

He+ -f- I(gr0UIUj state) ~1* He +  I + +  Д Е  . (1)

Л Е  is th e  energy  defect b e tw een  laser levels 1P 1, 3H J2 a n d  3Р 2/з an d  th e  h e 
lium  ion g ro u n d  s ta te , re spec tive ly . P i p e r  an d  W e b b  [2] found  la se r  oscilla
t io n  from  th e  6p  1D 2 level w hich  has a n eg a tiv e  energy  defect fo r p rocess (1). 
T h ey  p ro p o sed  a new ch arg e  tra n sfe r  p rocess for th e  levels  ly ing  above  th e  ion 
g ro u n d  s ta te  as is show n below

He+ -f- J*(metastable) ~► He +  I+* — A E  i (2)

w here 1* d eno tes m e ta s ta b le  excited  s ta te  5p 52P 1ji .
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F o r th is  re a c tio n  AE  is p o s itiv e . F o r th e  effective io n iza tio n  of H e fa s t 
e lec tro n s are  d es ired . This co n d itio n  is easily  av a ilab le  in  a ho llow -cathode 
d isch arg e  in  w h ich  no sa tu ra tio n  o f th e  lase r p ow er vs d isch arg e  cu rren t w as 
o b se rv ed  [2]. T h is  is c o n tra ry  to  th e  b eh av io u r o f  th e  laser p o w er in  p ositive  
c o lu m n  d ischarge . I n  th is  re p o r t  th e  laser line  in ten s itie s  vs d ischarge  c u rre n t 
fo r  vario u s h e liu m  pressures a n d  th e  gain  o f  th e  th re e  s tro n g e s t laser lines 
h a v e  been d e te rm in e d  ex p e rim en ta lly . T he g a in  o f all m easu red  lines w as 
co m p ared  w ith  o u r  ca lcu la tions, u sing  a sim ple  m odel of positive-co lum n  d is
c h a rg e  ra d ia tio n .

Fig. 1 show s th e  e x p e rim e n ta l se t-up . T h e  laser tu b e  w as sim ilar to  a 
co n v en tio n a l H e  —1 + positive co lu m n  laser [7]. T h e  tu b e  w as 1.5 m long a n d
3.5 m m  bore. T h e  m olecular sieves 5A (U nion C arb ide) w ere u sed  for abso rb ing  
m o lecu la r io d ine  in  th e  oven a n d  in  th e  fro n t o f th e  c a th o d e . T he reservo ir 
o f  m olecular sieves loca ted  in  f ro n t  o f th e  c a th o d e  w as cooled  by  liq u id  
n itro g en . T h e  te m p e ra tu re  o f  th e  oven w ith  m olecular iod ine was m e a 
su re d  by  a th e rm o co u p le  a n d  w as carefu lly  con tro lled . T h e  laser tu b e  w as 
p la c e d  in  a co p p e r tu b e  to  e lim in a te  ex te rn a l th e rm a l f lu c tu a tio n s . Cold a lu 
m in iu m  ca th o d e  o f  h igh  p u r i ty  w as used. B ro a d  b a n d  m irro rs  o f 2 m  rad iu s  
o f  c u rv a tu re  a n d  re flec tiv ities  o f  100%  an d  9 8 %  w ere p laced  a t  a d istance  o f 
180 cm  w hile m easu rin g  th e  la se r  pow er. F o r  th e  gain  m easu rem en ts  a f la t  
m ir ro r  of ^ 1 0 0 %  re f le c tiv ity  w as used . A C arl Zeiss Je n a  SPM -2 g ra tin g  m o n o 
c h ro m a to r w as u sed .

F o r th e  o b se rv a tio n  o f th e  in te n s ity  o f la se r lines a n d  th e  gain of lines 
th e  freq u en cy  se lec tive  te c h n iq u e  w as em ployed . Choppers 1 an d  2 (F ig . 1) 
a t  a freq u en cy  f  =  270 H z a n d  a selective n a n o v o ltm e te r  m odel “ U n ip a n ”  
ty p e  237 w ere used. T he signal from  th e  F E U -3 8  p h o to m u ltip lie r  was se t a t  
th e  selective n a n o v o ltm e te r . F o r  th ese  m easu rem en ts  a tim e  c o n s ta n t of 10 s 
w as used. T h e  in te n s i ty  of 540.7 n m , 576.0 n m  an d  612.7 n m  la se r oscillations 
w as recorded  w h e n  chopper 1 w as sw itched on . I t  allow ed to  m easu re  th e  la se r  
oscillations w ith o u t an y  noise.

P rin c ip le  of m easu rem en t

chopper 2 chopper 1 I monochromator

SPM-2

mirror 2
digital
voltmeter

mirror 1 
selective 
nanovoltmeter

photo
multiplier

Fig. 1. Experim ental set-up.
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Gain s tu d y  of d ifferen t 1+ lines

M easu rem en ts of gain as a function  o f  d ischarge c u rre n t fo r th e  cw la se r 
tra n s it io n  o f I + a t  540.7, 567.8, 576.0 an d  612.7 nm  an d  fo r  th e  524.6 an d  
533.8 nm  non-lasing  tra n s itio n s  w ere p erfo rm ed . The m easu rem en ts  w ere c a r 
ried  ou t using  th e  d ifferen tia l m e th o d  of lig h t in te n s ity  reco rd ing . In  th e  la s in g  
sy stem  each frag m en t of th e  a c tiv e  d ischarge is assum ed to  be  a source of lig h t. 
S uch  a s itu a tio n  w ith  n o n -th e rm a l d is tr ib u tio n  was p rev io u sly  d iscussed  
b y  A ll e n  an d  P e t e r s  [10]. T h e y  m easured  th e  gain o f th e  H e — Ne p la sm a  
using  severa l tu b e s  o f d ifferen t len g th . Sil f v a s t  and D e e c h  [11] and  F o w les  
an d  S ilfv a st  [12] m easured  th e  gain coeffic ien t o f th e  H e -m e ta l v ap o u r p u lsed  
laser in  sm all d ischarge  tu b es b y  m eans of am p lified  s tim u la te d  em ission (A SE ) 
m easu rem en t. I n  ou r case one long  d ischarge tu b e  was u sed . T o  ca lcu la te  th e  
to ta l  gain  coeffic ien t one can  use a simple m o d e l w hich ta k e s  in to  accoun t th e  
d ivergence o f  th e  A SE ligh t a t  th e  d istance “ 2” .

T he coeffic ien t к o f th e  fo u r lasing lines an d  tw o non-lasing  lines is d e 
fin ed  as

к =  d / / J 0, (3)

w here I 0 d en o tes  th e  in te n s ity  o f  selected lin e  w hen ch o p p er 1 is sw itched  on  
(see F ig . 1) a n d  th e  m irro r is rem oved . A I  d en o tes  th e  in te n s i ty  of re sp ec tiv e  
line w ith  ch o p p e r 2 sw itched on . F o r th is case  a f la t m irro r w ith  a re f le c tiv ity  
R  =  100%  w as used.

T he lig h t in te n s ity  o b serv ed  from  th e  e lem ent d V  =  S  ■ dx, w here S  is 
th e  tu b e  a rea , a f te r  covering d is tan ce  x  can  b e  ta k e n  as

d l 0 =  k' Ar (L 0 -F h — x)~2 • e x p  [a(L0 — x)] ■ d*  , (4)

w here k' is th e  c o n s ta n t p ro p o rtio n a l to  th e  lig h t in te n s ity  ra d ia te d  from  th e  
e lem ent S ■ da: o f  th e  d ischarge colum n, L 0 is th e  laser tu b e  leng th , h is th e  
d is tan ce  b e tw een  th e  tu b e  e n d  an d  th e  e n tra n c e  slit o f th e  m o n o ch ro m ato r 
an d  x  is th e  to ta l  average g a in  coefficient. S u b s titu tin g  z =  L ;l 4- h —■ x  in to  
(4), th e  in te g ra tio n  of th e  fo rm u la  gives th e  to ta l  in te n s ity  o f  A SE

I 0=fc 'exp( — xh)-  f + ” e x p  (ocz) ■ z-2 • da]. (5)

W hen  th e  f la t  m irro r is used, th e  t o t a l  active le n g th  is equal to  2L 0 
T he in te n s ity  d ifference can  be easily  c a lc u la ted  from  E q . (6)

A I  =  k '  ex p  ( —xh) f ”+ ex p  (xz) • z-2 d z . (6)

A I  is th e  in te n s i ty  of th e  m easu red  ligh t, w h en  th e  ch o p p e r p laced in  f ro n t 
o f th e  f la t  m irro r  o f re f le c tiv ity  R  =  100%  w as sw itched  on. F o r th is  case

2 Acta Physica Academiae Scientiarum Hungaricae 52, 1982



132 A. TASZNER and J . WO.JTKOWIAK

Fig. 2. G raphical transfo rm ation  of the fc(a) coefficient.

th e  in te n s i ty  7 U is n o t m o d u la ted  so i t  is n o t  m easu red  in  th e  value o f  A S E . 
S u b s titu tin g  E q s . (5) a n d  (6) in to  E q . (3), a f te r  sim ple ca lcu la tions, o n e  can 
o b ta in  coeffic ien t к  as g iven  in  (7)

к — ° j exp  (a  ■ 2) • z~2 dz j  j L° ' exp (a • z) ■ z-2  dz. (7)

T h e  coeffic ien t k(x) for L 0 =  1.4 m  an d  h — 0.4 m w as n u m erica lly  c a lc u la ted  
a n d  is show n in  Fig. 2.

R esu lts and  discussion

All m easu rem en ts  w ere m ade fo r one  iodine p re ssu re . Fig. 3 show s th e  
in te n s i ty  o f  la se r  lines as a fu n c tio n  o f  d ischarge  c u r re n t fo r various h e liu m  
p ressu res . T h e  in te n s ity  o f la se r  lines in  th e  c u rren t c h a ra c te r is tic  show s a  sa 
tu r a t io n  c h a ra c te r  an d  th e  m ax im u m  o f  in te n s ity  decreases w ith  in c rea s in g  
h e liu m  p ressu re . In  th e  H e —1 + d ischarge  th e  laser levels p o p u la tio n  d ep en d s 
on  e lec tro n  energy . D u e  to  th e  increase o f  th e  b u ffe r gas pressure b o th  th e  
e lec tro n  k in e tic  energy  an d  th e  ra te  o f th e  ch a rg e -tran sfe r  ex c ita tio n  decrease. 
I t  is in  acco rd an ce  w ith  th e  re su lt o f Mori e t  al [12], i.e . th e  e lectron  te m p e 
r a tu re  d ecreases w ith  th e  in crease  o f h e liu m  pressure  in  po sitiv e  co lu m n  H e- 
m e ta l v a p o u r  la se r d ischarge.

F ig . 4 p re sen ts  th e  p a r t ia l  d iag ram  o f  I  + energy leve ls  w ith  th e  s tu d ie d  
tra n s it io n s . F ig . 5 show s th e  coefficient x  fo r  lasing a n d  non-lasing  lines (dash  
cu rves). T h e  v a lu es  o f  x  w ere  o b ta in ed  u s in g  th e  k(x) tra n s fo rm a tio n  show n 
in  F ig . 2 a n d  from  th e  ex p e rim en ta l d ep en d en ce  of th e  к va lu e  as a fu n c tio n  
o f  d isch arg e  c u rre n t.
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Fig. 3. Laser line in tensity  as a function  of discharge current.

As can  be  seen from  F ig . 5 th e  coeffic ien t x  show s a  ty p ic a l s a tu ra t io n  
fo r th e  c u rre n t range  300—400 mA. T h e  coefficient x  fo r  non-lasing  lines, 
p a r tic u la r ly  fo r 524.6 nm , show s an  in v e r te d  behav iour.

T he resonance  shape o f  th e  coeffic ien t fo r 524.6 n m  line  is caused  p ro b 
ab ly  b y  h e lium  ion  collisions w ith  m e ta s ta b le  iodine a to m s , w hich p o p u la te  
th e  3P 2 s ta te . T he a n tisy m m e tric a l shape o f  th e  « coeffic ien t fo r th e  524.6  n m  
line , to g e th e r  w ith  th e  com parison  of th e  «  v a r ia tio n  for th e  la se r  lines, sugg ests  
th e  in fluence  o f th e  3P 2 s ta te  on th e  la se r levels v ia  in e la s tic  collisions.
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Fig. 4. P artia l energy-level diagram of 1+ w ith  the transitions studied.

Fig. 5. T he 'ga in ’ coefficient as a function  of discharge current. Solid curves: 1 — 540.7 nm ; 
2 — 576.0 nm ; 3 — 567.8 nm; 4jJ— 612.7 nm (lasing transitions). D ash curves: a —[533.8 nm ; 

;b —_524.6 nm  (non-lasing transitions).

T he a b so rp tio n  m e th o d  described allow s to  e s tim a te  th e  m ag n itu d e  o f 
th e  average  g a in  coefficient. T h is m eth o d  is s im ila r to  th e  se lf-abso rp tion  m e 
th o d  developed  b y  H a r r i s o n  [14], in  w hich  one discharge tu b e  and  a re fle c tiv e  
m irro r  w ere u sed . B r o w n  a n d  D u n n  [15] em ployed  th is  m e th o d  to  d e te rm in e  
th e  p o p u la tio n  densities o f  th e  m e ta s tab le  h e lium  a to m s. I n  th is  m e th o d  th e  
se lf-ab so rp tio n  in  sm all le n g th  d ischarge tu b e s  (a few cen tim e te rs) w as c o n 
sidered . G o t o  e t  al in tro d u c e d  th e  m od ified  ab so rp tio n  m e th o d  to  d e te rm in e  
a to m  or ion  den sitie s  in  c a ta p h o re tic  ty p e  p o sitiv e  co lum n gas discharges [16]. 
T h is m e th o d  w as app lied  in  som e fu r th e r  ex p erim en ts  [17 ], [18] as well.
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In  th e  ex p erim en ts  re fe rred  to  above sm all d ischarge tu b e s  h a d  to  be  
u sed  a n d  i t  w as a tte m p te d  to  c re a te  th e  sam e cond itions o f  d ischarge  p a ra 
m ete rs  as in  re a l la se r tu b es. A s ou r aim  w as to  s tu d y  sp e c tra l lines w here  no 
considerab le  a b so rp tio n  is ex p ec ted  we could  u se  a rea l lase r tu b e .

T h e  m e th o d  allows to  se lec t th e  o p tim u m  v alue  o f th e  m irro r  tra n sm is 
sion  fo r a given la se r  tu b e . I t  can  help  to  fin d  th e  b es t d ischarge  cond itions fo r 
d iffe ren t tra n s itio n s  w hich are  ex p ec ted  to  be  la se r  lines. I t  also  allow s to  ca l
c u la te  th e  av erag e  gain  coeffic ien t in  an y  la se r tu b e .

F in a lly , know ing  th e  v a lu e  of th e  x  coeffic ien t, i t  c a n  h e lp  search  fo r 
new  la se r o scilla tions in  th e  la se r  tu b e s  u su a lly  em ployed. T h e  a p p a re n t d raw 
b a c k  o f th e  m e th o d  is th a t  th e  coeffic ien t x  is ca lcu la ted  in d ire c tly  from  th e  
re su lts  o f m easu rem en ts . H ow ever, i t  allow s to  tra c e  q u a lita tiv e  changes of 
th e  coeffic ien t in  v a rious cond itions.

R E FE R E N C E S

1. J .  A. P ip e r , J .  Phys. D, 7, 323, 1974.
2. J .  A. P i p e r  and  C. W e b b , IE E E  J . Q uantum  E lectron, QE — 12, 21, 1976.
3. J .  A. P ip e r , O pt. Commun., 19, 189, 1976.
4. К . R o zsa , M . J a n o s s y , J . B e r g o u  and L. Cs il l a g , O pt. Commun., 23, 15, 1977.
5. S. H a t t o r i , H . K a n o , H. T o k u t o m e , G. J . C o l l in s  and  T. G o to , IE E E  J .  Q uantum  Elec

tron ., QE-10, 530, 1974.
6. G. R. F o w l e s  and  R . C. J e n s e n , Appl. O pt., 3, 1191, 1964.
7. T. G o t o , H. K a n o , N. K o s h in o , J .  K . M iz e h a c z y k  and  S. H a t t o r i , J .  Phys. E ., 10, 292,

1977.
8. T. S h a y , H. K a n o  and G. J . Co l l in s , Appl. Phys. L e tt., 26, 9, 1975.
9. Ch . M. Mo o r e , Atom ic Energy Levels (N ational B ureau  of S tandards, W ashington, 1952)

3, 109, 1972.
10. L. A l l e n  and G. I. P e t e r s , J . Phys., 4, 564, 1971.
11. W. T. S Il f  v a s t  and  J . S. D e e c h , Appl. Phys. L e tt., 11, 97, 1967.
12. G. R . F o w l e s  and  W. T. S il f v a s t , Appl. Phys. L e tt., 6, 236, 1967.
13. M. M o r i, T . G oto  a n d  S. H a t t o r i, J .  Phys. Soc. J a p a n ,  43, 662, 1976.
14. J .  A. H a r r is o n , Proc. Phys. Soc. London, 73, 841, 1959.
15. P . G. B r o w n e  and  M. H. D u n n , J .  Phys. В 6, 1103, 1973.
16. T. G o t o , M. M o r i  and  S. H a t t o r i , Appl. Phys. L e tt., 29, 358, 1976.
17. T. A r a i , T. Y a b u m o t o  and T. G o t o , IE E E  J . Q uantum  Electron., Q E —14, 374, 1978.
18. K . T a k a su , T . G oto an d  S. H a t t o r i, P h y sica , 980, 125, 1979.

Acta Fliysica Academiaв Scientiarum Hungaricae 52, 1982



I



Acta Physica Academiae Scientiarum Hungaricae, 52 (2), pp . 137— 142 (1982)
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W ide line P ro to n  Magnetic R esonance spectra of a hum an  urinary  b ladder stone pow der 
a t  several tem peratures (in the range 77 К  to 298 K) and its  IR  spectra (a t 77 К  and 298 K ) were 
recorded and analysed. The PMR spectrum  a t 77 К  was a b road  signal and a t  143 К  it  exhibited 
tw o signals, one b road  and one narrow  superimposed on each other. The line w id th  of the 
b road  signal and its  second m om ent value rem ained co n stan t up to 298 К  and  th is signal was 
iden tified  as due to  th e  protons of w ater molecules in th e  sample. The narrow  signal was a t t r i 
b u ted  to  the protons of N H 4 group in  th e  sample and reduction  in the value o f its  second m o
m en t a t  higher tem peratures has been in terpre ted  as due to the hindered ro ta tion  of N H 4 
group. The IR  spectrum  a t 77 К  has shown the presence of О —H . . . 0  bonds in  the sam ple.

Introduction

T h e im p o rtan ce  o f th e  s tu d ie s  on th e  s t ru c tu ra l  aspects  o f  th e  bio logical 
m a te r ia ls  is s tre ssed  b y  m an y  w o rk ers  [1—5]. T h e  s tu d y  o f m o lecu la r a rra n g e 
m e n ts  an d  p h ase  tra n s itio n s  in  u r in a ry  b la d d e r  s to n e  an d  th e  effect o f vario u s 
p h y s ica l fac to rs on  th e se  solid dep o sits  can  be o f  g rea t value in  u n d e rs ta n d in g  
th e  fo rm a tio n  o f  th e  stone a n d  p ro b a b ly  help  in  th e ir  p re v e n tio n  an d  e lim ina
tio n . I n  th e  p re se n t in v es tig a tio n , in fra red  (IR ) a n d  p ro to n  m ag n e tic  resonance  
(P M R ) sp ec tro sco p y  tech n iq u es w ere em ployed  in  th e  analysis  o f  a b lad d e r 
s to n e  w ith  th e  fo llow ing o b jec tiv es: (i) IR  s tu d ie s  w ere u n d e r ta k e n  to  id e n tify  
th e  chem ical n a tu re  o f th e  s to n e  a n d  assess th e  s tre n g th  o f a n y  possib le h y d 
ro g en  bonds since hydrogen  b o n d s  are  know n to  p la y  a s ig n ifican t ro le in  d e 
te rm in in g  th e  g ro u p  s tru c tu re  a n d  shape o f  th e  b iom olecules, (ii) W ide line 
P M R  stud ies h a v e  been u n d e r ta k e n  w ith  a v iew  to  d e te rm in e  th e  re la tiv e  
p o sitio n  of th e  h y d ro g en  a to m s a n d  also to  id e n tify  th e  n a tu re  an d  ty p e  of 
w a te r , i f  any , so t h a t  th e  s t ru c tu ra l  fea tu res  o f  th e  stone  a re  m ore clearly  
u n d e rs to o d .

E xperim en ta l

A  sam ple o f  u r in a ry  b la d d e r  stone w as o b ta in ed  fro m  th is  I n s t i tu te  
H o sp ita l. The s to n e  was dried  u n d e r  v acu u m  a t  room  te m p e ra tu re  a n d  pow 
d e red  finely . T h e  sam ple  p o w d er w as m ixed  w ith  K B r an d  p re ssed  in to  a th in  
d isc  u n d e r p ressu re  an d  its  I R  sp ec tru m  w as reco rd ed  a t  298 К  in  th e  ran g e  
6 5 0 —4000 ( x l O 2 m -1 ) w ith  a  P e rk in —E lm er m odel 257 sp ec tro p h o to m e te r .

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



138 В. KRISHNAN and A. SRINIVASA RAO

T h e  I R  sp ec tru m  o f th e  sam ple w as also reco rded  a t  77 К  b y  keeping th e  sam ple 
w ith  a  cold fin g er w h ich  w as k e p t in  liq u id  n itro g en . F o r  th is  p u rp o se  th e  
sp e c tru m  w as ta k e n  o f  n u jo l m u lled  p a s te  sandw iched  betw een  tw o  K B r 
p la te s . T h e  K B r p e lle t m e th o d  does n o t give a good sp ec tru m  a t low te m p e ra 
tu r e  b ecau se  of la rg e  sc a tte r in g  a n d  p oor th e rm a l c o n ta c t.

T h e  P M R  sp e c tru m  o f th e  sam p le  w as reco rd ed  using  V arian  w ide  line 
sp e c tro m e te r  o p e ra tin g  a t  an  R . F . freq u en cy  o f 6.95 M H z. The m o d u la tio n  
fre q u e n c y  em ployed  in  th e  ex p erim en t w as 80 H z. T h e  signals w ere reco rd ed  
u s in g  con tin u o u s a v e rag in g  te c h n iq u e  on a sm all c o m p u te r  hav ing  1024 ch an 
nels. A ccu m u la ted  d a ta  w ere tra n s fe r re d  to  an  X —Y  reco rder. T he f i r s t  deri
v a tiv e s  o f th e  P M R  a b so rp tio n  sp e c tra  o f th e  b la d d e r sto n e  pow der w ere  re 
co rd ed  a t  v a rious te m p e ra tu re s ,i .e . from  77 К  to  298 K . T he line w id th  o f th e  
re so n an ce  a b so rp tio n  signal (defined  as th e  in te rv a l b e tw een  th e  m ax im u m  
a n d  m in im u m  slopes o f  th e  ab so rp tio n  curve) w as d e te rm in ed  from  th e  f irs t 
d e r iv a tiv e  cu rve . W h en ev e r tw o  signals are  sup erim p o sed  on each o th e r , th e y  
a re  s e p a ra te d  o u t b y  e x tra p o la tio n  [6] an d  th e  second m om en t of each  curve 
w as ca lcu la ted  b y  g rap h ica l in te g ra tio n  [7] an d  co rrec ted  fo r th e  e rro r due  to  
m o d u la tio n  am p litu d e . T h is m e th o d  w ould  n o t affect th e  value of th e  second 
m o m e n t s ig n ifican tly  even  th o u g h  th e  line shape  is u n c e rta in  a t  or n e a r  th e  
c e n tre  o f  th e  reso n an ce  line w here th e  c o n tr ib u tio n  to  th e  second m o m en t is 
sm all.

R esults an d  discussion

I R  studies

T h e  b an d s  o b serv ed  in  th e  I R  sp ec tru m  o f th e  s to n e  pow der w ere su p er
im p o sab le  on th e  b a n d s  fo u n d  in  th e  I R  sp ec tru m  of p u re  m agnesium  am m o 
n iu m  p h o sp h a te  [8]. I n  th e  sam ple p o w d er th e re  is a b ro a d  h an d  in  th e  region 
2900 — 3500 ( X 102 m -1 ) an d  its  c en tre  is a ro u n d  32 00 ( X 102 m -1). A co m p ari
son  o f  th e  I R  sp e c tru m  o f th e  sam ple  w ith  th e  s ta n d a rd  I R  sp ec tru m  o f  m ag 
n es iu m  am m onium  p h o sp h a te  an d  th e  o b se rv a tio n  o f  a b ro ad  an d  d iffused  
b a n d  in  th e  reg ion  2900 — 3500 ( x l O 2 m -1 ) suggests t h a t  th e  p resen t sam ple 
is m ag n esiu m  am m o n iu m  p h o sp h a te  h e x a h y d ra te  as th is  is th e  com m only  
o ccu rrin g  h y d ra te d  fo rm  o f th is  com pound . As th is  is id e n tif ie d  as an  h y d ra te d  
one, th e  b a n d  cen te red  a ro u n d  3200 ( x l 0 2 m _1) m a y  be a t tr ib u te d  to  th e  
p resen ce  o f (O — H  . . . O) bonds as wrell as (N —H  . . . O) bonds.

P M R  studies

T h e  f irs t  d e riv a tiv e  o f th e  P M R  ab so rp tio n  sp e c tru m  o f th e  sam p le  re 
co rd ed  a t  77 К  an d  a t  room  te m p e ra tu re  (298 K) are  show n in  F igs. 1 an d  2. 
A t 77 K , th e  PM R  sp e c tru m  show s a v e ry  b ro ad  signal o f line w id th  18.66
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X 1 0 ~4 tes la . A n a d d itio n a l n a rro w  line o bserved  in  th is  sp ec tru m  is an  a r tifa c t 
a n d  found  to  be  d u e  to  th e  p ro to n s  o f condensed  w a te r  on th e  p ro b e  assem bly . 
A s th e  te m p e ra tu re  is increased , th e  line w id th  rem ain ed  c o n s ta n t u p  to  143 K . 
A t 143 K , tw o s ig na ls, one b ro a d  (1 4 .00X lO -4 te s la ), th e  o th e r  n a rro w  (4.77

Fig. 1. F irst derivative tracing of th e  PM R absorption line of the sample powder a t 77 K .

Fig. 2. F irst derivative tracing  of th e  PM R  absorption lin e 'o f the sample pow der a t 298 K.

X l 0 -4 tesla) w ere observed . O n fu r th e r  increase  o f  te m p e ra tu re , th e  v alue  o f 
n a rro w  signal line w id th  was fo u n d  to  be decreased  (from  4.77 X l0 ~ 4 te s la  
a t  143 К  to  2.39 X 10 ~4 tesla  a t  298 K ) while th e re  w as no ap p rec iab le  change 
in  th e  line w id th  o f  b ro ad  signal.

T he ap p ea ran ce  o f  tw o signals a t  143 K , one b ro ad  an d  th e  o th e r  narrow , 
show s th a t  th e re  a re  tw o  kinds o f  p ro to n s in  th e  sam ple. As th e  sam ple  is a 
h y d ra te d  one, one s ig n a l m u st be from  th e  p ro to n s  o f w a te r o f h y d ra tio n  an d  
th e  o th e r  from  th e  p ro to n s  of N H 4 group . T he second m o m en t v a lu e  o f th e  
b ro a d  signal a t  143 К  is c a lcu la ted  to  be 29.16 ^  2.20 ( x l O  8 te s la2) and  
th is  v a lu e  rem ains m o re  or less c o n s ta n t in  th e  te m p e ra tu re  ran g e  143K  to  298K . 
T he second m o m en t v a lu e  of th e  b ro ad  signal in  th e  p resen t sam ple  agrees 
fa ir ly  well w ith  th e  second m o m en t v a lue  of com pounds h av in g  on ly  w a te r  
o f h y d ra tio n  [9]. H en ce  it  m ay  be  concluded  th a t  th e  b ro ad  signal m ay  be 
due  to  th e  p ro to n s o f  w a te r  of c ry s ta llisa tio n  in  th e  sam ple. To o b ta in  fu r th e r

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



140 В. KRISHNAN and A. SRINIVASA RAO

c o n firm a tio n  on th is  conclusion, th e  sam ple  pow der w as d e u te ra te d  a n d  its  
P M R  sp e c tru m  a t  298 К  w as reco rd ed  (F ig . 3). T he co m p le te  absence o f  b ro ad  
signal in  th e  d e u te ra te d  sam ple co n firm s th e  above conclusion. As th e re  is 
no a p p rec iab le  v a r ia tio n  in  th e  second  m o m en t o f th e  b ro a d  line w ith  te m p e r
a tu re , th e  w a te r  m olecules m ay  be assu m ed  to  be rig id  in  th e  la ttic e  w ith o u t

Fig. 3. F irs t derivative tracing  of the PM R  absorption line of th e  deuterated  sam ple powder
a t  298 K.

temperature [K]

Fig. 4. V ariation  of second m om ent w ith  tem perature  of the narrow signal.

Fig. 5. Infrared  spectra  of the sample (in N ujol) a t 77 К  and 298 К  in the range 2500 to 4000
(X102 m - 1).
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a n y  sign ifican t m o lecu la r m o tion . U sing th e  e x p e rim e n ta l v a lu e  o f  th e  second 
m o m en t and  th e  V a n  V leck’s second  m om en t fo rm u la  [10] fo r  rig id  la ttic e  
co n fig u ra tio n , th e  n e a re s t p ro to n -p ro to n  d istance  is ca lcu la ted  to  be  0.153 nm  
w hich  com pares re a so n a b ly  w ell w ith  th e  H —H  d istances o b se rv ed  in  sim ilar 
com pounds [11].

As th e  b ro a d  signal is a t t r ib u te d  to  th e  p ro to n s  from  w a te r  m olecules, 
i t  m a y  be conc luded  th a t  th e  n a rro w  signal is d u e  to  th e  p ro to n s o f  N H 4 group 
in  th e  sam ple. T h e  va lu e  of th e  second  m om ent o f  th e  observed  n a rro w  signal 
d rops from  a v a lu e  o f 11 .50X lO -8 te s la2 a t  143 К  to  6 .2 0 X lO -8 tesla2 a t  
213 К  a n d  th e n  rem a in s  rea so n ab ly  co n stan t u p to  298 К  (Fig. 4). T h e  changes 
in  th e  v a lu e  of th e  second m o m en t in d ica te  th a t  th e re  is som e k in d  o f  reorien
ta t io n  o f th e  p ro to n s  o f N H 4 g ro u p . Such ty p e  o f  ro ta tio n  o f N H 4 group is 
k n o w n  to  exist in  th e  case of am m o n iu m  chloride [12]. F rom  th e  p re se n t m ea
su rem en ts , it  is n o t  possib le to  f ix  u p  th e  te m p e ra tu re  a t  w hich th e  tra n s itio n  
begins b u t  i t  is c le a r  t h a t  th e  tra n s i t io n  is com p le te  a t  213 K . T h e  experim en
ta l  v a lu e  o f th e  second  m om ent o f  th e  narrow  s ig n a l observed in  th e  p resen t 
sam ple  (ab o u t 6 x l 0 -8 tes la2 a t  213 K ) agrees fa ir ly  well w ith  th e  value o b 
ta in e d  fo r am m o n iu m  chloride ab o v e  th e  tra n s itio n  te m p e ra tu re  o f  180 К  [12]. 
T h is ag reem en t su g g ests  th a t  th e  p ro to n s c o n tr ib u tin g  to  th e  n a rro w  signal 
in  th e  p resen t b la d d e r  stone  sam ple  is due to  th e  N H 4 group . I t  is c lea r  th a t  th e  
p ro to n s  w hich g ive rise  to  th e  n a rro w  signal a re  und erg o in g  h in d e re d  ro ta tio n  
o f a ty p e  sim ilar to  th e  one o bserved  in  am m onium  chloride.

T h e  value o f  th e  second m o m en t of th e  cu rv e  a t  77 К  is c a lc u la ted  to  be 
43.57 : 4.70 X lO -8 te s la2. This v a lu e  com pares w ith  th e  d o m in a n t co n tri
b u tio n  o f 45.30 X 1 0 -8 te s la2 com ing  from  m ore c lo se ly  spaced in te rio n ic  p ro 
to n  p a irs  o f am m o n iu m  chloride [13]. This suggests  th a t  th e  n u c le a r  dipole- 
d ipole in te ra c tio n  in  th e  p ro to n s o f  N H 4 group o f  th e  sam ple d o m in a tes  over 
th e  p ro to n s  in  th e  w a te r  m olecules.

T h e  h in d ered  ro ta t io n  of th e  N H 4 group sh o u ld  have  som e effect on th e  
h y d ro g en  bond  sy s te m  a t  room  te m p e ra tu re . T h e  ro ta tio n  o f N H 4 group is 
like ly  to  w eaken  th e  (N —H  . . . O) bo n d s. To s tu d y  th e  effect o f h in d ered  ro 
ta t io n  on th e  h y d ro g e n  bo n d  sy s tem , th e  IR  sp e c tru m  o f th e  p re se n t sam ple 
w as reco rd ed  in  N u jo l m ull a t 77 К  a n d  298 K . F ig . 5 shows th e  I R  sp ec tra  in  
th e  w av e  n u m b er reg io n  2500—4000 ( х Ю 2 m -1 ) as th is  is th e  reg io n  w here 
th e  ab so rp tio n  due  to  hydrogen  b o n d e d  N —H  a n d  О —H  groups is likely  to  
occur. T h e  IR  sp e c tra  a t  77 К  a n d  298 К  ap p ear to  be th e  sam e in  th e  wave 
n u m b er reg ion  6 5 0 —2000 ( X l O 2 i n -1 ). F rom  F ig . 5, i t  can  be seen th a t  tw o 
re la tiv e ly  w eak b a n d s  are  observed  a t  3200 and  3460 ( X l O 2 m -1 ) w hich  m ay 
be id en tif ied  as th e  О —H  s tre tc h in g  v ib ra tio n s o f  (O — H  . . . O) b o n d s. I t  is 
know n th a t  such  a sp lit t in g  occurs in  th e  IR  sp e c tra  a t  low te m p e ra tu re s  [14, 
15]. A t 77 K , i t  sh o u ld  be ex p ec ted  th a t  th e  (N  —H  . . .  0 )  bon d s shou ld  be 
s tro n g  as co m p ared  to  th e  bonds a t  room  te m p e ra tu re . I t  is n o t  possib le to
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e s tim a te  th e  s tre n g th  o f  ( N —H  . . . O) bonds in  th e  p resen t s tu d ie s  due to  
th e  in te rfe re n ce  o f th e  ab so rp tio n  b y  N u jo l in  th e  ra n g e  2800 —2900( X 102 m -1) 
ev en  th o u g h  som e s p lit t in g  of b an d s  is observab le  in  th e  F igure a t  77 К  in  the  
reg io n  2 8 00 —2900 ( X 1 0 2 m -1). F ro m  th e  crite rion  o f  L ipp in c o t t  e t  al [16], 
th e  (О — H  . . .  О) b o n d  leng ths a t  77 К  are e s tim a te d  to  be 0.276 n m  and
0.29 n m  a n d  th e y  ag ree  fa irly  well w ith  th e  h y d ro g en  bonds fo rm ed  in  sim ilar 
h y d ra te d  sa lts  [4, 5 ].

O u r earlie r s tu d ie s  [4, 5] on tw o  d iffe ren t ty p e s  o f  u rin a ry  b la d d e r  stones 
h a v e  rev e a le d  th e  ex is ten ce  of th e  tu m b lin g  o f p ro to n s  of w a te r  m olecules. 
B u t th e  p re sen t in v e s tig a tio n  on th e  th i rd  ty p e  o f  s to n e  has show n t h a t  p ro 
to n s  o f  N H 4 group a re  undergo ing  som e k ind  of h in d e re d  ro ta tio n . T hese  s tu 
dies su g g est th a t  th e  ro ta tio n  o f one g ro u p  or o th e r ex is ts  in  th e  u r in a ry  b ladder 
s to n es  a n d  th is  m a y  p ro b a b ly  m ak e  th e  stones so fte r.
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ELECTRICAL CONDUCTION OF THIN 
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(Received 10. IX . 1981)

The electrical resistiv ity  of th in  b ism uth  film s, therm ally evaporated  onto freshly cleaved 
mica and  glass substrates has been studied. M easurements were carried  out in a wide range of 
tem peratures and thicknesses. The data  m easured for th icker film s were fitted  to  a F u c h s  — 
S o n d h e i m e r  model w ith  p  =  0, while the  ab ru p t rise of resistiv ity  for very th in  film s is de
scribed assuming a tunnelling  mechanism for island film.

1. In tro d u c tio n

T he b eh av io u r o f  e lec trical c o n d u c tiv ity  and  ga lv an o m ag n e tic  coefficien ts 
o f th in  m e ta l film s h as  been  th e  su b je c t o f m an y  th e o re tic a l [1, 2] a n d  experi
m e n ta l in v es tig a tio n s . In fo rm a tio n  reg a rd in g  th e  n a tu re  o f e lec tron  sc a tte rin g  
from  film  surface c a n  be  o b ta in ed  from  m easu rem en ts  o f  th e  e lec trica l con
d u c tiv ity  as a fu n c tio n  o f th e  film  th ick n ess . D a ta  an a ly s is  for such  m easu re
m en ts  is genera lly  c a rr ie d  ou r u sing  th e  w ell-know n F uchs size e ffec t th e o ry  
[1], or F uchs —So n d h e im e r  m odel [2, 3]. Mayadas [4] and  Ma y a d a s  and  
Shatzices [5] h ad  reco n sid ered  th e se  m odels to  in c lu d e  th e  re flec tio n  of th e  
charge  carrie rs  a t  th e  g ra in  b o u n d a ry  specially  w hen  th e  grain  size is o f th e  
o rd er o f  th e  m ean  free  p a th  of th e  ca rrie rs .

T h e  s tu d y  o f size effect in  b ism u th  film s is o f im p o rta n c e  due to  th e  pos
sible ex istence  o f c lassica l as well as q u a n tu m  size effects. In  b ism u th  th e  
m ean  free  p a th  of e lec tro n s a t  room  te m p e ra tu re  is o f  th e  o rder 2000 n m , also, 
th e  F e rm i energy  o f e lec tro n s is a b o u t 25 meV an d  th e  effective m asses along 
som e c ry s ta l  o rie n ta tio n s  are  tw o o r th re e  orders o f  m ag n itu d e  sm a lle r  th a n  
th e  free-e lec tro n  m ass. Q u ite  a large n u m b e r o f m easu rem en ts  [6 —10] on  size 
effect w ere re p o rte d  w ith  a n u m b er o f  co n trad ic tio n s.

T h e  aim  of th e  p re se n t c o n tr ib u tio n  is to  in v e s tig a te  th e  e lec trica l con
d u c tio n  in  th in  b ism u th  film s of d iffe ren t th icknesses (2 0 —400 nm) a t  d ifferen t 
te m p e ra tu re s . In  th is  w o rk  th e  tu n n e llin g  th ro u g h  v a cu u m  betw een  is lan d s  and 
th ro u g h  th e  su p p o rtin g  su b s tra te  w ere ta k e n  in  co n sidera tion .
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2. E xperim en ta l

T h in  b ism u th  film s of d iffe ren t th icknesses (2 0 —400 nm ) w ere  p rep ared  
b y  th e rm a l e v a p o ra tio n  o f h ig h ly  p u re  b ism u th  (99.999% ), u s in g  a helical 
tu n g s te n  w ire as a f ila m e n t fo r e v a p o ra tio n , in  a  v acu u m  o f ~ 1 0 -4 P a  a t an  
e v a p o ra tio n  ra te  o f  a b o u t 2 n m /s , o n to  fresh ly  c leaved  su rface  o f  m ica and  
sm o o th  glass on w h ic h  e v a p o ra ted  gold electrodes w ere p rev io u sly  p rep ared . 
T h e  film  th ickness w as m easu red  b y  th e  Tolansky  in te rfe ren ce  m eth o d  [11]. 
T h e  re s is tiv ity  w as m easu red  u sin g  th e  p o te n tio m e tric  te ch n iq u e .

a) Temperature dependence o f  the resistivity

T h e e x p e rim e n ta l dependence  o f  th e  e lec trica l re s is tiv ity  on  te m p e ra tu re  
fo r  b ism u th  film s o f  d ifferen t th ick n esses  e v a p o ra te d  onto  sm o o th  glass and  
m ica  su b s tra te s  is show n in  F igs. 1 an d  2. I t  is seen th a t  w ith  an  increase in

ç «106 (S? m )

Fig. 1. Tem perature dependence of th e  resistiv ity  for b ism uth  films therm ally  evaporated a t
10-4 P a  on sm ooth glass substrate .

).106

Fig. 2. Tem perature dependence of th e  resistiv ity  for b ism uth  films therm ally  evaporated a t
10-4 p a on mica substrate .
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te m p e ra tu re  q decreases, reach ing  i ts  low est v a lue  a t  d ifferen t te m p e ra tu re s  
depend ing  on th e  f ilm  th ick n ess . A fu r th e r  increase in  th e  te m p e ra tu re  leads 
to  an  increase in  re s is tiv ity . This b e h av io u r can be  ex p la in ed  ta k in g  in  con
sid e ra tio n  th a t  th e  e lec trical re s is tiv ity  o f  a b ism u th  la y e r  is given b y

2
—  — a =  en (fie +  ph) , 

в

w here n is th e  n u m b e r o f charge carrie rs  an d  p is th e ir  m o b ility . As th e  tem p e
ra tu re  rises th e  m o b ility  decreases w h ich  is a t t r ib u te d  to  th e  decrease  o f the  
m ean  free p a th , because  o f th e  sc a tte r in g  o f e lec trons an d  holes a t  th e  ou te r 
su rface  o f th e  film  a n d  a t  th e  b o u n d aries  of its  c ry s ta llite s . O n th e  o th e r  h an d , 
th e  charge  ca rrie r d e n s ity  un like  th e ir  m obilities, in c rease  n o tic e a b ly  faster. 
A n analysis o f th e  d a ta  on th e  te m p e ra tu re  dependence  o f th e  d e n s ity  o f  charge 
carrie rs  an d  th e ir  m ob ilities [12—15] show s th a t  w ith  a n  increase in  th e  te m 
p e ra tu re , th e  increase  in  ca rrie r d e n s ity  leads th e  fa ll-o ff in  th e ir  m obilities, 
w hich  leads, on th e  w hole, to  a decrease in  electrical re s is tiv ity . W ith  a fu r th e r  
increase  in  te m p e ra tu re , how ever, th e  reverse  s itu a tio n  is observed , an d  th e  
e lec trical re s is tiv ity  increases. This b e h a v io u r leads to  a neg a tiv e  te m p e ra tu re  
coeffic ien t o f re s is tan ce  below  ab o u t 120 °C and  p o s itiv e  TC R  ab o v e  140 °C. 
F ig . 3 show s th e  v a r ia tio n  o f TC R  w ith  th ickness fo r  45 °C. T C R  h as  large 
n eg a tiv e  values fo r v e ry  th in  film s a n d  decreases w ith  th ickness.

b) Thickness dependence o f  the resistivity

F ig . 4 show s a  re p re se n ta tiv e  ex am p le  for th e  v a r ia tio n  of th e  electrical 
re s is tiv ity  w ith  th ick n ess  up  to  400 n m  a t  40 °C a n d  100 °C. T he re s is tiv ity  
values a re  v e ry  large  fo r th in  film s a n d  decrease s tro n g ly  w ith  th ic k n e ss . The 
e lec trical re s is tiv ity  o f a con tinuous film  could  be th e  described  b y  th e  L ucas 
e q u a tio n  [16]

—  =  Ф' (p , q ,k )  =  1
Qo

1
t3

1 1 — e~M
t5 1 — pqe~M

• [2 P — q +  {p +  q — 2pq) e *'] d t ,
( 1 )

w here  o(] is th e  re s is tiv ity  o f th e  b u lk  m a te ria l an d  к  =  d/l0, d is th e  film  
th ick n ess , l0 is th e  b u lk  m ean  free p a th ,  t =  1/cos 0, ( th e  e lectron  m e a n  free 
p a th  su b ten d s  an  angle 0 w ith  th e  n o rm al to  th e  film ), a n d  p , q are th e  sp ecu la 
r i ty  p a ra m e te rs  fo r th e  tw o  surfaces o f th e  film .

F o r a p o ly c ry sta llin e  film  th e  b ack g ro u n d  sc a tte r in g  m ay be d iffe ren t 
from  b u lk  w hich im plies th e  rep lacem en t of g0 and  l0 b y  th e ir  in trin s ic  va lues
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Qt a n d  /, and  a  th in  p o ly c ry sta llin e  film  a p p ro x im a tio n  is

A  =  1 +  3f‘(2 - P - g) for A <  / , . (2)
eo 16 d

T he resu lts  fo r  a  series o f  f ilm s  were f i t te d  to  E q . (2), w ith  p  =  q =  0. 
A  re p re se n ta tiv e  ex am p le  is sh o w n  in  Fig. 5, w h ere  q d is p lo t te d  versus d.

d (nm)
О Д0 80 120 160 200 240 280 320 340

ъ  -з
з  4

-5

Fig. 3. TCR vs th ickness for b ism uth  films a t 45 °C.

ç • Ю6 ( S m )

Fig. 4. The dependence of the resistiv ity  on thickness for bism uth films evaporated  onto glass 
and  mica substra tes and annealed a t 40 °C and 100 °C.
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T he va lu es  of g;- a n d  lt o b ta in ed  b y  le a s t  sq u are  f i t t in g  o f  d a ta  are gf =  3.6 X 
X 1 0 -e  Q  • m  an d  1,- =  1824 nm  for m ica  su b s tra te  an d  =  3.65 X 1 0 -6 Q • m  
an d  1,- =  1875 nm  fo r glass su b s tra te  an n ea led  a t 100 °C. T h e  ca lcu la ted  value  
o f lj is in  good ag reem en t w ith  th a t  fo r b u lk  b ism u th  c ry s ta l [17], w here 
l =  2000 nm , how ever is h igher th a n  th e  co rrespond ing  value o f b u lk  b is
m u th . T h e  possible gas adso rp tio n , ag g reg a tio n  o f b ism u th  c ry s ta llite s  and
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Fig. 5. The dependence of th e  product of resistiv ity  times thickness on the th ickness for
bism uth films a t 1Ó0 °C.

th e  lim ita tio n s  im posed  b y  b o u n d a ry  co n d itions on th e  e lec tron  m o m en tu m  
p erp en d icu la r to  th e  p lan e  o f th e  film  m a y  exp la in  th e  h ig h  value o f gr

U sing  th e  ex p e rim en ta l values o f  g, an d  l{, th e  F e rm i surface a re a  of 
b ism u th  w as ca lcu la ted  from  th e  re la tio n

1 _  e2 A F
Qi 11 12 n2 h

a value A p =  7 x  10 ~20 m 2.
T h e  a b ru p t increase  in  re s is tiv ity  o f  film s th in n e r  th a n  40 nm  cou ld  n o t 

be ex p la in ed  in  te rm s  o f  e ith e r  Lucas [16] or F uchs — So ndheim er  [1, 2] 
m odels. Such film s, condense w ith  a d iscon tinuous s tru c tu re  su b d iv id ed  in to  
islands. T herefo re, th e  co n d u c tio n  e lec trons m u st m ove b y  m eans of a tu n n e ll
ing  m echan ism  [18, 19]. Mayadas an d  Shatzkes [5] h a v e  ca lcu la ted  th e  r e 
s is tiv ity  o f  a p o ly c ry sta llin e  film  in w hich  th re e  ty p es o f sc a tte r in g  m echan ism s 
are s im u ltan eo u sly  o p e ra tiv e : an  iso trop ic  back g ro u n d  sc a tte r in g  (due to  p h o 
nons a n d  p o in t defects), sc a tte rin g  d u e  to  gra in  b o u n d aries , and  sc a tte r in g
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d u e  to  e x te rn a l su rfaces. T he to ta l  film  re s is tiv ity  is g iven b y

w h ere

S 2
Kl v2p

Ф'(р =  q ,k)

f(y)

1 I 2-  j y  +  r 2 -

A  R
D  1 — R  ’

y 3 In

w h ere  D  is th e  g ra in  size,

Af =
d

h Я у ) ’

(3)

(4)

R  is th e  coeffic ien t o f re flec tio n  a t  g ra in  b o u n d a rie s , Z;- is th e  in trin s ic  M F P  o f 
e lec tro n s w ith in  th e  g rains, is th e  in tr in s ic  re s is tiv ity  d u e  to  b ack g ro u n d  
sc a tte re rs  o n ly , Qg is th e  g ra in  re s is tiv ity  an d  S  is th e  g ra in  b o u n d a ry  s tre n g th . 
T h e  above e q u a tio n s  could  be  app lied  for is la n d  bou n d aries  sca tte rin g  [20], 
in s te a d  of g ra in  b o u n d aries , w here  th e  b o u n d a ry  s tre n g th  S  is given b y  th e  
p ro d u c t o f th e  b a rr ie r  p o te n tia l V  an d  th e  g ap  w id th  a , a n d  th e  re flec tio n  
coeffic ien t R  is

2 S 2 +  h2v2F ’

w h ere  for to o  w eak  b o u n d a ry  S  h vF a n d  R  ap p ro ach  zero , w hile fo r to o  
s tro n g  b o u n d a ry  S  ^ > h v F a n d  R  ap p ro ach  1. F o r  v acu u m  tu n n e llin g  as th e  
ch a rg e  tra n s fe r  m echan ism  th e  process is an  a c tiv a te d  one a n d  th e  energy  W  
n eed ed  fo r th e  rem o v a l of a ch a rg e  from  an  in itia lly  n e u tra l is land  to  a n o th e r  
is g iven  b y

W  ^
e2 e2

e D e(D -f- a)
a n d

S =
e D (D +  a)

(5)

w here  e is th e  d ie lec tric  c o n s ta n t o f th e  in te rp o sed  m ed ium . In  te rm s  o f  D  
a n d  a e s tim a te d  b y  e lec tron  m icroscopy  th e  re s is tiv ity  of film s betw een  25 n m  
a n d  370 nm  w as f i t te d  to  E q . (3) w ith  p  =  0.

T he e lec trica l re s is tiv ity  o f  th in n e r  film s o f is land  s tru c tu re  (d <  25 nm ) 
is ru led  by  s c a tte r in g  due to  g ra in  b o u n d aries , sc a tte rin g  d u e  to  ex te rn a l s u r 
faces and  s c a tte r in g  due to  is lan d  bo u n d aries . F o r is land  film  it is reasonab le  
to  ad d  th e  effect o f  g ra in  b o u n d a rie s  an d  i t  is reasonab le  p rac tica l a p p ro x i
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Fig. 6. E lectron microscopy m icrographs for th in  b ism uth  films evaporated  onto am orphous 
carbon substra te : a) 12 nm , 8000 X ; b) 18 nm , 6000 X ; c) 22 nm, 6000 X.

m atio n  to  a t t r ib u te  th e  a b ru p t  change in  re s is tiv ity  o f th in n e r  film s to  th e  
v a r ia tio n  o f is lan d  size a n d  sep ara tio n s a n d  to  neglect th e  ex te rn a l su rface  
effect. T he to ta l  re s is tiv ity  o f  th e  island  film  is given b y

=  [ f (r) ]~ \
Qi

w h e re /(y )  is g iven  by  E q . (4) an d  ta k e s  th e  lim its  [5]

—  =  1 +  4" — У, У 1 ,
Qi 2

У >  1 •

( 6)

(7a)

(7b)

U sing th e  values o f  D an d  a e s tim a ted  from  th e  e lec tron  m icrographs (F igs. 
6 an d  7) an d  E q s .(5 )  an d  (7) th e  ra tio  (qj Q,) can  be ca lcu la ted . F ull d isp lay  
o f th e  e s tim a te d  values is show n  in Tables I  a n d  I I .
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Fig. 7. E lectron microscopy m icrographs for th in  b ism uth  films evaporated  onto mica substrate: 
a) 12 nm, 6000 X ; b) 17 nm , 6000 X ; c) 22 nm, 6000 X.

Table 1

E stim ated  values used to  calculate QflQi for th in  b ism uth  films on glass under a vacuum  of
10 ~4 Pa w ith  e =  1

d(nm) D(nm) a(nm) K(eV) S(eV • m)
/ R У 0)1 Oi

12 27 122.5 0.0436 0.53x10-® 0.997 42.2 x 1 0 s 56.3x10®
18 45 61 0.018 o .i ix io - ® 0.93 1.07x10® 1.43x10®
22 57.5 27 0.008 0.022X 10-® 0.34 32.73 43.64

<!(nm) D(nm) fl(nm) V(e\) S(eV • m) R У eilet

12 37.5 147 0.031 0.456x10-® 0.996 22.34x10® 29.78x10®
17 58 69 0.014 0.093x10-® 0.906 0.6 x 10® 0.8 x 10®
22 78.6 41 0.006 0.026x10-® 0.43 34.96 36.6
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Table II

E stim ated  values used to calcu late  QflQi for th in  b ism uth  films deposited on mica u nder a
vacuum  of 10-1 P a  w ith  8 = 1



ELECTRICAL CONDUCTION OF THIN BISMUTH FILMS 151

R E FE R E N C E S

1. K . F u ch s , Proc. Cambridge Phil. Soc. 34, 100, 1938.
2. E . H . So n d h e im e b , Adv. in Phys., 1, 1, 1952.
3. D. S. Ca m pell , in  The Use of Thin Film s in Physical Investigations (Academic Press Inc.

New York 1966) p. 315.
4. A. F. Maya d as, J .  Appl. Phys., 39, 4241, 1968.
5. A. F. Mayadas and  M. Sh a t zk es . Phys. Rev. B, 1, 1382, 1970.
6. E . C. Ch it t e n d e n  J r . and R. W. H o ff m a n , Rev. Mod. Phys., 25, 310, 1953.
7. V. P . D uggal and  R a j  R u p , J . Appl. Phys., 40, 492, 1969.
8. R . A. H offm an  and  D. R. F r a n k e l , Phys. Rev. B, 3, 1825, 1971.
9. N. Ga rcia , Y. H . K ao and M. St r o n g in , Phys. Rev. B, 5, 2029, 1972.

10. L. S. H su  and Y. Y . Chang , J . Appl. Phys., 47, 2359, 1976.
11. S. T o la nsk y , In troduction  to In terferom etry , Longm an Group, 1955.
12. Yu. K omnik, Ye . I. B u kh shtab  and Yu. V. N ik it in , Fiz. Tverd. Tela, 13, 793, 1970.
13. G. A. I vanov and  Y u. T. L e v it s k ii, Fiz. Metallov. M etallovedenyia, 24, 253, 1967.
14. G. F . Callo , B. S. Ch a d ra sek h a r  and  P . H. Su t t e r , J .  Appl. Phys. 35, No. 1, 1963.

144.
15. V. M. A bro sim o v , B. N. Y egorov  and  M. A. K r y k in , Soviet Physics JE T P , 64, 217, 1973.
16. M. S. L ucas, J . A ppl. Phys., 36, 1682, 1965.
17. V. I. K a idanov  and  A. R. R e g e l , Sov . Phys. Tech. P hys., 3, 376, 1958.
18. K . L. Ch opra , T hin  Film  Phenom ena, McGraw Hill 1969.
19. C. A. N eu g ba u r  a n d  M. B. W e b b , J .  Appl. Phys., 33, 74, 1962.
20. A. V. J o g lek a r , J .  Phys. D. (Appl. Phys.) 7, 1270, 1974.

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



'



AN APPROXIMATE VARIATIONAL SOLUTION 
OF ROUNDARY LAYER FLOW WHEN FREE  

STREAM VARIES AS POWER FUNCTION

P . Singh  and S. An to n y  R aj

DEPARTMENT OF MATHEMATICS, INDIAN INSTITUTE OF TECHNOLOGY 
KANPUR—208016, INDIA

(R eceived 17. IX . 1981)

A variational m ethod is developed to  solve the boundary  layer equations when the free 
stream  velocity varies as a power function  (17«, =  axm). The m ethod is based on th e  governing 
principle of dissipative processes (G PD P). The Lagrangian density is obtained  in  the energy 
pictu re  of G PDP and  the partial differential equations of m otion are reduced to  ordinary dif
feren tia l equations in  term s of boundary  layer thickness. The velocity profile and the skin 
friction are calculated for various values of m. I t  is found th a t the present results are quite 
close to the exact ones and are b e tte r th an  those of know n approxim ate m ethods.

1. Introduction

T h e s tu d y  o f  th e  flow  ch a rac te ris tic s  o f  th e  lam in a r b o u n d a ry  lay er w ith  
a rb itr a ry  d is tr ib u tio n  o f m ain  flow  velocity  is v e ry  d ifficu lt ev en  fo r th e  con
s ta n t  p ro p e rty  flow  because th e  system  is governed  by  a set o f  non -lin ear p a r 
t ia l  d ifferen tia l eq u a tio n s. B u t i t  w as show n b y  F alkner  an d  Skan  [1] th a t  
th e  system  of g o v ern ing  eq u a tio n s  can  be red u ced  to  th a t  o f o rd in a ry  d ifferen
t ia l  equa tions if  th e  free s tream  v e lo c ity  is assu m ed  to  v a ry  as pow er fu n c tio n  
o f d is tan ce  from  th e  s ta r t  o f th e  b o u n d a ry  lay e r. F alkner  an d  Skan  also ob 
ta in e d  an  ap p ro x im a te  so lu tion  fo r th is  ty p e  o f  flow . L a te r  H artree  [2] s tu 
d ied  th e  prob lem  in  d e ta il an d  fo u n d  m ore a c c u ra te  num erica l so lu tions. H e 
also  p roved  th a t  th e  solu tion  w as un ique  if  m >  0. Stew artson  [3] show ed 
th a t  in  th e  ran g e  o f u n fav o u rab le  pressure g ra d ie n t ( — 0.091 < m < 0 )  th e  
so lu tions were n o t u n ique . In  v iew  o f th e  considerab le  am oun t o f  la b o u r  in v o lv 
ed in  th e  n u m erica l co m p u ta tio n s  m a n y  ap p ro x im a te  m ethods w ere suggested  
to  s tu d y  th e  flow  charac te ris tic s . T h e  w ell-know n m ethod  is o f  K a rm a n —  
P o h lh au sen . A ccord ing  to  th e  b o u n d a ry  layer th e o ry  in flow s a ro u n d  bodies th e  
irrev ers ib le  processes of m o m en tu m  tra n sfe r  o ccu r inside a th in  la y e r  n ear th e  
su rface . T herefore  th e  n a tu ra l w a y  to  s tu d y  th is  non -eq u ilib riu m  phenom enon  
is to  use th e  th e o ry  of in ev e rs ib le  processes. I n  th e  p resen t s tu d y  we develop 
an  a p p io x im a te  v a r ia tio n a l fo rm u la tio n  w hich reduces th e  p a r t ia l  d iffe ren tia l 
eq u a tio n s  in to  an  o rd in a ry  d iffe ren tia l eq u a tio n  w hich can be so lved  for an y  
v a lu e  o f m in th e  range o < ; m  oo. This e q u a tio n  fu r th e r  reduces to  an  
a lgeb ra ic  po lynom ial eq u a tio n  i f  s im ila rity  consid era tio n s a re  ta k e n  in to  ac 
c o u n t.
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I n  th e  six ties, G y a r m a t i  [4, 5] p ro p o sed  a v a r ia tio n a l p rincip le  b y  m eans 
o f  w h ich  evo lu tio n  o f  d iss ip a tiv e  t r a n s p o r t  processes can  be described  in  space 
a n d  tim e . T h e  p rinc ip le  based  on O n s a g e r ’s lin ear th e o ry  [6, 7] an d  rec ip rocal 
re la tio n s  is called  th e  ‘G overn ing  P rin c ip le  o f D iss ip a tiv e  Processes’ (G P D P ). 
T h e  m o st general fo rm  o f th e  p rinc ip le  is g iven b y  [4]

à [a W  — Ф] d V  -  0 (1)

fo r a n y  in s ta n t  o f t im e  u n d e r th e  c o n s tra in ts  th a t  th e  ba lance  eq u a tio n s

(?í +  V • J, =  Oj ( i -  1 ,2 , (2)

a re  sa tis f ied . H ere  V  d eno tes th e  e n tire  vo lum e of th e  th e rm o d y n am ic  system . 
a, th e  e n tro p y  p ro d u c tio n  per u n it tim e  a n d  vo lum e, is expressed  as a b ilinear 
fu n c tio n  o f  th e rm o d y n a m ic  forces a n d  cu rren ts . T h a t  is,

<r =  J ’ J r X ^ O .  (3)
i=i

T h is is a  p ositive  d e f in ite  q u a n tity  acco rd in g  to  th e  second  law  of th e rm o d y n a 
m ics. f  is th e  n u m b e r o f  in d ep en d en t flu x es  J , a n d  th e rm o d y n am ic  forces X,-. 
I n  th e  lin ea r  O nsager th e o ry , th e  flu x es J (- an d  th e  forces X f are re la te d  b y  th e  
lin e a r  c o n s titu tiv e  eq u a tio n s

J,. =  j L ifcX fc; X , =  (4)
k = 1 k = 1

w here  R ik an d  L ik sa tis fy  th e  re la tio n s

2  L -e R ek =  2  (Í, к  =  1, 2--------/ )  (5)
/>=1 /»=1

an d
^ i k  — L ki ? R ik  =  R k i  • (^ )

U sing (4) a c an  be  expressed  as

°  =  2  L *  x - x * s  2  0 •
i,A=l i,A=l

T h e ab o v e  tw o  fo rm s o f  cr are called fo rce  an d  flu x  rep re sen ta tio n s  o f  th e  en tro p y  
p ro d u c tio n . T he non-eq u ilib riu m  local p o te n tia ls  [4] W  an d  Ф w hich  a re  equal
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to  h a lf  o f th e  e n tro p y  p ro d u c tio n  are  given b y

F ( X , X ) . i  2 l « X r X ^ Ö ,  (8)
*  i , k = 1

® ( J - J ) - { Í U - J » > ° .  (9)
*  i , k = 1

W a n d  Ф are also th e  local m easu res of irrev e rs ib ility . T he p o te n tia l  c h a ra c te r  
of Ф  an d  Ф can  be  seen from  th e  relations

S4 
X

IIг —  ^  L i k  X k
k =  1

csfl"4II

ч / Ь ( 1 0 )

O
b

il

—  R i k  j  к
k =  1

(»  =  1 , 2 ,  . ■ J ) ( 1 1 )

w hich  a re  th e  lin e a r  c o n s titu tiv e  equa tions (4). U sing th e  expressions o f  a , 
W an d  Ф in p rinc ip le  (1) we get

MJv
2 Jr V r i
1=1

V  2  L ikv r r v r k
^  i , k =  1

V  2  ^ J r j J d F  =  0, (12)
*  i,*=l J

w here th e  d iss ip a tiv e  forces X ; can  be g en era ted  as th e  g ra d ie n ts  of c e r ta in  Г  
v ariab les  w hich a re  s ta te  p a ra m e te rs  and  s im u ltan eo u sly  in te rn a l p a ra m e te rs  
w ith  resp ec t to  forces [4]:

X, =  v^. (13)
T he p rincip le  (12) is o p e ra tiv e  if  and  o n ly  if  th e  b a lan ce  equ a tio n s (2) 

are  tr e a te d  as a u x ilia ry  co n d itions fo r w hose v a ria tio n s  th e  re s tric tio n s

<5 ( ó , ._ (Ti.) =  - ő ( V - J í) = - V - ( d J I) ( i =  1 ,2 , . . . , / )  (14)

are va lid . This p rin c ip le  has a lre a d y  been u sed  to  derive th e  equ a tio n s o f 
th e rm o -h y d ro d y n am ics  b y  V in c z e  [8].

2. Form ulation o f GPDP

P ra n d tl’s b o u n d a ry  lay e r equa tions fo r tw o-d im ensiona l incom pressib le 
s te a d y  flu id  flow  are

du
dx

+
dv
dy

0 , (15)

Q
du du

и ---------\- V ------
dx d y ,

dp d2 и dt/„
+  p — — =  qU„ —  

dx dy2 dx
+  j“

d2u

d f  ’
(16)
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w here  и, v a re  th e  v e lo c ity  com ponen ts a lo n g  x  and  у  d irec tio n s, resp ec tiv e ly , 
g th e  d e n s ity  a n d  /л th e  coeffic ien t o f sh e a r v iscosity . T h e  b o u n d a ry  co n d itions 
o f  th e  p ro b lem  are

у  =  0 : i t = 0 ,  t> =  0, (17)

У  o o  : U -►  U ^ .

I t  is w ell-know n th a t  in  th e  fo rm u la tio n  o f  G yarm a ti’s princip le  th e  ba lance  
eq u a tio n s  p la y  th e  basic ro le w hich in  th is  case are

V -V  =  0 ,  (18)

e ( V - V ) V  +  V - P  =  0 .  (19)

T hese e q u a tio n s  rep resen t th e  m ass an d  th e  m om en tum  b alance , resp ec tiv e ly . 
P  deno tes th e  pressure  te n s o r  and  it  ta k e s  th e  form  for th e  p resen t p ro b lem  [9]

p  =  pb +  P rs, (20)
О

w here p  is th e  h y d ro s ta tic  p ressu re  an d  P ' s is th e  sy m m e tric a l p a r t  o f  th e  v is
cous p ressu re  ten so r, th e  t r a c e  of w hich  is zero. V is th e  ve lo c ity  v e c to r

X =  iu j v  . (21)

I n  th e  s tu d y  o f flu id  flow  problem s, th e  energy  p ic tu re  o f  Gyarm a ti’s p rin 
ciple is p re fe rab le  over e n tro p y  p ic tu re . W e shall, th e re fo re , use th e  energy- 
d iss ip a tio n  Та  in s tead  o f  e n tro p y  p ro d u c tio n  a. The en e rg y  d issipation  fo r th e  
prob lem  is [5]

° ° ftu
Т а -------P vs : (VV)S =  -  P 12 —  >  0 , (22)

dy
о

w here (V V)s is th e  sy m m etrica l p a r t  o f  th e  velocity  g ra d ie n t ten so r a n d  its
° s du

tra c e  is zero . I n  th is  case i t  has on ly  o n e  com ponen t ( W ) 12 = -----. T h e  vis-
o dy

cous p ressu re  ten so r P cs also  has on ly  one com ponen t P 12. The do u b le  dots 
rep re sen t th e  sca la r p ro d u c t o f tw o  te n so rs . The lin e a r  c o n s titu tiv e  re la tio n  
for th e  p re se n t case is

P1 2 = _ ^ .  (23)
dy

T he d iss ip a tio n  p o te n tia ls  ÎP and  Ф in  th e  energy  p ic tu re  are

T T  =
д и  \2
dy

ТФ =
2p

P h :

> 0 ,

■ 0.

(24)
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U sing  (22) a n d  (24) th e  en erg y  p ic tu re  of p rin c ip le  (1) assum es th e  form

du

dy 2
3u

dy
1

2 fi P \2 d y  d «  =  0 , (25)

w here  L  is th e  ch a rac te ris tic  le n g th  o f th e  b o d y . Follow ing th e  d u a l fie ld  m e th o d  
[10], we in tro d u c e  a new v e lo c ity  field u* th ro u g h  th e  a p p ro x im a te  c o n s titu 
tiv e  eq u a tio n

P  _  <*u *Pxz — — fi —-  . (26)
dy

I t  is assum ed  th a t  u* satisfies th e  sam e b o u n d a ry  cond itions as u. T he m o m en 
tu m  balance (16) and  th e  p rin c ip le  (25) now  becom e

( d u  du

I dy d y ,
dp  , d2 u*
- -  ------
dx  dy2

du* 1 [du* 2 1 [du* 21
dy 2 dy 2 1 дУ .

dy d x  — 0 .

(27)

(28)

3. Method of solution

W e con sid er th e  tw o-d im ensional in  v iscid  p o te n tia l flow  p a s t  an  u n lim ited  
w edge p laced  sy m m etrica lly  in  a s tream  w ith  ap ex  a t  th e  o rg in  an d  th e  cen tre  
line on th e  p o s itiv e  «-axis. T h e  flow  crea tes a long  th e  su rface  a ve locity  v a r ia 
tio n  like

U „(*) =  ax"\  (29)

w here  о is a c o n s ta n t and  th e  ex p o n en t m is connected  w ith  th e  apex -ang le  
Jiß b y  th e  re la tio n

m =  ßl(2 -  ß). (30)

W e confine o u r analysis  to  rea lis tic  flows o n ly , th a t  is, w hen  0 <[ m <  oo(0 <Ç
< ß < 2 ) .

W e assu m e a th ird  degree  tr ia l  fu n c tio n  fo r lo n g itu d in a l ve lo c ity  и as

U.
=  ^ y  3y2 + y ^ {0

! * ) , (31)

w here  x  is th e  b o u n d a ry  lay e r th ickness. W h en  у  >  а , и =  U T he p ro file  
(31) sa tisfies th e  b o u n d a ry  co n d itio n s

у  =  0 : и =  0 ,

у  =  х :  и , —  =  0 ,  d jL .  =  о . (32)
dy dy2
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E q u a tio n  o f  c o n tin u ity  (15) yields th e  tra n sv e rse  v e lo c ity  com ponen t v as 
follows

v m l _  , У3 f  I +  x , _  _2y® 
л: I 2« a2 4 a 3 j 2a2 2a3

(33)

w here  p rim e  in d ica tes  d iffe ren tia tio n  w ith  respect to  a . F rom  m o m en tu m  
ba lan ce  (27) we o b ta in

* m U l  Г

1 L
+  u i

53ay  _ f _ ,
160 2 8oc2

, 3y5
5«4

Г 9у Зу4
[  160 8 a3

.  +  у 7
10a3 ^  8oc4 2 8 a5 

3y® 3y7 3y8
8 a5 +  28ae 2 24a7

+

+

T
224a®

+

vU œy
a

(34)

w hen E q s. (27), (31) a n d  (33) are  used.
U sing  (31) an d  (34) in p rincip le  (28) an d  in te g ra tin g  it  w ith  re sp ec t to  y,  

we get

(0 .1241071).
vx

(0 .03482143) U't a ' 
v

(0.4)
U‘j

a
m 2  П 4  y 3

------—  (0.01943109) + (0 .0 0 1 6 2 4 8 9 9 )  U t a ' 2a  +
2r2

(0.01056987)
m U  i a

n
d a  =  0 . (35)

H ere  th e  b o u n d a ry -la y e r  th ickness a  is su b s ti tu te d  fo r th e  lim it o f in te g ra 
tio n  oo.

T h e concise fo rm u la tio n  o f th e  p rin c ip le  (35) is g iven  w ith  th e  help  of 
L

L a g ra n g ia n  d en sity  £ as ô j  £ dx =  0. T h e  E u le r-L ag ran g e  eq u a tio n
о

d£ _d_ j Э£
da d a  [ da

(36)

becom es in  th e  p re sen t case

(16.24899) U i a 2(a"a +  a '2)a2 -  (8.12449) U 4œa ,2a 2a2 

+  (64.99596) m U l a 'a 3a  -  (80.069) m2U t a 4 

— (52.8494) U ^ m a 4 +  (196.428) mU^oPvx 

+  4000 U2mi?x2 =  0, (37)
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w hich  is an  o rd in a ry  d iffe ren tia l eq u a tio n  in  b o u n d a ry  lay e r th ick n ess  a . a  can  
be  g iven  in  te rm s  o f  d im ensionless b o u n d a ry  lay e r th ick n ess  a* as

x  =  x*][vx/U00- (38)

T h e  re la tio n  (38) a n d  its  d e riv a tiv e s  tran sfo rm  th e  o rd in a ry  d iffe ren tia l eq u a 
tio n  (37) to  an  a lg eb ra ic  p o ly n o m ia l eq u a tio n

a* 4[m2(106.4736) +  m(24.41362) +  2.031124] 

-  a*2m( 196.4281) -  4000 =  0, (39)

w h ich  is a sim ple re la tio n  b e tw een  dim ensionless b o u n d a ry  la y e r  th ick n ess  
oc* a n d  m. T he  o n ly  p ositive  ro o t o f th e  e q u a tio n  (39) is th e  b o u n d a ry  lay er 
th ick n ess  a* .

E q . (34) is em ployed  to  ca lcu la te  th e  velo c ity  d is tr ib u tio n s  a t  various 
p o in ts  inside th e  b o u n d a ry  lay er. T h e  resu lts  for th e  cases m =  1/3 an d  m =  1 
a re  q u ite  co m p arab le  w ith  H a r tre e ’s num erica l so lu tions as can  be seen in  
T ab le  I .

T he tr ia l  fu n c tio n  for v e lo c ity  (31) is n o t v a lid  fo r th e  case m =  0 (flow
d2u

o v er f la t  p la te ) because  i t  fails to  sa tis fy  th e  co m p a tib ility  co n d itio n
by2

=  0

a t  y  =  0. H ence fo r th is  case w e choose th e  lo n g itu d in a l v e lo c ity  as a po ly 
n om ia l of fo u rth  degree

и 2 у

«
*yL +  £ (40)

sa tisfy in g  th e  co n d itions

у  =  0 : u =  0 , 

y  =  x : u =  U œ,

d2u

dy2
du

Ity

=  0 ,  

=  0 ,
d2 u

dy2

(41)

=  0 .

As in  th e  prev ious analysis  we o b ta in  v an d  th e  ap p ro x im a te  v e lo c ity  u* as 
g iven  below

V - a ' У2 3y4
a 2 2a4

yu* =  U i

3y8
56a7

(0.05611111) y -----j-

2 /
+

6 a3 
4 j i°

54 c 450a9

■ +

+

4y5 I 
5a5 ) ' 

7y6 
30a5 

v U ^ y

(42)

H y 7
105 a 6

( 43)
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Table I

Comparison between the present approxim ate results and H a r t r e e ’s velocity profiles

ß 0 0.5 1

.. |Л т + 1)1/“ - H a r t r e e
Present
results H a r t r e e

Present
results H a r t r e e

Present
results71 y \ 2vx

0.2 0.0939 0.0949 0.1756 0.1758 0.2266 0.2267
0.4 0.1876 0.1896 0.3311 0.3318 0.4144 0.4146
0.6 0.2806 0.2835 0.4670 0.4680 0.5662 0.5662
0.8 0.3720 0.3757 0.5834 0.5848 0.6859 0.6853
1 . 0 0.4606 0.4649 0.6811 0.6830 0.7778 0.7761
1.2 0.5453 0.5500 0.7615 0.7638 0.8467 0.8433
1.4 0.6244 0.6296 0.8258 0.8284 0.8968 0.8916
1.6 0.6967 0.7025 0.8760 0.8786 0.9324 0.9257
1.8 0.7610 0.7675 0.9141 0.9164 0.9569 0.9495
2.0 0.8167 0.8240 0.9421 0.9437 0.9732 0.9667
2.2 0.8633 0.8715 0.9621 0.9629 0.9841 0.9803
2.4 0.9011 0.9099 0.9760 0.9761 0.9905 0.9923
2.6 0.9306 0.9398 0.9852 0.9852 0.9946 1.0000
2.8 0.9529 0.9618 0.9913 0.9921 —
3.0 0.9691 0.9769 0.9952 0.9983 — -

3.2 0.9804 0.9867 0.9974 1.0000 — —

3.6 0.9929 0.9961 — — — —

4.0 0.9978 1.0000 — — — —

P rin c ip le  (28) fo r  th e  case u n d e r  co n sid e ra tio n  red u ces to

JL г I73 x ' TJ2
(0.03092519) * -  (0 .242857) —

0 L у «■
r 74 ~'2a ' I

— (0.000992228) —--------- d *  =  0 . (44)
V2

T h e  E u le r-L ag ran g e  eq u a tio n  is o b ta in ed  ag a in  as an  o rd in a ry  d ifferen tia l 
e q u a tio n

(19.82456) i / t a 2(a"<z +  a '2) -  (9.91228) I / i « '2«2 +  (2428.57) v2U l  =  0. (45)

A s before th is  e q u a tio n  u ltim a te ly  reduces to  th e  follow ing sim ple form

a* 4 — 980.0253 =  0. (46)
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Velocity profiles for various ß

ß 0.4 0.8 1.2 1.6

0.2 0.1634 0.2078 0.2421 0.2706
0.4 0.3107 0.3843 0.4381 0.4807
0.6 0.4419 0.5308 0.5919 0.6376
0.8 0.5567 0.6497 0.7089 0.7505
1.0 0.6555 0.7437 0.7953 0.8293
1.2 0.7388 0.8161 0.8574 0.8833
1.4 0.8072 0.8702 0.9011 0.9207
1.6 0.8620 0.9095 0.9319 0.9479
1.8 0.9044 0.9375 0.9543 0.9695
2.0 0.9361 0.9573 0.9719 0.9882
2.2 0.9588 0.9718 0.9871 1.0000
2.4 0.9744 0.9834 1.0000 —
2.6 0.9847 0.9936 — —
2.8 0.9916 1.0000 — —
3.0 0.9967 — — —
3.2 1.0000 — — -

Solving th e  above e q u a tio n  we o b ta in  th e  positive ro o t

a* =  5.595119. (47)

T h e  velo c ity  d is tr ib u tio n  g iven  in  T able I  fo r  th is  case is also  found  
in  good ag reem en t w ith  H a r t r e e ’s re su lts . F ig . 1 in d ica te s  th e  v e lo c ity  p ro 
files fo r th e  cases m  =  0, 1/3 an d  1 w hile T ab le  I I  g ives th e  velo c ity  d is trib u -

Fig. 1. Velocity d is tribu tion  u*/U a vs dimensionless o rd inate  r] for various ß.
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Table III

C o m p a r is o n  b e tw e e n  t h e  p r e s e n t  a p p r o x im a te  r e su lts  a n d  S m it h ’s e x a c t  v a lu e s  o f  sk in  f r ic t io n

ß S m i t h
Present
results ß S m i t h

Present
results

0.0 0.4696 0.4737 0.50 0.9277 0.9294

0.05 0.5311 0.5369 0.60 0.9958 0.9965

0.10 0.5870 0.5919 0.80 1.1203 1.1188

0.20 0.6867 0.6909 1.00 1.2326 1.2333

0.30 0.7748 0.7782 1.20 1.3357 1.3300

0.40 0.8544 0.8571 1.60 1.5215 1.5118

t i o n ------  a t v a r io u s  po in ts in side  th e  b o u n d a ry  la y e r  for v a rio u s values of in.

T he sk in  f r ic tio n  a t th e  su rface  o f th e  w all is ca lcu la ted  w ith  th e  help  of 
th e  fo rm ula

T h e  non -d im en sio n a l skin fr ic tio n  r*  is given b y  th e  follow ing re la tio n

(48)

2vx du*
(m  +  1] Щ, dy

In  T ab le  I I I  we have co m p a re d  th e  sk in  fr ic tio n  o b ta in ed  from  th e  p re 
s e n t analysis w ith  Smith’s re su lts  [ I I ]  for 0 <[ ß  <[ 2. I t  is fo u n d  th a t  th e  
a p p ro x im a te  re su lts  differ b y  less th a n  2 p e rcen t from  n u m erica l values. W e

F ig .  2 . Dimensionless skin friction r t  vs the Falkner—Skan parameter ß .
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also com pare  our re su lts  w ith  tho se  o fK a rm a n —P o h lh a u se n in  o rd e r to  assess 
th e  pow er of th e  p re se n t m ethod . T h e  sk in  fric tion  ca lcu la ted  w ith  th e  help  of 
K a rm a n  — P o h lh au sen  tech n iq u e  fo r th e  cases m  =  0 a n d  1 are 0.485 a n d  1.19, 
re sp ec tiv e ly . I t  can  be easily  observed  th a t  th e  re su lts  o f  th e  p re se n t m eth o d  
are  b e tte r .  F ig . 2 show s th e  skin fr ic tio n  r* for vario u s values o f ß.

4. C oncluding rem arks

T h e  m ain  ob jec tiv e  o f th is  p a p e r is to  in tro d u ce  th e  v a ria tio n a l p rincip le  
based  on sound  ph y sica l reason ing  as a pow erful to o l fo r so lv ing b o u n d a ry  
lay e r p rob lem s. T he ex ac t th e o ry  o f  irreversib le  processes is used  to  get th e  
an a ly tic a l so lu tion  o f  th e  b o u n d a ry  la y e r  flow  w hen th e  free s tre a m  velo c ity  
varies as pow er fu n c tio n  of x. T he  non-linear p a r tia l d iffe ren tia l eq u a tio n s  
are  red u ced  to  a lgebra ic  equa tions (39) an d  (46) w hich  can  be so lved  v e ry  
easily  fo r an y  p ositive  v alue  o f rti. T h e  sk in  fric tion  a n d  velocity  p ro file  are 
co m p ared  w ith  know n  num erica l so lu tions for som e va lu es  of m. F o r  th e  re 
q u ired  va lu e  o f m th e  b o u n d a ry  la y e r  th ickness can  be  ca lcu la ted  easily  an d  
th u s  s tu d y  can  be m ad e  w ith  th e  help  o f  profile  (34).

I t  is in te re s tin g  to  n o te  th a t  th is  ap p ro x im a te  v a ria tio n a l p ro ced u re  
yields re su lts  w hich a re  an a ly tica l a n d  alm ost ex ac t. T h e  g rea t a d v a n ta g e  of 
th is  analy sis  is th a t  th e  am o u n t of ca lcu la tio n  is considerab ly  less. I t  c an  be 
suggested  th a t  th e  re su lts  o f th is  m e th o d  can  be used as in itia l guesses fo r ob
ta in in g  num erica l so lu tions of th e  b o u n d a ry  lay er d iffe ren tia l e q u a tio n s  for 
various values o f ß.
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A  N E A R L Y  E X A C T  H E L IC A L - W A V E  S O L U T IO N  
T O  T H E  E Q U A T IO N S  O F  S L I G H T L Y  D I S S I P A T I V E  

M A G N E T O H Y D R O D Y N A M IC S
B h i m s e n  K . S h i v a m o g g i
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THE AUSTRALIAN NATIONAL UNIVERSITY, CANBERRA, A.C.T., 2600 AUSTRALIA

(Received 17. IX . 1981)

A nearly exact solution to the m agnetohydrodynam ic equations of a flu id  of sm all resis
tiv ity  describing th e  propagation of a helical m agnetosonic wave parallel to  th e  direction of a 
uniform  magnetic field  is given. D epartures from an ideal m agnetohydrodynam ic situation  in  
the contex t of the e a rth ’s m agnetosphere seem to lead to  a loss of charged particles from a 
given region.

I t  is well k n o w n  th a t  d ifficu lties  arise in  o b ta in in g  ex ac t so lu tions to  th e  
eq u a tio n s  of m ag n e to h y d ro d y n am ics . One w ay  to  m ake p rog ress is to  m ak e  
som e sy m m etry  p o s tu la te s  or p rescribe  a p rio ri th e  dependence o f  th e  so lu tion  
on space and  tim e  (L in  [1], U beroi [2], W oolley [3], Shivamoggi an d  
U ber o i [4]). W oolley  [3] gave an  ex ac t so lu tio n  to  th e  m a g n e to h y d ro d y n a 
m ic equa tions o f  an  in fin ite ly -co n d u c tin g  flu id  w hich  describes th e  p ro p ag a 
t io n  o f a helical m agnetoson ic  w av e  paralle l to  th e  d irec tion  o f  a  un ifo rm  m ag 
n e tic  field . T his so lu tio n  is o f  re levance  in  th e  p ro p ag a tio n  o f  w aves in  th e  
e a r th ’s m agnetosphere .

Since a rea l p lasm a a lw ays has a fin ite  re s is tiv ity , th e  p u rp o se  o f  th is  
p a p e r  is to  ex ten d  W oolley’s [3] tre a tm e n t to  th e  case o f a f lu id  w ith  f in ite  
re s is tiv ity . H ow ever, it  th e n  tu rn s  ou t th a t  a n  ex ac t so lu tio n  is no longer 
possib le, b u t a n e a r ly  exact so lu tio n  m ay  be o b ta in e d  b y  assum ing  th e  re s is ti
v i ty  o f th e  flu id  to  be sm all. B esides, it  tu rn s  o u t  th a t ,  p h y sica lly , d ep a rtu re s  
from  an  ideal m ag n e to h y d ro d y n am ic  s itu a tio n  in  th e  c o n te x t o f  th e  e a r th ’s 
m ag n eto sp h ere  m a y  lead  to  a loss of charged  p a rtic le s  from  a g iven region.

T he m ag n e to h y d ro d y n am ic  equ a tio n s o f a co n d u c tin g  f lu id  a re  (F erraro 
a n d  P lumpton [5])

e ^ -  =  =  Vp +  - ( v x H ) x h , 
dt 4 л
dq
dt

e V - v ,

p  — kqy ,

—  =  V x ( V x H )  +  i)V2H  , 
dt

V • H  =  0 ,

( 1 )

(2)

(3)

(4)

(5 )
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w h ere  У is th e  f lu id  v e lo c ity , p  th e  p ressu re , g th e  m ass d ensity , r) th e  re s is ti
v i ty ,  y  th e  ra tio  o f  specific h ea ts  o f th e  flu id , H  th e  m ag n e tic  field.

U se a  sy stem  o f re c ta n g u la r  co o rd in a tes  (x , y , z), a n d  look for a  so lu tion  
t h a t  depends o n ly  on x,  an d  tim e  t. E q s . (1) — (5), th e n  becom e

dvx
+  n  f ■

dp - ± - - ? - ( H 2 +  H 2) ,
dt dt dx 8 n dx

dVy
+  Vx dVy =  —— i f  X

d H y
dt dx 4 n dx
dvz >bl

i-H JII d H z
dt dx 4л dx

de +  уЛ - -dt dx dx
p  = к д у ,

днх д2Нх
-- 9

dt дх*

( 6)

(? )

( 8 )

(9)

( 10)

(И)

W y
dt

d H z
dt

д н х
dx

=  - ± ( V x H y - V y H x) + f j ^
dx dxL

=  J L ( v z h x - v x h z ) +  Æ  ,
dx dx?

=  0 .

( 12)

(13)

(14)

O ne o b ta in s  from  E q s. (14) a n d  (11)

H x =  const. (15)
P u ttin g  

E q .  (9) gives

—  =  [—  +  vz—  ] a =  0 . (17)
dt dt dx

P u tt in g

H> =  f '  (18)
a n d  using  (15), E q s . (12) an d  (13) give

di  d2S
—  =  Hx К  +  V —  dt y dx2

d i „ v , d2c
dt dx?

(19)

( 20)
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U sing (15)—(20), E qs. (6) — (8) becom e

dXy dVx
=  - k i - jdX ri 1 d_

dx dt dx [1 [dx IJ 8л dx

dx_ d2 ç _ | Я 2 dA a d 4
dx dt2 1 4л dx dt dx2

dX d 2Z H 2
=  —-  +  

4тг
dX c \ d2 c

dx dt2 11 dx dt 1 dx2

d£
dx

+
<K_|2
dx J1 '

(21)

(22)

(23)

I f  I ,  f ,  an d  g are reg a rd ed  as fu n c tio n s  o f X and  t, E q s . (21) —(23) m a y  be w rit
te n  as

d K
dt

d 4
dt2

d H
dt2

d  l d
-  —  (kQ?)---------------

dX 8 n  dX
ff +d£_|2J 

dx]  J
I H I , d I+  VQ —

r d
1 4 jr dt I dX

H 2
+  yo d \\ д 1

4л *  1 _ d t \

d i
Q

!)]■

(24)

(25)

(26)

Follow ing W o o lley  [3], le t us look for a he lical m otion  o f  th e  fluid-
an d  assum e

£ =  f(X) cos cot +  h(X) s in  cot |  (27
C =  h(X) cos cot — f(X) s in  cot

w hich  im plies th a t  th e  com ponen t o f  th e  m agnetic  fie ld  p e rp en d icu la r to  th e  
d irec tio n  of th e  u n ifo rm  fie ld  H x ro ta te s  u n ifo rm ly  ab o u t th e  la t te r  d irection . 

U sing (27), E q s. (25) and  (26) becom e

2 ,  Щ  d I d f— co2f  =  — -    p —
4n dX dX +  ye<°

dX

2 , Щ  d— со2 h — —-  —  
471 dX

dh
dX

= rjQCO — Q 
C7Á

dh
dx)

d f
IdA

N ow , E q . (24) gives
V  — ut 4- V,

(28)

(29)

(30)

w here и an d  V  are tw o  co n stan ts . T h e  m o tio n  of th e  f lu id  m ay  th u s  be  described 
in  te rm  o f th e  v a riab le  cp w here

u t 2
<p =  X -------------- vt +  w, (31)

w here w is a n o th e r c o n s ta n t. E qs. (24), (28) and  (29) th e n  give
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uk =  I 0 — к
(dk у 1

[ |  Щ + 1—пdp 8 я \ d p j  J
d2f
dp2

d2h
dp2

4лсо2 ,  dk  4лсо a  d2h dk
■ / - 7--------- — »?m dip H l  dp2 dip

4ясо2 , dA 4ясо 0 d 2/  dA
Л —  +  - ^ - V -Щ  dip Щ  dp2 dp

(32)

(33)

(34)

w h ere  I 0 is a  c o n s ta n t o f in te g ra tio n . A ssum ing t h a t  tj is sm all, E q s . (32 )—(34) 
h a v e  tw o  in teg ra ls  L 0 an d  I x g iven  b y

dp  dp

L 0 4"
4ясо

~ Ж
+ k d*h

dp2

со
2 H l

( P  +  h2) - h - u p ) Г — 11 1
— ------[ y - 1 dp  , y^= 1

k y

Lo~\~
4 л с о

In ”í
( d2f  d2h
f dp2 dp1

X

X exp
C0“

2 Я ?
(Z2 +  Л2) — II  — up dp ,  y  =  1 (35)

û r
2Я ?

( Я  +  л2)

1Х -f- fc ln
dA
d<p

CO

СО т 
-  — 1 ,

Я 2

г  *1 L m

гЧII

(36)

N ow , n o tin g  th a t

Vy H y +  Vz H z = со

Ж
h « L - f * b -

dp dp
(37)

one observes, on  u s in g  (35), t h a t  in  th e  presence o f  a sm all r e s is tiv ity  in  th e  
f lu id , th e  m ag n etic -fie ld  lines no  lo n g e r m ove w ith  th e  flu id .

P u ttin g
f  =  r cos 0, h =  r s in  0, (38)

E q s . (32), (36) a n d  (35) give

' d r  I2 
dp

dO
dp

=  8 tt I 0 - k
dA у

dp  !
uk (39)
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dX
d<p

CO
U<p — T)L0\y-i  , y 9*1

fey ) I 2 H 2

[  1 I со2 r 1 r  СО 1-h-
ex p

щ
y =  1

(40)

dÖ_ =  Lo_
dcp r*

4nco
H----------V

tHI

4л
к г й Г

d2X dX l
---------- и -----
dcp2 dcp J

8л I 0 - k
dX
dcp

1/2
dX dcp.

(41)

I t  is c lea r th a t  th e  sy s tem  (39)—(41), in  general, has to  be in te g ra te d  n u m e ri
cally . F o r  th e  case и  =  0, one m ay  w rite  th e  system  (39) —(41) in  th e  form

dr ' 2

dcp,
=  Ф(г ) . (42)

In  the absence o f a resistiv ity  in the flu id  (i.e. r) —  0) (42) shows th at r(cp) will 
be a periodic m otion w hich represents a helical m agnetosonic w ave and cor
responds to  the fact th a t a charged particle in an electrom agnetic w ave pro
pagating parallel to  a uniform m agnetic field  m oves in  a region betw een  con
centric cylinders w hich have their axes in the direction o f the uniform  m ag
netic fie ld , (W oolley [6]). (42) shows th a t the effect o f  th e  presence o f  a sm all 
resistiv ity  is to introduce a slight aperiodicity in the flu id  m otion. In  th e  con
te x t  o f  th e  earth’s m agnetosphere (wherein the local m agnetic fie ld  o f  the  
earth m ay be taken to  be uniform as a first approxim ation, and th e  gravita
tional forces m ay be thought to  produce electrom agnetic waves propagating  
along the earth’s m agnetic field  lines), the im plication o f this result m ay  be 
a loss o f charged particles from a given region due to  departures from an ideal 
m agnetohydrodynam ic situation.
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ESTIMATION OF DISSOCIATION ENERGIES OF 
WEAKLY BOUND MOLECULES
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(Received 6. X. 1981)

The applicability of E n g e l k e  Potential to determine the dissociation energy of weakly 
bound molecules in terms of Dunham, Morse and Lennard-Jones potentials is examined. 
A simple expression for dissociation energy of weakly bound molecules is derived and the pre
dicted values are in accordance with the available experimental data.

Pow er series expansion  o f  th e  v ib ra tio n a l n um ber o r th e  in te r-n u c le a r  
d is tan ce  is one o f th e  m ost im p o r ta n t m e th o d s of re la tin g  sp ec tra  o f  d ia 
to m ic  m olecules to  th e ir  m o lecu lar s tru c tu re . T h e  u tility  of such  expansions la r 
gely  depends u p o n  th e  rad iu s  o f  convergence. I n  th e  case o f th e  D u n h a m  se
ries [1], i t  is severe ly  re s tr ic te d . The n o n -a n a ly tic  b eh av io u r o f th e  p o te n tia l 
a t  zero in te r-n u c le a r  d istance  is one o f th e  possib le  sources o f  th is  sh o rtc o m 
in g . V arious m e th o d s  have b een  suggested  [2 — 6] to  overcom e th is  d ifficu lty , 
how ever, all th e  te rm s  in  th e se  series are n o t ava ilab le  to  im prove  th e  ran g e  
o f u ti l i ty . T he so lu tio n  to  th is  p rob lem  has re c e n tly  been p ro v id ed  b y  E n g e l k e  
[7] b y  genera lising  th e  O g i l v ie —T ip p in g  a n d  T h a k k a r  series an d  is re fe rred  
to  as th e  (ß , q) re p re se n ta tio n .

In  th is  co m m u n ica tio n  w e re la te  th e  E n g e l k e  P o te n tia l to  th e  D u n h am , 
M orse an d  L e n n a rd -Jo n es  P o te n tia ls  an d  o b ta in  a sim ple expression  fo r th e  
d issocia tion  en erg y  o f w eak ly  b o u n d  m olecules.

The E n g e l k e  p o te n tia l V(R) is rep re se n te d  b y  a series in  A o f th e  form ,

w here

V(X)\= Ve +  c0 A2 1 +  2 c
n= 1 ■nH*

[A |= [sgn(p) 1
Ш  +  1) Д А р1

1 R  +  ß R e J J’

(U

( 2 )

ß, p  are th e  free p a ram e te rs  a n d  sgn (p ) is th e  sign of p .
T he tra n s fo rm a tio n  g iven  in  E q . (2) m ap s th e  p ositive  rea l R  ax is in to  

th e  in te rv a l [{1 — (1 -f- ß ~ 1)p, 1] of th e  A ax is , if  ß and  p  )> 0; i f  ß )> 0 an d  
p  <C 0, th e  in te rv a l is [{ßl(ß -[ 1)} — 1, °о ] . T he a d v a n ta g e  o f th is  e x p a n 
sion  is th a t  fo r p  )> 0, A has s o  singu larities on  0 <  R  <  oo, p ro v id ed  ß  >  0.
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Table I

Com parison of the predicted  and experim ental values of ground s ta te  dissociation energies
(De) of some w eakly bound molecules

Molecule “ calc (Eq- 13) (cm-1) D« exp(cm г)

NaNe 3 150 149.7
NaAr 4 440 492
Cas 3 1330 1079

Mgs 3 443.6 429.9

A n o th e r  sa lien t fe a tu re  o f th is  series is th a t  A(R) is f in ite  as R  —► 0 a n d  as 
R  —*• oo, /.(R) —► 1? in d ic a tin g  th e re b y , th e  d issocia tion  can  he d e te rm in ed .

T h e  ex p ansion  coefficien t cg is re la te d  to  th e  D u n h am  coefficient b y  th e  
re la tio n

c0 =  «o(l +  ß)2P~2, (3)
w here

(1 +  ß) — — (1 +  P) ° i  (4)
an d

12 a<y — 11 a\ . . .
P =  TO -  I  • ( 5 )12 ß2 — 7 a(

F u r th e r  i t  can  be easily  seen th a t

CoP2 =  D e coe x j B e =  D e <x2e R 2e, (6)
(1 +  ß f

w here  D e, xe are  th e  d issocia tion  en e rg y  a n d  M orse p a ra m e te r , resp ec tiv e ly . 
R e a rra n g in g  E q . (6), one ob ta ins

D e =  c0[P2l ( l  +  ß)2] x 2R l  (7)

A p p ly in g  V a r s h n i’s co n d itio n  [8] fo r M orse an d  D u n h a m  p o te n tia l cu rves, 
we ge t

oce =  (6 B 2/a>e) ■ (1 +  ox) 
=  (6 B 2/coe) - F ,

w here
U ' " ( R e )  

U " (R e) '
(9)

Follow ing  E q s. (8) a n d  (9) we get

D e — с0р2/(! +  ß f a l  =  «o/«i • ( 10)
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T he above  expression , how ever, does n o t  lead to  a  co rrec t v a lue  o f  th e  
d issociation  en e rg y  of w eak ly  bound  m olecules, due to  th e  in ab ility  o f  th e  
M orse fu n c tio n  to  express i ts e lf  as an  in v erse  long range ex p an sio n  d o m in a te d  
b y  lead ing  te rm s  (R ) -6.

W e n e x t  consider th e  L en n a rd -Jo n es  p o ten tia l a n d  app ly  as u su a l 
Va r sh n i’s co n d itio n s. T he L en n a rd -Jo n es  p o te n tia l is g iv en  b y

V(r) =  D e 1 + A
R

A pplica tion  o f  V a r sh n i’s c r ite r ia  leads to

ai =  (» +  1)
an d

w here

D e =
(:n +  l ) 2

«о =  Be •

R e \ n'
R ( И )

(12)

(13)

E q . (13) has b e e n  used to  co m p u te  th e  d issocia tion  energ ies o f  w eakly  b o u n d  
m olecules.

T ab le  I  com pares th e  ca lcu la ted  va lu es  o f  d issociation  energies w ith  th e  
ex p erim en ta l v a lu es  [9]. T h e  agreem ent w ith  ex p erim en ta l d a ta  is s a tis fa c to ry  
excep t in  th e  case  o f Ca2.

R E FE R E N C E S

1. J . L. D u nham , Phys. Rev., 41, 713, 1932.
2. I. Sa n d em a n , Proc. Roy. Soc., 60, 210, 1940.
3. C. L. B ec k el  and  R . E n g e l k e , J .  Chem. Phys., 49, 5199, 1968.
4. J .  F . Og il v ie , C anadian Spectroscopy Symposium , O ttaw a, Canada, Oct. 1974.
5. G. Simons, R. G. P arr and J . M. F inlan, J. Chem. Phys., 59, 3229, 1973.
6. A. J .  T h a k k a r , J .  Chem. Phys., 62, 1693, 1975.
7. R. E n g e l k e , J .  Chem. Phys., 68, 3514, 1978.
8. Y. P. V a r sh n i a n d  R. C. Sh u k l a , Rev. Mod. P hys., 35, 130, 1963.
9. K. P . H u b e r  and  G. H er z b er g , in  ’Constants o f  D iatom ic Molecules’, V an N ostrand R ein

hold Co., New York, 1979.

Acta Physica Academiae Scientiarum Hungáriáié 52, 1982





AN X-RAY STUDY OF THE S e -T e  SYSTEM

M. F . K o t k a t a , E . A . M a h m o u d  and  M . K . E l -M o u s l y

PHYSICS DEPARTMENT, FACULTY OF SCIENCE, AIN SHAMS UNIVERSITY, CAIRO, EGYPT

(Received 16. X. 1981)

Acta Physica Academiae Scientiarum Hungaricae, 52 (2), pp. 175 — 187 (1982)

For various S e—Те compositions, quenched from  800 °C (8 h) a t room  tem perature , th e  
diffraction p a tte rn  of the vitreous phases is characterized by two broad m axim a. W ith CuKa 
rad ia tion  the low-angle halo extends from  16 to 40° in 20 values, covering th e  range of B ragg 
angles corresponding to  the crystal p lanes reflecting w ith  th e  highest in tensities. The second 
m axim um  is f la tte r  and broader w ith  increasing T e-content, hardly  discernible from  the back
ground, and extends up  to  an angle of 62° in the 20 scale. The effect of h e a t on structu re  is 
briefly  discussed. F or the crystallized samples changes w ith  composition and  structu ra l fea
tu res  are considered. The in terp lanar spacings (<Ьда) and  th e ir relative in tensities for all form s 
of th e  com ponent elem ents are reported . The phase d iagram  of the whole system  shows th e  
presence of three distinguishable substitu tional solid solu tion  phases; called: A , A  -f- B, and  В  
phases; the compositions of these th ree phases are given.

Introduction

Series o f S e—Те alloys ra n g in g  in  chem ical com position  from  pure  Se 
to  p u re  Те h av e  b een  p rep ared  [1]. T h e  m olten  m ass is qu en ch ed  a n d  th e  s tru c 
tu r a l  n a tu re  o f  th e  p roduced  in g o ts  is ex am in ed  b y  X -ra y  d iffrac tio n  te c h 
n iq u e . D iffe ren tia l th e rm a l an a ly sis  (DTA) w as carried  o u t fo r  th e  d iffe ren t 
com positions [1, 2 ]. X -ra y  d iffrac tio n  an d  D T A  th e rm o g ram s o f th e  quenched  
m ass iv e  alloys h a v e  in d ica ted  t h a t  sam ples o f  ^>50 a t%  Т е a re  co m ple te ly  
c ry s ta llin e . T h e  a b ility  to  fo rm  crysta lline  solids decreases w ith  increasing  
S e -c o n te n t. T h e  com positions fro m  0.0 to  30 a t%  Т е te n d  to  supercoo l s tro n g ly  
a n d  solid ify  in  th e  v itreo u s r a th e r  th a n  in  th e  c ry sta llin e  s ta te .

A n in v e s tig a tio n  of th e  s tru c tu re  of th e  c rysta lline  s ta te  o f th e  sam e 
com positions as th e  v itreo u s s ta te  offers v a lu a b le  m eans to  e x p la in  th e  p ro 
p e r tie s  an d  s tru c tu ra l  p ecu lia rities  o f glasses, a n d  th e  changes in  these  p ro 
p e r tie s  d u ring  tra n s i t io n  from  th e  v itreo u s to  th e  c rysta lline  s ta te .

In  th e  p re se n t w ork  re su lts  ob ta ined  fro m  X -ra y  d iffrac tio n  p a tte rn s , 
t h e  effect o f h e a t a n d  th e  change in  com position  o f  th e  glass s tru c tu re  a re  d is
cu ssed . T he co rrespond ing  p o ly c ry sta llin e  fo rm s w ere effected  b y  an nea ling  
th e  v itreo u s  sam ples in  th e  ran g e  o f th e ir  so ften in g  an d  c ry s ta lliz a tio n  te m 
p e ra tu re s , Tg — T c [2].

X -ra y  d iffrac tio n  p a tte rn s  fo r th e  d iffe ren t form s have  b een  a u to m a ti
ca lly  recorded  u sin g  a m odern  P h ilip s  d iffrac to m eter. The gen era l o p e ra tin g
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co n d itio n s w ere k e p t c o n s ta n t all over th e  w ork  a n d  w ere: C uK a ra d ia tio n  
50 К У , 25 m A ; slits : 1°, 2 x l 0 -4 m , 1°; p ro p o rtio n a l co u n te r; scan n in g  velo
c ity : 2°(20)/m in.; L . L .: 3.50; W .: 3 .50; ra te m e te r:  1 X 103 counts/s.

Significance o f the diffraction patterns of the quenched samples

T h e d iffrac tio n  p a tte rn s  o f th e  S e —Те q u en ch ed  com positions hav ing  
< 5 0  a t%  Т е are show n in  F ig . 1. All p a t te rn s  are  ch a rac te rized  b y  th e  absence 
o f  a n y  d iffrac tio n  p eak s ind ica tin g  th e  am orphous n a tu re  of these  m a te ria ls .

TeSe5o

_t

_ i___ I___I___ I___I___ I___ I__

70 60 50 40 30 20
diffraction angle, 20  [degree]

10

Fig. 1. X -ray  diffraction patterns of Те—Se quenched sam ples having a t % Те <  50%.
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Sam ples h av in g  a t%  Т е ^>50%  are  ch a rac te rized  b y  th e  ap p e a ra n ce  of dif
fra c tio n  lines due to  th e  fo rm atio n  o f  a c rysta lline  s ta te .

T h e  am o rp h o u s p a tte rn s  in  F ig . 1 m ay  be described  as “ s tep p ed -h u m p s” . 
T he low -angle  halo  ex ten d s  from  16° to  40° in  20 a n g u la r  u n its . T hese  b road  
m ax im a  h av e  th e  h ig h es t in te n s ity  in  all p a tte rn s . T h e  second s te p  is f la t te r  
an d  b ro ad e r, h a rd ly  d iscern ib le  from  th e  b ack g ro u n d  w ith  increasin g  Te-con- 
te n t ,  a n d  ex ten d s u p  to  an  angle o f  62° in  20 values.

T h e  sc a tte rin g  o f  X -ra y  b y  am o rp h o u s  m a tte r , th e  m ain  c o n tr ib u tio n  to  
th e  in te n s ity  a rr iv in g  a t  th e  p o in t o f  ob serv a tio n , is d u e  to  one single sc a tte r 
ing  o f th e  p rim a ry  b eam  b y  each vo lu m e elem ent V v  I t  m ay  be  also  due to  
successive seco n d ary  sc a tte rin g  from  d iffe ren t vo lum e elem ents Vx p re se n t in 
th e  am o rp h o u s m a tr ix . These vo lum es a re  d is tr ib u te d  a t  ran d o m  a n d  th e  area 
u n d e r th e  re sp ec tiv e  hu m p  should  b e  p ro p o rtio n a l to  th e ir  sca tte rin g -p o w er 
c o n tr ib u tio n  [3]. F o r  th e  glasses d ep ic ted  in  Fig. 1 th e  hu m p  is d iv id ed  in to  
tw o  a n g u la r  ranges, w hich  m ay  be d u e  to  a ce rta in  degree o f d irec tio n a l sca t
te r in g  b y  th ese  v o lum es. In  o th e r w ords, these  a n g u la r  ranges co rrespond  to  
num ero u s la ttic e  d irec tio n s or a tom ic  p lan es of h igh  sca tte rin g  p o w er in  th e  
co rrespond ing  c ry s ta llin e  form s.

Effect of heat treatment

W h en  a supercoo led  S e—Те sam p le  is su b jec ted  to  an  iso th e rm a l t r e a t 
m en t be tw een  its  T g a n d  T c te m p e ra tu re s , a defined  tim e  period  is requ ired  
to  com ple te  th e  c ry s ta lliz a tio n  process [4]. T he la t te r ,  o f  course, dep en d s on 
th e  te m p e ra tu re  a t  w h ich  th e  c ry s ta l g ro w th  tak es  p laces.

T h e  com position  T eSe20 [5] is se lec ted , as an  ex am p le , to  s tu d y  th e  ra te  
o f c ry s ta l g row th . F o r  th is  purpose, f iv e  dry -clean  p y re x  tu b es  each co n ta in in g  
ab o u t 0.5 g o f am o rp h o u s T eSe20 w ere sealed u n d er v acu u m  ( ~ 1 0 ~ 2 P a) and 
h e a te d  a t  300 °C fo r 1 h . T hen , th e  tu b e s  w ere qu ick ly  tra n sfe rre d  to  an o th e r 
p re h e a te d  oven k e p t a t  130 °C an d  s in te red  for 10, 12, 20, 30 a n d  45 m in. 
A fte r th e  req u ired  tim e , each tu b e  w as quenched  in  icy  w a te r  to  p re v e n t any  
possible p h ase  tra n s it io n . A fte r th e  h e a t t re a tm e n t a n  X -ra y  scan n in g  cover
ing  th e  a n g u la r  ran g e  o f th e  tw o b ro ad  m ax im a  has b een  recorded . F ig . 2 shows 
th e  d iffrac tio n  scans fo r th e  d ifferen t soak ing  tim es. T h e  in te n s ity  I  an d  th e  
in te rp la n a r  spacings d h av e  been m easu red  for all p a t te rn s  an d  a re  g iven  in 
T ab le  I  a long  w ith  th e  re su lts  for a co m ple te ly  c ry sta llized  TeSe20 sam ple.

F ig . 2 show s c lea rly  th a t  th e  X -ra y  d iffrac tion  sp ec tru m  o f th e  sam ple 
annea led  fo r 10 m in  does n o t differ from  th a t  of th e  am o rp h o u s q u en ch ed  one, 
in  F ig . 1, revealing  no evidence o f an y  c ry s ta lliza tio n . A fte r  annealing  fo r 12 m in, 
th e  low -angle diffuse h u m p  is s ligh tly  sh a rp en ed  an d  a  line a t  d =  0.302 nm  
ap p eared , a p p a re n tly  re flec tin g  som e m inor s tru c tu re  a d ju s tm e n ts  w ith in
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th e  am orphous m a tr ix . A nnealing  fo r  20 m in show s th a t  six new  lines began  
to  a p p e a r  a t d =  0 .3792, 0.219, 0 .208, 0.2001, 0 .1774 and  0.1649 nm . T he in 
t e n s i ty  of th e  lines increased  an d  th e  re la tiv e  h a lf  w id th  o f th e  p eak s decreased 
w ith  increasing  a n n e a lin g  tim e. I n  th e  sam ple an n ea led  for 30 m in  a new line 
a p p e a re d  a t d =  0 .1436 nm . A n o th e r  line s ta r te d  to  ap p ear a t  d — 0.1374 nm  
a f te r  annealing  fo r  45 m in. T he re s t  o f th e  c h a ra c te r is tic  d iffrac tio n  lines of 
th e  com position  T eS e20 appeared  in  th e  com plete  c rysta llized  sam ple  as g iven

Fig. 2. X -ray  d iffraction  patterns o f th e  sample TeSe20 annealed a t 130 °C for different
times.
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Table I

X -ray  in tensity  I  (a rb itra ry  un its) and in te rp lanar spacing d(nm ) for different iso therm al 
crystallization of supercooled liquid TeSe?0 a t 130 °C

Soaking time in minutes

12 20 30 45 Complete cryst.

a I d I d I d I d /

— — 0 .3 7 9 2 11 0 .3 7 8 4 45 0 .3 8 0 53 0 .3 8 1 5 53

0 .3 0 2 6 0 .3 0 1 6 26 0 .3 0 1 6 86 0 .3011 96 0 .3 3 0 3 10 0

— — 0 .2 1 9 3 0 .2 1 8 6 10 0 .2 1 9 14 0 .2 1 9 1 19

— — 0 .2 0 8 4 6 0 .2 0 8 4 13 0 .2 0 8 4 25 0 .2 0 9 4 32

— — 0 .2 0 0 1 4 C .2006 10 0 .201 16 0 .2 0 1 4 21

— — — — — — — — 0 .1 8 7 9 4

— — 0 .1 7 7 4 4 0 .1 7 7 5 9 0 .1 7 7 2 15 0 .1 7 7 9 21

— — 0 .1 6 4 9 3 0 .1 6 4 7 6 0 .1 6 5 5 7 0 .1 6 6 8 8

— — — — — — — 0 .1 6 5 2 10

- — - — — — - — 0 .1 5 1 5 9

— — — — — — — — 0 .1 5 0 4 4

— — — - 0.143 6 0 .1 4 3 6 7 0 .1 4 3 5 11

— — — — — — 0 .1 3 7 4 4 0 .1 3 7 9 4

in  T ab le  I .  F rom  F ig . 2, one m ay  also in fe r th a t  th e  low -angle halo  is s till 
v isib le in  th e  range o f th e  B ragg  angles o f th e  c ry s ta l p lanes re flec tin g  a t  
h ighest in ten sitie s .

S tru c tu ra l changes w ith  com position

In  th is  Section, th e  changes in  th e  s tru c tu ra l fea tu re s  o f th e  p o ly c ry s ta l
line fo rm s o f com posite sam ples o f th e  sy s tem  S e—Те are  d iscussed. T h e  m a te 
ria ls w h ich  h a d  been  fo u n d  to  be in  th e  am orphous p h a se  b y  th e  q u en ch in g  
tech n iq u e  w ere su b jec ted  to  an  an nea ling  process a t  160 °C fo r 12 h , a n d  th e n  
allow ed to  cool slowly in  th e  oven. T he sam ples were p re p a re d  in  pow der fo rm  
fo r X -ra y  analysis.

The two component elements o f  the system

T he d iffrac tion  p a tte rn s  o f th e  tw o  p u re  elem ents Se an d  Те a re  g iven  
in  Fig. 3. T he ca lcu la ted  d values of b o th  elem ents a re  fo u n d  to  be close to  
tho se  g iven  in  th e  D iffrac tio n  D a ta  F ile  In d e x  [6]. B o th  Se an d  Те h a v e  a 
hexagonal s tru c tu re  [7]; T ab le  I I I  gives th e ir  u n it cell d im ensions. T he h ig h e r 
increase o f th e  la ttic e  p a ra m e te rs  “ a ”  a n d  “ c”  for Те th a n  th o se  for Se is m a in ly
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Table

In terp lanar spacings and relative intensities

Se TeSe„ TeSe80 TeSe,0 TeSe10
hkl d, nm Щ. d, nm d, nm Щ, d, nm 14. d, nm III.

100 0.3783 85 0.380 92 0.3815 33 0.815 53 0.380 91

101 0.301 100 0.3012 100 0.3036 100 0.303 100 0.302 100

110 0.2181 32 0.2188 25 0.2193 14 0.2191 19 0.2191 28

102 0.2076 50 0.2081 53 0.2084 27 0.2094 32 0.2094 39
111 0.1995 34 0.2004 33 0.2007 17 0.2014 21 0.20065 28

— — — — — — — 0.1907 4 0.1901 7

200 0.1809 8 0.1898 7 0.1898 6 0.1897 4 0.1892 7
201 0.1766 29 0.1788 28 0.1774 15 0.1779 21 0.1775 28

003 0.1654 12 0.1661 12 0.1661 5 0.1668 8 0.1669 10
112 0.1640 16 0.1646 17 0.1652 12 0.1652 10 0.1648 13

_ _ _ 0.1520 11 0.1524 8 0.1523 7 0.1525 7
103 0.1513 10 0.1510 15 0.1510 10 0.1515 9 0.1513 12
202 0.1506 15 0.1509 14 0.1508 8 0.1504 4 0.1510 12

210 0.143 17 0.1434 14 0.1441 8 0.1435 11 0.1435 16

211 0.1373 7 0.1373 7 0.1405 3 0.1379 4 0.1387 3

due to  th e  la rg e r  d iam ete r o f T e-a tom  (0.143 nm ) co m p ared  to  th a t  o f  Se 
(0.116 nm ).

T he c a lc u la ted  in te rp la n a r  spacings (dhkl) o f  th e  o bserved  reflections a n d  
th e ir  co rresp o n d in g  re la tiv e  in ten sities  ( J / J 0) are  lis ted  in  T able  I I  fo r all 
exam ined  a lloys to g e th e r  -with tho se  o f Se a n d  Т е. In v e s tig a tio n  of th e  X -ra y  
d a ta  ju s t ify  th e  follow ing c lassifica tion  o f th e  m ateria ls  o f  th e  S e—Те sy stem .
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II

of the examined polycrystalline Т е—Se samples

TeSe,1 TeSe2>8 TeSe,., TeSe TeaSe Те
d, nm Щ. d, nm ///. d, nm i/i . d, nm i l l . d, nm m . d, nm i l l . hkl

— — — _ — — — — 0.3862 51 0.3848 25 100
0.3816 33 0.3815 89 0.3815 67 0.3818 100 — — — — —
0.340 5 0.3398 10 0.339 11 — — — — — — —

— — 0.3225 10 0.321 5 0.3234 4 — — — — —
— — — — — — — — 0.3198 100 0.3245 100 101

0.3062 100 0.309 100 0.31 100 0.3135 94 , — — — — —
0.299 8 0.298 15 0.298 16 — — — — — — —

— — — — — — — — 0.2318 18 0.2347 35 102
0.2206 11 0.2206 51 0.2206 39 0.2211 79 0.2229 54 0.2221 29 110

— — — — 0.2183 24 — — — — — — —
0.2118 24 0.2161 19 0.2158 9 0.2163 7 — — — — —
0.2027 13 0.2027 25 0.203 19 0.2048 20 0.2081 15 0.2081 9 I l l
0.2002 5 0.2006 8 0.1971 4 0.1985 4 — — 0.1972 12 003
0.1911 4 0.1909 13 0.1903 10 0.1911 15 0.19295 12 0.1924 5 200

— — — — — - 0.1810 24 0.1831 25 0.1835 16 201
0.1877 4 0.1895 6 0.1870 7 — — — — — — —
0.1791 12 0.1794 29 0.1798 22 0.1794 10 0.1766 6 0.1774 5 112
0.1692 5 0.1692 11 0.1698 9 0.1718 7 — — — — —
0.1664 7 0.1661 10 0.1658 6 0.1680 4 - — — — —

— — — — — — — 0.1589 10 0.1616 8 202
0.1547 5 0.1549 10 0.1551 10 0.1560 7 — — — —
0.1527 7 0.1528 10 — — - — - — - — —

— — — — — — 0.1458 21 0.1478 8 113
0.1442 6 0.1442 25 0.1445 15 0.1449 30 0.1445 10 0.1456 8 210
0.1402 3 0.1393 11 0.1393 7 0.1402 13 0.1412 13 0.1417 6 211
0.1387 3 0.1384 8 0.1382 7 0.1396 11 0.1396 6 0.1382 7 203

Samples Se, TeSe50, TeSe30, TeSe10 and TeSe1(>; the A-phase

T he A -phase  is rep re sen ted  by  th e  f iv e  m en tioned  sam ples, th e ir  co r
respond ing  d iffrac tio n  p a tte rn s  are  given in  F ig . 4. T h ey  rep resen t p u re  Se, 
and  a T e -co n ten t o f 1.96, 3.23, 4.76 and  9.1 a t% , re spec tive ly . One m ay  see 
th a t  an y  com position  of th is  phase  is ch a rac te rized  by  a c lea r anti lim ited  num -
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b e r  o f d iffrac tio n  peaks. T ab le  I I  shows th a t  th e  re la tiv e  o rd e r  o f th e  six  p eak s  
o f  Se h av in g  th e  m ax im u m  in ten s itie s  is n e a r ly  th e  sam e as th a t  o f th e  co m 
p o sitions o f  th is  phase . B esides, th e  d va lu es  are  w ith in  th e  sam e ran g e , i.e. 
th e  d ev ia tio n  in  d w ith  re g a rd  to  an y  M d-plane does n o t exceed 0.0002 n m . 
I t  is w o rth  n o tin g  th a t  th e re  is no obvious tre n d  in  th e  v a r ia tio n  of b o th  in
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Fig. 3b. X -ray  diffraction p a tte rn  of crystalline Те.
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th e  in te n s ity  (I)  or in  th e  re la tiv e  in te n s ity  ( / / J 0) of th e  co rrespond ing  d iffrac 
tio n  lines o f  th e  com positions of th is  p h a se . The range o f  com position  is essen
tia lly  re p re se n te d  by  su b s titu tio n a l so lid  so lu tion  of m a in ly  Se-like s tru c tu re . 
T h is agrees w ith  th e  o b ta in e d  slight v a r ia tio n  in the  la t t ic e  p a ram e te rs  o f  th e  
m a te ria ls  in  th e  com positional range o f  th is  phase [1]-

Fig. 4. X -ray  diffraction pa tte rn s for the crystallized samples of Se, TeSe50, TeSe30, TeSe2„
and T eSe10.
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Samples Те and  T e3Se; the B-phase

T he p h ase  is rep resen ted  b y  th e  pure  Т е a n d  th a t  w ith  a Se-conten t of 
25 a t% . T h e  d iffrac tio n  p a t te rn  is show n in  F ig . 5. The p a t t e r n  of T e3Se is a 
sim p le  one a n d  h as  m ain ly  th e  d iffrac tion  lines appearing  in  p u re  Те. T ab le  I I  
show s th a t  th e  d values are n e a r ly  th e  sam e fo r  b o th  com positions of this p h ase . 
T h e  s tru c tu re  o f  T e 3Se is ch a rac te rized  by  th e  presence of som e Te-lines w h ich  
a re  m an ifested  in  th e  o th e r com positions, su ch  as those o f 0 .2318, 0.1598 a n d

F ig. 5. X -ray  diffraction patterns for th e  crystallized sam ples of TeSe5, TeSe2 5, TeSej 5 and
TeSe.
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0.1458 nm . M ateria ls  o f Т е levels in  th e  reg io n  o f 0 .0—25 a t%  Se re p re se n t a 
su b s titu tio n a l so lid  so lu tio n  o f  th e  Te-like s tru c tu re .

A d e te c ta b le  change h as  been o b se rv ed  in  th e  d  va lu es  an d /o r in  th e  
re la tiv e  in te n s ity  o f T e 3Se com pared  to  th o se  o f e lem en ta l Se. These lines w ith  
reg a rd  to  Se are  a t d =  0.3783 an d  0.301 nm .

Samples TeSe5, TeSe2 5, T eSe , - and TeSe; the (A  -(- B)-phase

Sam ples o f  th is  p h ase  rep resen t com positions h a v in g  a Те co m p o n en t 
of 16.67, 28.6, 40 an d  50 a t% , re spec tive ly . T he co rrespond ing  d iffra c tio n  
p a tte rn s  a re  g iven in  F ig . 6. T h is group o f  com positions is cha rac terized  b y  th e  
presence o f som e new  an d  sh a rp  d iffrac tio n  lines. The in te n s itie s  of th e se  lines

Fig. 6. X -ray  diffraction patterns for th e  crystallized sam ples of Te3Se and Те.
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Table

S truc tu ra l changes o f the Se—Te system  with com position

Classification

Composition A -phase

Se TeSe50 TeSe,0 TeSe20 TeSe10

Te-content From 0.0 to  ~ 1 5  a t % Те

Deduced
structure

Hexagonal: 
a =  0.43662 nm 
c =  0.49536 nm

Substitutional solid solution 
of Se-like structure

a re  re la tiv e ly  sm all. The new  lin e s  for th e  sam p le  T eS e5 are th o s e  a t d =  0 .340, 
0 .299, 0.1692, a n d  0.1402 n m . T hose o fT e S e 2 5 an d  TeSej 5 ap p ea red  a t  a b o u t 
d  =  0.3398, 0 .3225, 0.298, 0 .2161 , 0.1692 a n d  0.1393 nm , w h ere  th e  a c tu a l d 
v a lu e s  are g iven  in  T able I I .  F o r  TeSe, th e  new  peaks co rresp o n d  to  d =  0 .3234, 
0 .2163, 0.181, 0.1718 and  0.1402 nm .

S ta r tin g  fro m  pure Se, som e few lines d isap p eared  in  th is  phase. F o r  in 
s ta n c e , th e  lines co rrespond ing  to  d =  0.164 a n d  0.1506 n m  fo r pure Se, a n d  
th e  line a t 0 .1513 nm  (Se) d isap p ea red  w ith  th e  com position  o f  TeSe2 5.

O n th e  o th e r  h an d , som e ch a ra c te ris tic  lines of pu re  Se are  still p re se n t 
in  th e  co m positions of th is  p h a se , p rov ing  th e  con tinuous e ffec t of Те till  th e  
com p o sitio n  o f  T eS e5, 16.67 a t%  Те. T h is m a y  be re la ted  to  th e  d e te c ta b le  
v a r ia tio n  in  th e  u n it  cell d im en sio n  “ c”  fo u n d  in  th e  th e  co m position  o f T e S e 5 
[!]•  H ow ever, th e  com position  s tru c tu re  o f  T e S e 5 is closer t o  th e  f irs t p h ase  
(^4-phase), a n d  th a t  of TeSe is nea re r to  th e  B -phase .

T he s t ru c tu re  proposed  fo r  th is  ran g e  o f  th e  com position : ~ 1 5  — 50 a t%  
Т е , re p re se n ts  tw o  in te rm e d ia te  solid so lu tio n s  based on  th e  s tru c tu re s  o f 
th e  A  an d  В  p h ases , re sp ec tiv e ly .

H ow ever, th e re  are  som e peaks w hich  a p p e a r  w ith  th e  d ifferen t co m p o 
s itio n s  c o n ta in in g  Se an d  Т е . F ro m  th e  Se side, these  lin e s  correspond to  
d — 0.2076, 0 .1766 and  0.1373 nm . A lth o u g h  th e  v a ria tio n  in  th e  d va lues fo r 
each  line is sm all or m o n o to n ie  w ith  th e  a d d itio n  of Те, th e  hkl re flec tio n  is 
n o t  th e  sam e. F o r  exam ple, d  is 0.2076 n m  fo r  Se of (102) a n d  it  is (111) fo r 
Т е  (0.2081 n m ). T he d iffra c tio n  line due  to  th e  p lane (210) corresponds to  
0 .144 +  0.0017 n m  for all th e  com positions considered. F o r  th e  com position  
T eS e w here th e  p ercen tage  o f  Se: Te is 1 : 1, th e  line o f 100%  in te n s ity  a t  
d =  0.3818 n m  is n e ith e r  t h a t  o f  th e  100%  fo r  Т е (0.3245 n m ) nor th a t  o f th e  
100%  line in te n s i ty  for Se w h ich  appears a t  0.301 nm .

T ab le  I I I  sum m arizes th e  deduced  s t ru c tu ra l  changes o f  th e  S e—Т е sy s
te m  as o b ta in e d  from  th e  X - ra y  pow der a n a ly s is  considered.
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m
as deduced from  X -ray  diffraction investigation

(A -f- B)-phase B-phase

TeSee TeSe2>8 TeSeb6 TeSe Te3Se Те

From  > 15  to  ~ 5 0  a t  %  Те From  > 50  to 100 a t %  Те

Two substitu tional solid Substitu tional Hexagonal:
solutions having structure solid solution a =  0.44572 nm
based on A  and В  phases of Te-like structure e =  0.59290 nm
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SOLUTIONS OF WAVE EQUATION FOR THE 
SUPERPOSED POTENTIAL WITH APPLICATION TO 

CHARMONIUM SPECTROSCOPY

A. P . K a j w a d k a r  and  L . K . S h a r m a
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(Received 16. X . 1981)

Using pertu rbation  theory, asym ptotic expansions are derived for the eigenenergies and 
eigenfunctions of the wave equation for a superposed potential. These expansions have been 
applied to stu d y  the behaviour of Regge tra jectories and  in determ ining the bound quark- 
an tiquark  mass and decay widths.

In tro d u c tio n

R e c e n tly  m u ch  in te re s t h as  been show n  by  high en erg y  physic is ts  in  
p ro d u c tiv e ly  em ploy ing  n o n re la tiv is tic  m e th o d s  in  th e  d iscovery  o f th e  ip 
(3 GeV/с2) a n d  y  (10 GeV/с2) fam ilies o f h e a v y  n e u tra l m esons [1 —5]. A c tu a lly  
th e  p o ssib ility  th a t  h eav y  m esons can  be  iden tified  as e igensta tes o f  th e  
S ch rôd inger eq u a tio n  has s tim u la te d  considerab le  a tte m p ts  d ire c te d  to w ard s th e  
ach iev em en t o f a p red ic tiv e  spectro scopy  o f  h ad rons. In  th e se  a tte m p ts  th e  
re le v a n t w av e  eq u a tio n  fo r th e  b o u n d  s ta te  is given prim e consid era tio n  w hile 
fo r sp in , te n so r  forces an d  h y p e rfin e  s tru c tu re  considera tions [6] th is  e q u a tio n  
is m odified  accord ing ly . T he ch arm o n iu m  m odel [4, 7] h a s  been successful 
in  in te rp re tin g  ip an d  ip' as ch a rm ed  q u a rk -a n tiq u a rk  (c c) b o u n d  s ta te s  a n d  
o th e r  su b se q u e n tly  observed  phen o m en a . H ow ever, m an y  th in g s  still re m a in  
to  be un v e iled  in  re la tio n  to  level spacing  a n d  decay  ra te s  e tc . fo r w an t o f  co r
re c t th e o re tic a l p o te n tia l m odels.

F o r in te rp re tin g  vario u s o b se rv a tio n s, th e re fo re , d iffe ren t m odels h a v e  
been  developed . E i c h t e n  e t a l [5] p roposed  th e  long ran g e  b ind ing  b e tw een  
q u a rk s  b y  th e  re la tio n  V(r) =  ar. K r a m e r  e t  al. [8] used h a rm o n ic  o sc illa to r 
p o ten tia l. M ü l l e r - K i r s t e n  e t a l [6, 9] h a v e  considered  in  de ta ils  th e  s u p e r
p o sition  o f a rb itr a ry  pow er q u a rk  confin ing  p o te n tia l w ith  a sh o rt range g luon  
exch an g e  coulom b co m p o n en t an d  th e  lo g a rith m ic  p o ten tia l. A fte r th e  d isco
v e ry  o f y  s ta te s  [10] ce rta in  d o u b ts  were ra ise d  on th e  su ita b ili ty  of lin ea r p o 
te n tia l  as a phenom enolog ical an sa tz  fo r th e  q u a rk  con fin in g  in te ra c tio n . 
Q u ig g  e t al [11] a n d  R o s n e r  e t a l [12] m ad e  th o ro u g h  in v es tig a tio n  o f c h a r 
m on ium  sp ec tro sco p y  for th e  lo garithm ic  a n d  pow er p o te n tia ls , resp ec tiv e ly , 
b u t so fa r no s u ita b le  p o te n tia l  form  h as b een  ap p ro x im a ted . M otiv a ted  b y
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th e  above consderations Sharma et al [13] have recently  investigated  th e  
ollow ing three potentials w hich are the superposition o f

(i) a cpiark confining linear potential and short range m odified coulom b

potentia l —g2/r l°g  —■ »

(ii) a logarithm ic potential and the short range coulom b potential sim ilar to  
that considered in (i) and

(iii) an arbitrary power quark confining potential and a short range centri
fugal potentia l.
W e now  undertake the study o f charm onium  spectroscopy for a p o ten 

tia l which is th e  superposition o f a quark confining linear potential, a loga-

ТаЫе I

The lowest S an d  P  states of charm onium  ob tained  for the po ten tia l (3). The in p u t value is 
underlined. The quark mass has been chosen to  be equal to 1.65 GeV and 1.56 GeV.

States
Mass calculated 

(GeV) for the 
potential (3) 

(«)

Mass calculated 
(GeV) for the 
potential (3)

(b)

Mass (GeV) 
calculated for linear 

potential
w

Mass (GeV) calcu
lated for logarithmic 

potential 
(<•)

Mass (GeV) 
observed 

(«)

F S j 3.096 3.096 3.096 3.095 3.096
13P 3.24 3.416 3.469 — —

23Sj 3.684 3.682 3.684 3.685 3.684
2 3P 3.792 4.14 3.952 — —

33S, 4.156 4.16 4.173 4.163 4.16
3 3P 4.308 5.20 — — —

(a) In p u t values used for calculation are ß  =  0.3 GeV3,
r] =  0.001 GeV2, 8 =  0.0001 GeV and r 0 =  1 (GeV)-1, m =  1.65 GeV.

(b) In p u t values used for calculation are ß  =  1 GeV3,
r] =  0.887 GeV2, <5 =  0 and r 0 =  5(GeV)-1, m =  1.56 GeV.

(c) See reference [6].
(d) See reference [9].
(e) See reference [6].

Table II

Leptonic decay ra tes  in KeV w ith =  1.65 GeV for the poten tia l (3). All the param eters are
the  same as given in  Table I

States Mass in 
GeV

Decay width in KeV 
for the potential

(3)

Decay width in 
KeV for linear 
potential (b)

Observed values
w

l 3Sj 3.096 4.784 4.80 4.8±0.6
F S j 3.684 3.103 2.10 2.1±0.3
3 3S, 4.156 2.48 3.01 —

(a) See reference [6].
(b) See reference [9].
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rith m ic  p o te n tia l  an d  a w eak  sho rt-range  gluon  exchange coulom b p o te n tia l. 
W e h av e  o b ta in e d  th e  a sy m p to tic  expansions fo r energy  eigenvalues an d  R egge 
tra jec to rie s . W e h av e  also e v a lu a te d  q u a rk  m asses in  S  a n d  P  s ta te s  along 
w ith  th e  lep to n ic  decay  ra te s . T he resu lts  o b ta in e d  are show n in  T ables I  an d  
I I .  In  these  T ab les  th e  re su lts  o f  earlier w orkers are also re fe rred  to  for com 
parison . F in a lly  we give a b r ie f  discussion o f  o u r resu lts.

G eneral so lu tion

W e consider th e  S ch rö d in g er e q u a tio n  in  th e  ra d ia l fo rm  for re la tiv e  
m o tion  of th e  tw o  partic les o f  m asses m , an d  m 2, i.e.

d2 ip
~dP

w here as usual

h2
e - ^ ± i ) ^

2 fir2
V =  0 ,

1
Г

ip (r) P™(cos ё )  е,тФ .

( 1 )

( 2)

H =  m 1m 2jm l -f- m 2, g  is th e  red u ced  m ass o f  th e  tw o  p a rtic le s  an d  r  th e ir  
sep a ra tio n . T h e  p o te n tia l considered  b y  us h as  th e  form

V(r) = g i r -&2I0g — — — - * o  
to r

(3)

w here >  g2 > g 3 an d  V 0 is th e  scaling p a ra m e te r. 
S u b s titu tin g  (3) in  E q . (1) an d  se ttin g

yields

N ex t se ttin g  

an d

d2ip

dr2

a  =-- 2 Ц (E  +  V0)/h2 , ß =  2^gi/Ä 2 I

rj =  2fig2lh2, à =  2 /tg 3/Ä2 I (4)

y = i ( i  + i ) с =  log  r0 j

+  * -  ßr  +  Г] log r —
ô у  1

Tjc +  ------------— ip =  0 . (5)

r =  e ( — 00 < ; 2 < ; 00 )

ip =  Ф ez>2 

d20
d z 2

+  [ ~ L 2 + t ( z ) ]  Ф =  0 ,

( 6)

( ? )

( 8 )
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192 A. P. KAJWADKAR and L. K. SHARMA

w here
v(z) =  x  e22 — ße3z -f- T] (z — c) e22 -f- <5e2

L 2 =  [ y + i
(9 )

W e now  fin d  t h a t  v a lu e  o f z say  z0 fo r w hich  v(z) becom es m ax im al. In  
th e  v ic in ity  o f th is  m ax im u m  (v(z) — L 2) can  becom e p o sitiv e  and  th e  so lu tion  
th e re fo re  o sc illa to ry  as req u ired  for th e  ex istence  o f e igenvalues. T h u s se ttin g

'*■1  = o
dz :

an d  so lv ing  for z0 we get

and

w here

Zo==IOgl^f1 + ̂ (2fe + 1)+ m3 p L 2 x 4a2

. . 4x3 , 2xô 4a2 T]k
V(Zq) — ----------------------- ------------

27 ß3 3ß 9ß2 

2a

ô2
4x2

к =  log
3ßr0

E x p a n d in g  v(z) in  th e  neighb o u rh o o d  o f th e  m ax im um  a t  z 0 we o b ta in

*(z) =  »(z0) +  2 , r</) (*o) »
Ы2 I !

( 10)

( И )

( 12)

(13)

w here  i  =  0, 1, 2 , 3, . . . .
F o r  i =  0, th is  expression  is p o sitiv e , fo r i =  1 i t  is zero an d  fo r i >• 1 

i t  is n e g a tiv e  (as req u ired  fo r a m ax im u m  o f v(z) a t  z — z 0 for a  >  0).
S e ttin g

h =  { - 2 «/2>(z0)}1/4 (1 4 )
i.e.

4л32
h2 =  — —  

3ß
1 _i_ Ф  n

4a2 a  a
+  W ) (15)

an d  chan g in g  th e  in d e p e n d e n t v a riab le  in  E q . (8) to  to =  h(z — z0), one gets

d20
~drf~

+
—L2 +  y(z0) _

h2 4

г;(1> (г0) со' Ф

Ä  2»® Ы 7 Л '-
(16)
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In  p a r tic u la r  fo r i — 3, 4 , 5, 6 we get

л  *(3)(*o)
u(2)(z0)

ß  =  v w ( z 0) 

" »(2)(*o)

c _  *(5)Ы  
*(2)Ы  

D =  у(6)Ы
u(2) (г0)

f s - A Æ
L 2 a !

[ l 9 -

3 ßö 6т] к 4rj
2 a  a

9/?<5 , 30Î7Â 22»?
+ +

*65 -  75 f t3 +  114 vk +
2«2

211 -  135
ßö

390

ос oc

T)k 32 6»?
a

(17)

F o r  large  values o f  h, th e  R H S  o f E q . (16) ca n  to  a firs t a p p ro x im a tio n  be 
n eg lec ted . T he correspond ing  b e h av io u r of th e  “ eigenvalues”  { —L 2 +  v(zo )}//l'  
c an  th e n  be d e te rm in ed  b y  co m p arin g  th e  eq u a tio n  w ith  th e  eq u a tio n  of 
p a rab o lic  cy lin d er fu n c tion . T h e  so lu tions a re  sq u are  in teg rab le  only  if

=  9/2 , (18)

w h ere  q is an  o d d  in teg e r i.e.
q =  (2n +  1) (19)

(p ro v id ed  th e  w av efu n c tio n  is req u ired  to  v a n ish  a t  in f in ity , otherw ise it  
is o n ly  a p p ro x im a te ly  an  odd  in teger).

F o r com plete  so lu tion  we now  set,

± [ - L 2 + v ( z 0) ] = - 3 -  +  ^  , (20)
/ r  2 h

I F  +

w h ere  th e  q u a n t i ty  A in  (20) is y e t  to  be d e te rm in ed . S u b s titu tin g  (20) in  (16) 
we h av e

w here

у  ” '(*o)
á  ы

со' Ф 
i j А '-2 ’

(21)

(22)

E q . (21) now  is su ita b le  for ap p lica tio n  in  our p e r tu rb a tio n  m e th o d . To a f irs t
a p p ro x im a tio n  (p — Ç9<0) is sim ply  a parabo lic  c y lin d e r fu n c tio n  D q- 1 (со) i.e.

2

ф (о) =  фд =  D,__i (со), Ф , =  0 . (23)
2
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W e h a v e
я- 3

Dq- 1 (to) =  2 * • e « f
3 -  q  3 . со2
---------- , — » —-—■

4 2 2

w here  W is a co n flu en t hy p erg eo m etric  fu n c tio n . T he fu n c tio n  rpq is w ell know n 
to  o bey  th e  recu rren ce  re la tio n

w here
ыфя =  (ï* 9 +  2) ф<?+2 +  (9, 9 2) 2,

(9 ,9  +  2) =  !  a n d  (9 , 9  — 2) =  —- (9 — 1 ) .

F o r h ig h er pow ers we have

ш‘ фя =  ^  (9’ j )  фя+1
j= 2 i

(24)

(25)

(26)

a n d  a  recu rren ce  re la tio n  can  be w r itte n  dow n for th e  coefficients S,-. T h e  firs t 
a p p ro x im a tio n  op =  ç?(0) th e n  leaves u n co m p en sa ted  te rm s  am o u n tin g  to

9Л °° 1
=  ^ г фя -  2 - г г ;h, 1=3 л

w here  we h av e  set

Si(q,j) =

j= 2 i

' St(q,j )  
v (2>(z0) ' i  !

W e rew rite  (27) in  th e  form

=  2  ТГГ J [5’ 9+Л «W»).
i=  3 Я y=2f

(27)

(28)

(29)

w here  we h av e  se t

a n d  fo r

F o r

[9, ç]3 =  2zl — S3(g, 0)

H =  0 [9 »9 + Л з =  ~ S 3(q, j) .  

i >  3 , — 2 i < j  2i

[q>q +  j]i =  — s i(9>>) • (30)

Follow ing the procedure adopted b y  Müller-K ir st e n  et al [6], th e  next 
order contribution o f cp becomes

ф<1)=  2  - - - -  -  < V y H  •
1=3 Я j =2i J

( 3 1 )
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I n  its  tu r n  th is  c o n tr ib u tio n  leaves u n co m p en sa ted

P<1> _ -y  1 4LT [?’ 9 ~b j] i 71(0)
2 .  hi 2 2 ,  ~ • •
1=3

(32,
1=2/
JVO

T he h ig h er o rder co rrec tions to  th e  e igenfunctions i.e . (p"\ qr-3\  . . . are now 
o b ta in e d  in  a m an n er analogous to  th e  d e riva tion  o f  T hen  a d d in g  succes
sive co n trib u tio n s  w e o b ta in

ф =  Ф«') 4  ф (i) 4- ф(2) 4  . . . . (33)

E q . (33) rep resen ts th e  so lu tion  o f  (21) w hich is n o th in g  b u t a n  a sy m p to tic

ex p an sio n  in  descending  powers o f  h va lid  for (z — z 0) =  0 — i.e . around

z =  z0. F o r E q . (33) to  be a so lu tion  o f  E q . (21), th e  sum  of th e  coeffic ien ts of 
(pq in  Rq‘\  Rql\  Rg2\  . . • le ft u n co m p en sa ted  so fa r m u s t be set eq u a l to  zero i.e.

о =  - ^ М з  +  ^n h2
[Ъ ï] i +  2  [ç 4  J, g3]} +  0

j =6 Jjvo

1
h2

(34)

T h is is th e  eq u a tio n  w h ich  de te rm in es A  an d  hence eigenvalues, th u s  

2hA = Ш  0) -  \  §(q , 6) S3 (q +  6, -  6) +  i -  S 3(q, 6) Ss(? -  6 , 6) -
6 6

— S 3(q, 2) S 3(g +  2, — 2) +  —  S 3(q, 2) S 3(g — 2,2)}. -f-

+  0 (1/Л2) .

U sing E q s. (4), (17), (19) an d  (20), w e o b ta in

I +
12

^ + ( ^  +  1 ) В -  (15 q,2 +  7)
2s 25 • 32 t i 

p s )

(36)

Solv ing  for l, one gets 

l = 1 f t 2 / 3  , / 3 ( g 2 +  1) д  (15 g»+  7) J2  4
2 2 / 3  2 4 25h2 2s • 32 h2

/3  5
28 Л4

[g2 {3 • 111 ЛС -  0 .444  D +  0.944 B 2 -  8.333 4 2 B 4 -

+  0.407 Б 2} +  {8.444 Л С  — 2.22 D +  3.722 B 2 — 17 Л 2 В  +  

+  7 .1 2 9 Л 4}] +  0 ( l / / i3) . (37)
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196 A. P. KAJWADKAR and L. K. SHARMA

I t  m a y  be of in te re s t  to  no te  t h a t  fo r r) — 0 a n d  ô =  0, th e  expression  (37) 
red u ces  to  th e  an a logous ex p an sio n  fo r th e  p u re  lin e a r  p o te n tia l. T his ex p a n 
sion  is found  to  b e  in  exact a g reem en t w ith  th a t  o b ta in e d  b y  Mü ller -K irsten  
e t al [6] u p to  0 ( l /h 2).

A pplications

( A )  Regge trajectories

W e have u se d  E q . (37) fo r  p lo tt in g  R egge tra je c to rie s . T h e  Regge tra*  
je c to r ie s fo r  th e  p o te n tia l (3) a re  show n in F ig . 1. T he values o f  q u a rk  m ass 
m,  d, ß  an d  rj chosen  for p lo tt in g  th e se  tra je c to r ie s  are g iven in  T ab le  I .  W e 
o b se rv e  th a t  th e se  tra je c to rie s  a re  a lm ost lin ea r o v e r th e  ran g e  o f  im m ed ia te  
in te re s t .  I t  m ay , th e re fo re , be conc luded  th a t  R egge tra je c to rie s  fo r th e  po 
te n t ia l  considered  b y  us in  th is  p a p e r  do no t lose th e ir  lin e a rity  a n d  th e ir  be
h a v io u r  is s im ila r to  th e  ones as o b ta in ed  for p u re  logarithm ic  a n d  linear po 
te n tia ls .

( В )  Calculation o f  bound quark— antiquark mass

Since th e  q u a rk  m ass is tw ice  th e  reduced  m ass  f i ,  th e  m ass M q of a b o und  
q u a r k —a n tiq u a rk  p a ir  in th e  s ta te  q is given b y

M q =  4p +  E .

In  T ab le  I  th e  ca lcu la ted  v a lu e s  of low est S  a n d  P  s ta te s  m asses along- 
w ith  th e ir  e x p e rim e n ta l values a re  given. The v a lu e s  of th e  p a ra m e te rs  ß ,  rj, 
Ô a n d  Q0 used  in  th e  ca lcu la tion  a re  also given in  th e  Table. I t  is in te re s tin g  to  
n o te  t h a t  w hile m a k in g  ca lcu la tio n s re la ted  to  T a b le  I  — co lu m n  (a), p a ra 
m e te r  ß  w as th e  sam e  as used b y  M üller-K ir st e n  et al [6] fo r  pu re  lin ear

Fig. 1. The first th ree  Regge tra jec to ries for the po ten tia l (3) w ith m  =  1.65 GeV 
ß  =  0.3 GeV3, г) =  0.001 GeV2, ô =  0.0001 and  r 0 =  1 G eV -1.
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p o te n tia l. F o r ca lcu la tions re la te d  to  co lum n (b) o f T ab le  I ,  th e  m ag n itu d e  of 
p a ra m e te r  rj chosen w as th e  sam e as used b y  Müller-K ir sten  e t al [9] fo r 
p u re  lo g arith m ic  p o te n tia l. I t  is, there fo re , easy  to  conclude from  T able I  t h a t  
th e  values o f q u a rk  m ass h av e  im p ro v ed  on acco u n t of su p erp o sitio n  of lin e a r  
p o te n tia l an d  lo g arith m ic  p o te n tia l a longw ith  a w eak cou lom bian  co m p o n en t. 
A sim ilar o b se rv a tio n  for th e  im p ro v em en t o f  q u a rk  m ass due  to  su p erp o sitio n  
o f p o te n tia ls  has been  m ade b y  Sharma e t al [13].

(C )  Calculations fo r  leptonic decay widths

D ecay  w id th  p lay s an  im p o r ta n t  role in  exp lo ring  th e  orig in  of a n ew ly  
fo u n d  h ad ro n ic  s ta te . T he lep to n ic  decay  w id th s  o f a v ec to r  q u a rk -a n tiq u a rk  
b o u n d  s ta te  such as ip can  be expressed  in  te rm s  o f th e  S  w av e  b ound  s ta te  
w ave fu n c tio n  a t  th e  origin. T hus

( у - « ) -  1(У  | y ( » ) P .

H  ere x s is th e  fin e  s tru c tu re  c o n s ta n t, egis th e  charge  of th e  c o n s titu te n t q u a rk
o f ip.

In  th e  case o f an  s-w ave b o u n d  s ta te , th e  w ave fu n c tio n  is re la ted  to  th e  
p o te n tia l V  v ia  th e  following expression :

W 0 )l2 =
dV
dr

ip(r) d r .

/  d v \  * -
In  o rd er to  ca lcu la te  f ■■ ■ ) an d  hence ] y(0) |2 th e  W K B  a p p ro x im a tio n  m e th o d

is used.
T hus fo r th e  p o te n tia l (3)

If(0)|2= и
2л

j;dr E  — gi r +  &  log —  +  ^  +  V0
12 dV_ 

dr

dr E  ~ g i r +  g2lo g —  +  —  +  V0 
ro r

- 1/2

w here r  is th e  classical tu rn in g  p o in t, r 0 =  1 an d

d V
dr

T he re su lts  o b ta in ed  for th e  decay  w id th s  fo r p o te n tia l (3) are  show n in  
T ab le  I I  a n d  co m p ared  w ith  th e  ex p e rim en ta lly  observed  v a lu es .
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D iscussion

T he in v es tig a tio n  m ad e  in  th is  p a p e r  shows th a t  sim ple p e r tu rb a tio n  
m eth o d s c a n  be fo rm u la ted  for solving th e  w ave eq u a tio n  for th e  su p erp o sitio n  
o f  p o te n tia ls . I n  p a r tic u la r , th e  a sy m p to tic  expansions an d  eigenvalues for 
th e  p o te n tia l  (3) have  b een  derived.

In  th e  p o te n tia l (3) we have su p erp o sed  th e  C oulom b p o te n tia l w ith  
lin ea r a n d  lo g arith m ic  con fin ing  p o te n tia ls . W e h av e , how ever, assum ed  th a t  
th e  C ou lom bian  co m p o n en t is su ffic ien tly  w eak.

I t  is observed  th a t  o u r resu lts  show  im p ro v em en t over those  o b ta in ed  
fo r e ith e r  lin e a r  p o te n tia l o r for lo g a rith m ic  p o ten tia l ta k e n  sep a ra te ly . W e, 
th e re fo re , conclude th a t  co m b in a tio n  o f  lin ea r  p o te n tia l w ith  lo g arith m ic  po
te n tia l  is m ore  a p p ro p ria te  fo r th e  q u a rk  con finem en t.

T he m a in  fea tu res  o f th e  resu lts  o b ta in e d  in  th is  p a p e r  m ay  be su m m ariz 
ed  as follow s:
(1) T he ex p an sio n s a re  in v a r ia n t u n d e r jo in t  in te rch an g e  q —<- —q an d  h2 —*■ —h2 

w hich  o b v io u sly  c o n v e rts  one so lu tio n  in to  an o th e r.
(2) T he v a lu es  o f th e  s -s ta te s  p red ic ted  ag ree  well w ith  th o se  s ta te d  b y  o th e r 

au th o rs .
(3) T he v a lu es  for P -s ta te s  h av e  also sh o w n  im p ro v em en t even w ith o u t spin- 

o rb it a n d  te n so r co rrec tions.
(4) T he d e c a y  w id th  ca lcu la tio n s do n o t g ive good re su lts  fo r 2 3SX s ta te  w hile 

fo r o th e r  s ta te s  th e y  a re  sa tis fac to ry .
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Low lying negative parity  levels in  195P t were Coulomb excited w ith 4.0 — 5.5 MeV pro
tons to  tes t the weak coupling core-excitation model. A Ge(Li) detector was used to  measure 
gam m a ray  yields and angular distributions. The levels a t  449.6 and  793 keV were Coulomb 
excited repeatedly. The results of the gam m a-ray angular d istributions no t only confirm ed the 
assignm ent of 3/2 spin to the 199 keV level b u t also established 5/2, 5/2, and 3/2 spins for the 
levels a t 389.6, 449.6 and  793 keV, respectively. The E2 and  M l transition  probabilities for the 
389.6, 449.6 and 793 keV transitions were found for the f irs t tim e. The 211.2, 239.2, 389.6 and 
793 keV states have electrom agnetic m agnetic properties consistent w ith  the in te rp re ta tion  of 
coupling of a P l/2  neu tron  to  the 2^ and  2}  core-states.

1. In tro d u c tio n

Since d e -Shalit [1] in tro d u c e d  th e  core e x c ita tio n  m odel n in e te e n  years 
ago, a n u m b er o f  levels in  odd-A  nuclei have  b een  id en tified  as arising  from  
w eak  coupling o f th e  odd  p a rtic le  to  th e  f irs t ex c ited  s ta te  o f th e  even  core. 
W ith  th e  a d v e n t o f h igh  reso lu tio n  Ge(Li) d e tec to rs  m an y  one p h o n o n  and  
a few  tw o  ph o n o n  s ta te s  in  even -even  nuclei h av e  b een  observed . C onsequen tly  
th e  neighb o u rin g  odd-A  nuclei a re  being  re -ex am in ed  fo r levels re su ltin g  from  
th e  coupling  o f an  odd  p a rtic le  to  h ig h er ly ing  co re-s ta tes .

I f  th e  g ro u n d  s ta te  sp in  o f  th e  odd  nucleus is 1/2, th e  d esc rip tio n  of ex 
c ite d  s ta te s  in  th e  co re -ex c ita tio n  m odel is especia lly  sim ple, F o r  each  core 
s ta te  hav in g  sp in  J c an d  energy  E c th e re  are a t m o st tw o  s ta te s  in  odd-A  n u c 
leus w ith  spins J c +  1/2. T he m odel also p red ic ts  th e  B (E2) o f th e  decay  from  
each  m em ber o f th e  m u ltip le t to  th e  g round  s ta te  to  be  id en tica l an d  equal to  
th e  B (E 2; 2 —*- 0) fo r th e  core s ta te , if  th e  core s ta te  is id en tica l to  th e  firs t 
e x c ite d  s ta te  o f  th e  ne ig h b o u rin g  d o u b ly  even nucleus. I n  its  s im p lest form , 
th e  m odel fo rb ids M l ra d ia tio n  a n d  tra n s itio n s  be tw een  m em bers o f  a m u lti
p le t. Some odd-A  iso topes of P t ,  H g , an d  possib ly  P b  for w hich  th e  n eu tro n
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is in  a р ф  o rb it a re  good  te s t cases fo r  th e  co re -ex c ita tio n  m odel. T h e  p re se n t 
p a p e r  describes o u r m easu rem en t o f  th e  p ro p ertie s  o f levels in  195P t  in  te rm s 
o f  th e  co re -ex c ita tio n  m odel.

C oulom b e x c ita tio n  stud ies o f  195P t  h av e  b een  ca rried  o u t b y  a  n u m b er 
o f in v e s tig a to rs  [2, 3, 4 , 5, 6, 7] a n d  all these  h a v e  been  re p o rte d  in  N uclear 
D a ta  S hee ts [8]. C oulom b e x c ita tio n  o f  th e  levels a t  449.6 an d  793 keV  has n o t 
y e t  b e e n  rep o rted . A ccord ing  to  N u c lea r  D a ta  S hee ts [8], d e fin ite  sp in  assign
m e n ts  a re  n o t k n o w n  fo r  th e  levels a t  389.6 an d  449.6  keV. T he d e fin ite  assign
m e n t o f  3 /2 “  is ta k e n  fo r  th e  199.3 keV  s ta te  from  th e  T ab le  o f Iso to p es  (1978). 
I n  th is  p a p e r we re p o r t  th e  re su lts  o f  Coulom b e x c ita tio n  ex p erim en ts  w ith  
p ro to n s  on 195P t .  W ith  p ro tons, d ire c t E2 e x c ita tio n  is u su a lly  th e  d o m in an t 
p rocess, an d  on ly  3 /2 _ and  5 /2 “  s ta te s  are p o p u la te d  w hen th e  g ro u n d -s ta te  
sp in  is 1 /2 “ . T hen  th e  B (E 2) values fo r  g round  s ta te  tra n s itio n s  can  be e x tra c te d  
u n am b ig u o u sly  fro m  th e  g am m a-ray  y ields. B y  m easu rin g  th e  a n g u la r  co rre 
la tio n  o f  th e  g am m a-ray s  w ith  re sp e c t to  th e  in c id e n t p ro to n  beam , in fo rm a
tio n  o n  sp ins o f th e  ex c ited  s ta te s  a n d  th e  m u ltip o la r ity  o f th e  decay  ra d ia tio n  
can  be  ob ta in ed .

2. E xperim en ta l

T h e  C oulom b e x c ita tio n  s tu d ie s  o f  195P t  w ere done using  p ro to n s . Beam s 
o f p ro to n s  from  th e  B h a b h a  A tom ic  R esearch  C en tre , T ro m b ay , V an  de G raaff 
a cce le ra to r , w ith  energ ies from  4.0  to  5.5 MeV w ere u sed  to  b o m b a rd  a n a tu ra l 
p la tin u m  ta rg e t  w h ich  was in  th e  fo rm  of a se lf-su p p o rtin g  m e ta llic  foil o f 
55 m g /cm 2 th ick n ess  a n d  99%  p u r i ty . T he ta rg e t  w as inc lined  a t  an  angle of 
45° w ith  respect to  th e  in c iden t b e a m  to  in su re  id en tica l geom etries for 0° 
an d  90° an g u la r a n iso tro p y  m easu rem en ts . T h e  d e -ex c ita tio n  gam m a-ray s 
w ere o b serv ed  b y  m ean s  of a 30 cm 3 Ge(Li) d e te c to r  p laced  a t  an  ang le  of 55° 
to  th e  b eam  d irec tio n  to  m inim ize th e  an g u la r d is tr ib u tio n  effects on th e  gam m a 
ra y  y ie ld s . T he d e te c to r  re so lu tion  w as ab o u t 3.5 keV  fo r th e  1.33 MeV 60Co line. 
T h e  ex p e rim en ta l m easu rem en ts  co n sis ted  of g a m m a -ra y  y ields a n d  an g u la r 
d is tr ib u tio n s  w ith  p ro to n s . Since th e  ta rg e t  w as th ic k , th e  ta rg e t  ch am b er se rv 
ed as a F a ra d a y  cu p  fo r beam  in te g ra tio n . T he ta rg e t  c u rre n t w as in te g ra te d  
an d  reco rd ed  w ith  a p p ro p ria te  c o rrec tio n  for d ead  tim e .

T h e  abso lu te  effic iency  of th e  Ge(Li) d e te c to r  w as m easu red  w ith  a set 
o f s ta n d a rd  c a lib ra te d  gam m a sou rces. These sources w ere o b ta in e d  from  th e  
In te rn a tio n a l  A tom ic  E n erg y  A gency , V ienna. A b so lu te  effic iency  m easu re
m e n ts  w ere p erfo rm ed  im m ed ia te ly  follow ing C oulom b ex c ita tio n  ex p erim en ts  
w ith o u t a lte rin g  th e  geom etry . F o r  th e  gam m a ra y  o f  in te re s t (0.1 to  0.8 MeV) 
we believe  th e  a b so lu te  efficiency o f  th e  Ge(Li) d e te c to r  w as k n o w n  to  be
± 3 % .
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3. E xperim en ta l resu lts

3.1 Gamma-ray yields

The th ic k  ta rg e t  g a m m a -ra y  yields w ere  observed  fo r e x c ita tio n  o f levels 
in  195P t  w ith  4 .0 — 5.5 MeV p ro to n s  in  steps o f  250 keV. B ecause  th e  p re d o m in a n t 
m ode of e x c ita tio n  w ith  th is  p ro jec tile  is d ire c t E 2, a c c u ra te  B (E2) va lu es  can  
be e x tra c te d  b y  m eans o f th e  firs t-o rd e r p e r tu rb a tio n  th e o ry  of A lder  e t a l
[9]. A  ty p ic a l gam m a ra y  sp e c tru m  o b ta in e d  from  th e  b o m b a rd m e n t o f  195P t  
w ith  5.0 MeV p ro to n s is sh o w n  in  Fig. 1. G am m a ray s  a t  140.2 show n in  
F ig . 1 1 9 9 .3 ,2 1 1 .2 ,2 5 9 .7 ,2 9 0 .9 , 319.9, 350.9, an d  793 K eV  w ere assigned  to  
d e -ex c ita tio n  o f  levels in  395P t  on th e  basis  o f  th e ir  w ell-know n energies from  
p rev ious w o rk  an d  because th e ir  yields v a r ie d  in  th e  m a n n e r  expec ted  from  
C oulom b e x c ita tio n  process. I n  add itio n  to  th e se  gam m a ra y s , th e  gam m a ra y s  
a rising  from  th e  d e-ex c ita tio n  o f th e  f i r s t  exc ited  s ta te s  o f  192P t, 194P t ,  19eP t  
a n d  198P t  a re  observed  an d  th e se  are id en tif ied  in  th e  sp e c tru m  (Fig. 1).

The y ie ld  p er in c id en t p ro to n  w as o b ta in e d  from  th e  charge co llec ted  
a n d  th e  a rea  u n d e r th e  fu ll energy  peak  co rrec ted  for d e te c to r  efficiency, th e  
gam m a ab so rp tio n  b y  th e  ta rg e t  and  m o u n t, th e  in te rn a l conversion co -effi
c ien t, an d  cascade  tra n s itio n s  from  h ig h er levels.

T he v a lu es  o f th e  re d u ced  m a trix  e lem ents for E2 tran s itio n s  ca n  be 
ca lcu la ted  fro m  th e  m easu red  th ic k  ta rg e t  y ields using  th e  fo rm ula  o f A lder  
e t a l [9] p ro v id ed  one is c e r ta in  th a t  o n ly  th e  C oulom b fie ld  is responsib le  
fo r th e se  u p w a rd  tra n s itio n s . To confirm  th e  Coulom b c h a ra c te r  o f th ese  t r a n s 
itio n s , th e  th ic k  ta rg e t y ie ld s d e te rm in ed  as a fu n c tio n  o f  inc iden t p ro to n  
energy  w ere com pared  w ith  th e  th e o re tic a l p red ic tions b a se d  on th e  a ssu m p 
tio n  o f C oulom b ex c ita tio n  a lone, for th e  ex c ita tio n  m echan ism . T yp ical th e o 
re tic a l f its  (solid-line) to  th e  m easured  y ie lds of 319.9 a n d  793 keV g am m a 
ra y s  are show n in  Fig. 2. T h e  th eo re tica l f i ts  to  m easu red  y ields su p p o rt th e  
v iew  th a t  E2 ex c ita tio n  is th e  only process responsible fo r  th e  gam m a t r a n s 
itio n  observed . The B (E 2) values w ere e x tra c te d  from  th e  m easured  th ic k  
ta rg e t  y ields an d  th e  re su lts  a re  sum m arized  in  T able  I .  T h e  m ajo r sources of 
ex p e rim en ta l e rro r for th e  B (E 2) values w ere  due to  u n c e rta in tie s  in  th e  p e a k  
a reas, th e  Ge(Li) d e tec to r  efficiency, th e  beam  c u rre n t m easu rem en ts , a n d  
th e  sto p p in g  pow er for in c id e n t partic les. T h e  e rro r is e s tim a te d  to  be as h igh  
as 16% .

In  deduc ing  these  u p w a rd  tr a n s it io n  p ro b ab ilities  B (E 2) as l is te d  in  
T ab le  I ,  th e  b ran ch in g  o f  each  gam m a tra n s it io n  to  in te rm e d ia te  levels w as 
ta k e n  in to  acco u n t. A n en e rg y  level schem e fo r 185P t  as show n in F ig . 3 w as 
e stab lish ed  on  th e  basis o f  C oulom b e x c ite d  levels. T he d ed u c ted  B (E 2) v a l
ues from  th ic k  ta rg e t y ie ld s w ere co m p ared  w ith  th e  B (E 2) values o b ta in e d  
p rev io u sly  [6, 7]. These re su lts  are ta b u la te d  in  T able I I .
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Fig. 1. Spectrum  of the gam m a rays of 135P t Coulomb excited by 5.00 MeV protons
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Fig. 2. Thick target gam m a-ray yields as a function of th e  proton energy. The solid curves give 
th e  theoretical energy dependence predicted  from E2 Coulomb excited sta tes for 449.6 and

793 keV levels.

Table 1

Summary of branching ratios and  reduced transition  probabilities of 195P t levels

Level
energy
keV

Transitions Branching 
ratios (%) eB(E2) Î (e2 b2) B(E2)t (e2 b2)

199.3 1 9 9 .3 -g .s . 100 0.0150 ± 0 .0014 0.0245±0.0023
211.2 211.2 -*g.s. 100 0.251 ± 0 .015 0.442 ±0 .026
239.2 239.2-<-g.s. 62 (a) 0.165 ± 0 .008 0.559 ±0.027

239.2 -*98.9 38 (a)
389.6 389.6-* 98.9 7 1 ± 1 0.0116 ± 0 .0003

0.218 ±0.0015
389.6-*129.7 2 9 ± 1 0.00484± 0.00033

449.6 449.6-<-98.9 9 (b ) 0.0126 ± 0.0020
0.142 ±0.017

449.6-*129.7 88 (b ) 0.125 ± 0 .015
793 793 -* g.s. 100 0.0149 ± 0 .0024 0.0149±0.0024

(a) Branching ratios from  W . T. Mil n e r , private com m unication to  N uclear D ata  Sheets [8 ] -
(b) Branching ratios from  J a n sen  et al [11].
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Fig. 3. Energy level scheme of 195P t.

Table II

Comparison of B(E2) t values of 195P t w ith  previous Coulomb excitation studies

L e v e l
e n e r g y
( k e V )

B ( E 2 )  T e *  b *

P r e s e n t  w o r k B r u t o n  e t  a l  [ 6 ] M i l n e r  e t  a l  [ 7 ]

199.3 0.0245±0.0023 0.029±0.003 0.022±0.003
311.2 0.442 +0.026 0.40 ±0.03 0.40 ±0.03
239.2 0.559 ±  0.027 0.58 ±0.03 0.55 ±0.03
389.6 0.0218±0.0015* — —
449.6 0.142 ±0.017 — —
793 0.0149±0.0024 — —

* W.  T. Miln er  in a private  com m unication to N uclear D ata  Sheets [8] gives eB(E2) 
of 259.7 keV gam m a ray  from  389.6 keV level as (0.00474 ±  0.00043) e2 b2 w ith 4.5 MeV pro
tons and  (0.00363 ±  0.00038) e262 w ith 43.75 MeV 160 ions and eB(E2) of 290.9 keV gam m a ray 
389.6 keV level as (0.0123 ±  0.006) e262 w ith 4.5 MeV protons and  (0.0110 ±  0.009) e262 with 
43.75 MeV 160  ions.
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3.2 Angular distributions

T h e g am m a-ray  an g u la r d is tr ib u tio n s  w ere m easu red  a t  5 .0  MeV p ro 
to n s . T he an g u la r d is tr ib u tio n s  o f  th e  gam m a ra y s  w ere o b ta in e d  from  th e  
sp e c tru m  ta k e n  w ith  th e  Ge(Li) d e te c to r  p laced a t  angles of 0° a n d  90° re la tiv e  
to  th e  b eam  d irec tio n  an d  a t a d is ta n c e  of 6.5 cm  fro m  th e  ta rg e t . T h e  gam m a 
ra y  a n g u la r  d is tr ib u tio n  accord ing  to  firs t o rder th e o ry  is exp ressed  as

JF(0) =  1 +  Й2а2^2^*2 (C0S 0) +  g4a4^2^2 (C0S 0).

w here P 2 (cos 0), P 4 (cos 0) are L eg en d re  po lynom ials an d  A 2, A 4 a re  th e  usual 
d irec tio n a l co rre la tio n  coefficients. T he q u an titie s  a2, a4 are th e  th ic k  ta rg e t 
p a rtic le  p a ram e te rs  a n d  g2, g4 a re  th e  fin ite  so lid  angle co rrec tions. F o r th e  
p re se n t ex p erim en ta l geom etry , th e  g 2 an d  g4 v a lu es  are  ca lcu la ted  from  th e  
ta b le s  o f Camp a n d  V anlehn  [10]. T he an g u la r d is trib u tio n s  o f  328, 356 
an d  408 KeV g am m a ray s of ( 0 + —>-2+) f irs t e x c ite d  s ta te s  o f  194P t, 196P t 
a n d  198P t ,  re sp ec tiv e ly , w ere u sed  fo r  th e  a lig n m en t o f  th e  ax is o f  ro ta tio n  
o f th e  d e tec to r  an d  fo r  location  o f  beam  position  on th e  ta rg e t d u rin g  collec
tio n  o f  d a ta . The A 2 va lues w ere e x tra c te d  b y  n eg lec tin g  th e  P 4 te rm  in  th e  
co rre la tio n  because a 4 is q u ite  sm all. T h e  a 2 is a b o u t 10 — 12 tim es g re a te r  th a n  
a4 so b y  neg lecting  a4 in  co rre la tio n  function , one m ay  incu r a n  e rro r of 6 
to  7 % , if  one ta k e s  in to  acco u n t th e  solid angle correc tion .

A  su m m ary  o f  th e  resu lts  fro m  th e  an g u la r d is tr ib u tio n  m easu rem en ts  
is g iv en  in  T able  I I I  fo r six tra n s it io n s  in  195P t. T h e  fo u rth  co lu m n  gives th e

assu m ed  decay  sp in  sequence  and  th e  f if th  colum n <3
E l
M l v a lu es  allowed

b y  th e  A 2 resu lts. T h e  reduced  M l tra n s i t io n  p ro b ab ilitie s  B(M 1) w ere calcul

Table Ш

Sum m ary of angular d istributions of th e  gam m a rays for 5.00 MeV protons on 195P t (D is 
M agnetic Dipole (M l) and  Q is Electric Q uadrupole (E2).)

Level
energy
(keV)

Ey
(keV) A, Spin sequence Ô

199.3 199.3 + 0 .450+ 0 .40 3/2 (D,Q) 1/2 +  1.1 + 0 .2  or (+ 3 .3 + 0 .6 )
211.2 211.2 +  0.090+0.004 3/2 (D,Q) 1/2 +  0.39+0.01 or ( —5.8+ 0.2)
239.2 239.2 +  0.301+0.018 5/2 (Q) 1/2 oo

389.6 290.9 — 0.033 ±0.022 5/2 (D,Q) 3/2 - 0 .12+ 0.02 or 2.2 + 0 .4
449.6 319.9 +0 .319± 0 .032 5/2 (D,Q) 5/2 ± 0 .2 0 + 0 .0 4  or 1 .1+ 0 .2
793 793 ± 0 .437± 0 .080 3/2 (D,Q) 1/2 +  1 .0+0 .4  or (3.6 +  1.4)

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



206 R. G. KULKARNI and K. ANDHRADEV

Table TV

V alues of reduced E2 and  M l transition probabilities in un its  of e2b2 and (nm )2 respectively,
for 195P t  levels

Ey
(keV) Ji-J/ B(E2) j  (e2 b2) Ô B(Ml)j (nm)2

199.3 3 /2 -1 /2 0.0123±0.0012 1.1 ± 0.2 0.00026±0.0006
211.2 3 /2 -1 /2 0.211 ± 0 .013 0.29±0.01 0.0453 ±0.0023
239.2 5 /2 -1 /2 0.186 ± 0 .009 —
793 3 /2 -1 /2 0.0075±0.0012 1.0 ± 0 .4 0.0033 ± 0 .0013

3.6 ± 1 .4 0.00025±0.00010

[E2  I1/2
a te d  w ith  th e  know ledge of th e  B (E 2) values and  th e  m ix ing  ra tio s  <5=

fo r each  tra n s it io n . T h e  reduced  E 2 a n d  M l tra n s i t io n  p ro b ab ilitie s  found  in  
th e  p re se n t w ork  a re  lis ted  in  T ab le  IV .

4. D iscussion

A s th e  C oulom b ex c ita tio n  s tu d y  o f f irs t tw o  exc ited  s ta te s  a t  98.9 and  
129.7 keV  in  195P t  h a s  been  done b y  a n u m b er o f  in v es tig a to rs  th o ro u g h ly , 
th e  p re se n t w ork  a im s a t  th e  s tu d y  o f  h igher e x c ite d  s ta tes.

A n  u p w ard  tra n s it io n  from  th e  g round  s ta te  to  th e  e x c ite d  s ta te  a t  
199.3 keV  w as o b se rv ed  and  its  C oulom b c h a ra c te r  h as  been fo u n d  to  be E 2. 
T h e  d ed u ced  B (E2)J v a lu e  fo r th is  s ta te  agrees w ith in  e x p e rim e n ta l errors 
w ith  th e  p rev ious m easu rem en ts  [6, 7]. T he sp in  assignm en t J n =  3/2 ~ for 
th is  s ta te  from  ea rlie r w ork  [6] is co n sis ten t w ith  th e  p resen t w o rk .

A  d irec t E 2  tra n s it io n  fro m  th e  g round  s ta te  to  th e  e x c ite d  s ta te  a t
211.2 keV w as o b se rv ed  in  th is  w o rk  w ith  100%  b ran ch in g . T he p re se n t B (E2)j 
v a lu e  agrees w ith  ea rlie r m easu rem en ts  [2, 4, 6, 7 ]. T he an g u la r d is tr ib u tio n  
m easu rem en ts  a ssign  3/2 sp in  to  th is  level w h ich  is in  ag reem en t w ith  th e  
sp in  v a lu e  a lre a d y  accep ted  [8].

In  th e  p re se n t in v es tig a tio n , a level a t 239.2 keV was C oulom b excited  
a n d  i t  w as fo u n d  to  b e  an  E2 tra n s i t io n . The B (E 2 ) | value fo u n d  in  th is  w ork 
gives reaso n ab le  ag reem en t w ith  th e  prev ious m easu rem en ts  [2, 6, 7]. The 
a n g u la r  d is tr ib u tio n  m easu rem en ts  u n iq u e ly  assign  5/2 spin to  th is  level w hich 
is in  ag reem en t w ith  th e  value fro m  N uclear D a ta  Sheets [8].

A  level a t  389.6 keV decays to  th e  f irs t  e x c ite d  s ta te  a t  98.9 keV and  
to  th e  second e x c ite d  s ta te  a t 129.7 keV  w ith  th e  b ran ch in g  ra tio s  o f  71 +  1%  
a n d  29 +  1 % , resp ec tiv e ly . As n o  g am m a ra d ia tio n  w as observed  a t  150 keV 
in  th is  w ork , th e  b ran ch in g  ra tio s  fo u n d  p re sen tly  m a y  no t ag ree w ith  N uclear
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D a ta  S heets [8]. T he co m p ariso n  of th e  th ic k  ta rg e t y ie lds w ith  th e o re tic a l 
p red ic tio n s suggests th a t  290.9  a n d  259.7 keV  tra n s itio n s  a re  exc ited  b y  E 2 
m echan ism s. U sing th e  th ic k  ta r g e t  y ields o f  290.9 and  259 .7  keV tra n s it io n s , 
th e  B (E 2) va lu es  w ere e x tra c te d  fo r  th is  s ta te .  T he an g u la r d is tr ib u tio n  m e a s u 
rem en ts  e s tab lish  5/2 sp in  to  th is  level.

A level a t  449.6 keV w as Coulom b ex c ited  for th e  f i r s t  tim e . F ro m  a 
com parison  o f  o u r gam m a ra y  spec tru m  to  th a t  of B ruton  e t al [6], i t  is 
a p p a re n t th a t  th e  319.9 an d  350.9 keV g am m a ray s  are seen in  th e  p re se n t w o rk  
b u t  n o t in  th e  la t te r .  R e la tiv e  g am m a-ray  y ie lds seem  to  be  alm ost th e  sam e  
fo r m ost o f th e  o th e r  lines. B o th  o f  these  sp e c tra  were ta k e n  b y  th e  C oulom b 
ex c ita tio n  ex p e rim en ts  on th ic k  n a tu ra l P t  ta rg e t  a lth o u g h  th e  p ro jec tile s  
used  w ere d iffe ren t. In  th e  p re se n t case p ro to n s  w ere used as pro jec tiles w h ereas  
4H e  ions an d  leO ions w ere u sed  in  earlier w o rk  [6]. W ith  h e a v y  ions, m u ltip le  
C oulom b e x c ita tio n  is im p o r ta n t , and  i t  is possib le th a t  th e se  low in te n s i ty  
g am m a ra y s  m ig h t n o t h av e  b een  seen in  ea rlie r w ork [6]. A ccording to  th e  
/3-decay s tu d ies  o f J ansen  e t  a l [11], in  a d d itio n  to  th e  319.9  and  350.9 keV  
g am m a ra y s , g am m a rays a t  239 and  211 keV  are  also ex p ec ted . T hese  tw o  
g am m a ra y s  occur a t energies w hich  co incide w ith  th e  en e rg y  of th e  leve ls  
a t  239.2 an d  211.2 keV. H ence  i t  is ra th e r  d ifficu lt to  p lace  th e m  in th e  d ecay  
schem e w ith  p ro p e r b ran ch in g . So, th e  b ra n c h in g  ra tio s  g iven  b y  J a n s e n  
e t al. [11] a re  accep ted  fo r th e  p resen t p u rp o se . The g am m a  tra n s itio n s  o f 
319.9 an d  350.9 keV follow E 2 ex c ita tio n . T h e  B (E 2 )j va lu es  h av e  been fo u n d  
using  th ic k  ta rg e t  gamma r a y  y ields an d  th e  b ran ch in g  ra tio s  of J a n s e n  
e t al [11]. T he an g u la r d is tr ib u tio n  m easu rem en ts  have  e s tab lish ed  5/2 sp in  
to  th is  level.

A n u p w a rd  tra n s itio n  fro m  th e  g ro u n d  s ta te  to  th e  s ta te  a t  793 keV  w as 
observed  re c e n tly  an d  i t  w as fo u n d  to  be E 2  in  ch a rac te r (F ig . 2). A level w as 
seen in  (p , d) exp erim en t a t  798 keV b y  B er r ier -R onsin  e t  al [12] w h ich  
th e y  id en tif ied  w ith  th e  lev e l a t  793 +  2 keV  seen in  (d , t) re a c tio n  b y  
Y amazaki a n d  Sh elin e  [13]. A  sp in  o f 1 3 /2 + has b een  p roposed  fo r  th is  
level b y  B er r ier -R onsin  e t  a l [12]. As th e  p re sen tly  e x c ite d  793 keV  le 
ve l is E2 in  c h a ra c te r , its  p a r i ty  m u st b e  n eg a tiv e  an d  its  sp in  c a n n o t be 
g re a te r  th a n  5/2. B (E 2) v a lu e  h as  been e x tra c te d  fo r th is  level for th e  f i r s t  
tim e . A sp in  o f  3/2 h as  b e e n  assigned on  th e  basis o f  th e  p resen t a n g u la r  
d is tr ib u tio n  m e a su re m e n ts  fo r  th is  level. E 2  a n d  M l tra n s i t io n  p ro b ab ilitie s  
h a v e  also  b een  fo und . 5

5. C ore-excita tion  m odel

A decade ago Gal (B raunstein) [13] has attem pted  to  describe the electro
m agnetic  properties o f the low -ly in g  states in  196P t in term s o f  core-excitation  
m odel and had achieved very litt le  success. T his is m ainly because very sca n ty
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e x p e rim e n ta l d a ta  a b o u n t B (E 2) and  B(M 1) values ex is ted  th e n . The p re se n tly  
fo u n d  B (E 2) a n d  B(M1) v a lu e  (Table IV ) fo r th e  low -ly ing  n egative  p a r i ty  
levels in  195P t  from  th e  C oulom b ex c ita tio n  reac tio n  w ere  u sed  to  te s t  th e  p re 
d ic tions o f  d e -Shalit’s [1] co re -ex c ita tio n  m odel o f th e  nucleus.

A ccord ing  to  th e  co re -ex cita tio n  m o d e l of d e -Shalit  [1] tw o s ta te s  in  
M5P t  w ith  sp ins 3 2 a n d  5/2 should  arise fro m  coupling  o f  a 3p lj2 n e u tro n  or 
ho le  to  th e  2 + core s ta te  w hich  is id e n tif ie d  w ith  th e  f ir s t  2 + level in  th e  
n e ig h b o u rin g  even  nucleus. T h e  B (E2) v a lu es  for d ecay  o f  th e  5/2 a n d  3/2 
s ta te s  sh o u ld  be n ea rly  eq u a l an d  close to  th e  B (E 2; 2 —>- 0) value for th e  even 
core-nucleus. I n  th e  p re se n t analysis, th e  do u b le t in  195P t  was ta k e n  to  be, 
in  keV, 211.2 (3 /2 ~) an d  239.2 (5/2). T h e  ex istence  o f th e  3 /2 “ , 5 /2 “  d o u b le t 
se p a ra te d  b y  on ly  28 keV su p p o rts  th e  m o d e l a lth o u g h  th e  cen tre  o f g ra v ity  
is only  6 6 .5 %  o f th e  av e rag e  o f  th e  f irs t  2 + s ta te s  in  th e  tw o  core n ucle i 194P t 
a n d  196P t .  T h e  B (E 2 ; 3 2 —>- 1/2) and  B (E 2 ; 5/2 —► 1/2) v a lu es  are n ea rly  eq u a l 
to  each o th e r  a n d  th e ir  av e rag e , 203.5 e2/ 4 ag rees w ith  th e  average  B (E 2 ; 2 —>• 0) 
v a lu e  o f 300 e2/ 4 for 1!)4P t  a n d  186P t  w ith in  32%  erro r. H ow ever, th e  B(M 1; 
3/2 —*- 1/2) v a lu e  is 0.0453 (nm )2 in s te a d  o f  zero as p re d ic te d  b y  th e  m odel. 
A sligh t a d m ix tu re  o f th e  p 3j2 s in g le -p artic le  co n fig u ra tio n  could acco u n t for 
th is  M l ra d ia tio n .

W hile  th e  core e x c ita tio n  m odel g iv es  a reaso n ab ly  good d esc rip tio n  of 
th e  tw o  n e g a tiv e  p a r i ty  ex c ited  s ta te s  o f  211.2  and  239.2 keV , th e  h ig h e r levels 
p ro v id e  a m o re  sensitive  te s t  o f th e  m o d e l. I f  th e  h ig h e r ly ing  core ex c ited  
s ta te s  in  195P t  can  be id e n tif ie d  w ith  th e  tw o -p h o n o n  tr ip le ts  in  194P t  a n d  196P t ,  
f iv e  levels w ith  J n =  1/2 ~, 3 /2 “ , 5/2 , 7/2 ~ and  9 /2 “  shou ld  be o b se rv ed  a t 
a n  energy  co n so n an t w ith  th e  tw o p h o n o n  to  one p h o n o n  energy  ra tio  in  th e  
even  m ass nucle i. In d eed  th e re  are  th re e  n eg a tiv e  p a r i ty  s ta te s  (389.6, 449.6 
a n d  793 K eV ) w hich lie n e a r  th e  p re d ic te d  energy. A verages of th e  194P t  an d  
196P t(6 ]  fo r th e  2 + a n d 4 + s ta te s  are 655 a n d  845 keV, re sp ec tiv e ly . O n th e  basis 
o f  spin v a lu es , th e  389.6 a n d  793 keV s ta te s  are good ca n d id a te s  fo r th e  tw o 
m em b ers  o f  th e  2 f  co re -ex c ita tio n  d o u b le t. F u r th e r , r a th e r  low B (E 2) va lu es  
o f  389.6 a n d  793 keV levels are  in a cco rd  w ith  th e  sm all B (E 2; 2% — 0 +) 
v a lu e  o f 194P t[6 ] .  In  a d d itio n , th e  av e rag e  sep a ra tio n  b e tw een  th e  2^ a n d  2% 
s ta te s  o f 194P t  an d  196P t  is 311 keV and  th is  va lu e  agrees w ith  th e  se p a ra tio n  of 
322 keV b e tw een  th e  c e n tre  o f  g rav ity  o f  th e  211.2 a n d  239.2 keV s ta te s  and
389.6 an d  793 keV s ta te s  o f  195P t .  T hese fa c ts  su p p o rt th e  view  th a t  th e  four 
s ta te s  a t 211.2 , 239.2, 389.6 an d  793 keV  in  195P t can  be  described  in  te rm s  
o f th e  co re -ex c ita tio n  m odel. T he s ta te s  a t  211.2 an d  239.2 keV are  id e n tif ie d  
as th e  tw o  m em bers o f  th e  2 ^  co re -ex c ita tio n  m u ltip le t an d  th e  s ta te s  a t
389.6 a n d  793 keV are  id e n tif ie d  as th e  tw o  m em bers o f  th e  2£ co re -ex c ita tio n  
m u ltip le t.
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In  this paper th e  Gg and GM form  factors of th e  proton and neu tron  are calculated in  
th e  geom etrodynam ical model of hadrons. A sym ptotic behaviour and gross features are cor
rectly  reproduced, b u t there are deviations from experim ents in fine details.

1. In tro d u c tio n

T he geo m etro d y n am ical m odel is a b a g - ty p e  m odel for h a d ro n s , in v e n te d  
a n d  e lab o ra ted  b y  P r epa ra ta  a n d  his cow orkers [1]. The basic  id ea , ex p la in ed  
in  m ore d e ta il in  th e  n ex t S ection , is th a t  sim ple g eom etrica l ap p ro ach  is 
en o u g h  to  d e te rm in e  th e  w ave-func tions o f h a d ro n s , bu ilt fro m  q u a rk  degrees 
o f  freedom .

T he m odel h a s  been successfu l in  ex p la in in g  th e  m eson  [2] an d  b a ry o n  
sp ec tru m  [3], as w ell as ce rta in  dynam ical p ro p e rtie s , too  [4]. W hen  describ ing  
th e  b a ryons, th e  in te re s tin g  re su lt  was o b ta in e d  th a t  th e  th re e  q u a rk s  in  it  
a re  in  a q u a rk -d iq u a rk  fo rm a tio n  in  th e  cen tre-o f-m ass sy s tem . This reduces 
th e  in n er degrees o f freedom .

I n  th is  p a p e r  we have ex te n d e d  th a t  m o d e l to  fin d  th e  c u rren t m a tr ix  
e lem en ts of nucleons. Specify ing  i t  to  th e  e lec tro m ag n etic  c u rre n t, th e  fo rm  
fac to rs  Ge an d  GM can  be o b ta in e d  for th e  nucleons. I t  is a  fa irly  d ifficu lt 
q u es tio n  how  to  g e t conserved  cu rren t m a tr ix  elem ents in  m odels; fo r th e  
case o f th e  g eo m etro d y n am ica l m odel i t  w as discussed in  [5]. I n  our case, 
u s in g  an  a p p ro x im a te  form  o f  th e  w ave fu n c tio n , th e  c u r re n t is conserved . 
T h a t  a p p ro x im a te  fo rm  is v e ry  su itab le  fo r ca lcu la tio n , hence  we do n o t t r e a t  
th e  question  o f  con serv a tio n  in  general.

T he p h y sica l p ic tu re  fo r c u rre n t in te ra c tio n  is v e ry  sim p le : th e  c u rre n t 
h its  one of th e  q u a rk s , th e  o th e r  tw o exchange m o m en tu m  v ia  exchang ing  a 
m eson  in  th e ir  i-channel, a n d  get re a rra n g ed  in to  q u a rk -d iq u a rk  fo rm a tio n .

T he p ic tu re  is sim ilar in  o th e r  form  fa c to r  ca lcu la tions, to o . F a rra r  a n d  
J ackson  [6] ca lcu la ted  th e  p io n  form  fa c to r  b y  solving th e  ligh t-cone p io n  
B e th e —S alp e te r e q u a tio n  to  lead ing-log  accu racy , tak en  th e  k e rn e l from  QCD .
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T h e y  o b ta in ed

Ш ) q2-*- ог
1

S im ila r analysis  w as done b y  L epa g e  a n d  B ro d sk y  [7] fo r th e  b a ry o n . U p to  
lo g a rith m ic  co rrec tio n  th e  (Q2)~2 b e h a v io u r w as rep ro d u ced . F o r th e  low -energy  
reg io n  th e  re su lt d ep en d ed  on th e  a ssu m p tio n  w h a t th e  effective w ave fu n c tio n  
o f  th e  3 -q u ark  sy stem  looked  like. T ry in g  tw o  d iffe ren t A nsätze  for t h a t ,  th e  
cu rves fa ll fa s te r  th a n  th e  ex p erim en ta l one. The c h a ra c te r  of our re su lts  is 
v e ry  sim ilar, le t alone th a t  in  our m odel th e re  is no ro o m  fo r d ifferen t a ssu m p 
tio n s .

To co m p are  o u r re su lts  w ith  e x p e rim en t, we used  th e  excellen t review  
p a p e r  o f  H o h l e r  e t al [8].

I n  S ec tion  2 we sum m arise  b rie fly  w h a t th e  b a ry o n  w ave fu n c tio n  looks 
lik e  in  th e  m odel, in  S ection  3 th e  c u rre n t m a tr ix  e lem en t is discussed a n d  th e  
re su lts  are  p re sen ted .

2. The m odel

T he b a ry o n  w ave fu n c tio n  is d en o ted  b y

Via, fib, ус (P  ; XV *3) =  e‘PX V ia .ßb.yc (P , x , У), (2.1)

w h ere  a, b an d  c a re  in te rn a l flav o u r ind ices, x, ß  an d  у  a re  D irac in d ices , x t 
a re  th e  q u a rk  co o rd in a tes , an d

X  =  —  (*i +  X 1 +  *3), X  =  — - (*! — *3),
3 У 2

«1 +  ! 
2 !

. ( 2.2)

T h e p rinc ip les, on  w hich  th e  geo m etro d y n am ical a p p ro a c h  is based , a re  th e  
fo llow ing:

i) C onfinem ent

Via.ßb,yc(P ; * > j)  =  0 fo r  x , y §  R s ( P ; x , p ) ,  (2.3)

w here  R 8(P; x , y)  is a co m p ac t e ig h t-d im ensiona l space-tim e  reg ion  w ith  
b o u n d a ry  B 8(P; x, y).

ii) C o n tin u ity
F o r  x, y  Ç B 8(P; x, y )  P{P', x, y)  m u s t be co n tin u o u s , i.e.

Via,ßb,rc ( P ’’ X ,y )  =  0 fo r  x , y $ B 8( P ; x , y ) .  (2.4)
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M ore p recisely , c o n tin u ity  is req u ired  only fo r  su itab le  sca la r  functions a p p e a r 
ing  in  a L o ren tz -co v arian t decom position  o f  th e  w ave fu n c tio n s . See [4] fo r 
th e  details.

iii) W ave  eq u a tio n
F o r X, y  Ç R a(P ; X, y)  W  obeys th e  sim p le  d iffe ren tia l equa tion

D, D2 =  0, (2.5)

w here Z)( =  ( i ;- -f- m (.) is th e  D irac  o p era to r, a c tin g  on th e  i - th  coo rd ina te .
iv) A p p ro x im a te  freedom
T he “ d is tan ce”  of W from  th e  “ free so lu tio n ”  W^°\P; x ,  y),  d e te rm in ed  

b y  th e  free equ a tio n s

D,W< °) =  0 > = 1 , 2 , 3  (2 .6)

is m in im um , th e  d istance  is c a lcu la ted  by  a n  ap p ro p ria te  d e fin itio n  of th e  n o rm  
o f th e  w ave fu n c tio n s [2].

T he so lu tion  o f (2 .3—2.5) w as ex am in ed  in  [3]. T he w av e  function  fa c to 
rizes in to  a sca la r p a r t  an d  a sp in  p a r t:

W =  Ф I Б  >  . (2 .7 a)

T he sca lar p a r t  has th e  form

Ф ( Р ; х , у )  =  J d |  Ф ( Р ; у , | ) 0 4( £ Р - х ) .  (2 .7 b )

T he F o u rie r tran sfo rm  of Ф (Р  ;y , | )  is

Ф (Р  ;q,rj) =  J d4 xd^e~'qx e ~ Ф (P  ;y ,  | ) , (2-8)

w here

are  th e  q u a rk  m om en ta . D u e  to  th e  q u a rk -d iq u a rk  s tru c tu re , b o th  x  a n d  p  
are p ro p o rtio n a l to  P , x  =  £P , p  =  r]P. T h e  q u an titie s  £ an d  rj are sca la rs  
in  th e  CM sy stem , th e ir  va lu es  concide -with x n for £, a n d  w ith  p 0 fo r rj. I n
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th e  CM,
со R  +  C, R  +  Q---  COS ----5---
8  ®

16

7 Í ЛН\

------COS---- g-
c i  —  

16

«*1/2 “ 
l a

- m i 2 - a2)
a

M  1 1

+ ci m \ ) ,

я  iîi) =

- , - T —  г  2  y g ï o -

Cs -  - £ > +  - T  +  T  -  7 5  *■ +  7 Г p " •

a =  , m  =  0 . 1 , Ëj =
Z

—  o2+  m2 ,

E 2— £ 3  — +  m2 , со — £ x -)- £ a +  £ 3  — -M ,

£  =
2n
CO

( 2. 10)

N ext w e turn to  the spin  part. In  th e  non-relativistic SU(6) m odel the  
baryon has th e  w ave function

В  >  =  г Г {я) x f U{2) +  <psÀm  x sÂm , (2 . 11)

where rps, ipA are the sym m etric/antisym m etric com binations o f the SU(3) part 
and Xsi Ха are th e  appropriate spin part:

<Ps =  j = r  (2ppn — p n p  -  n p p ),

<Pa  =  - Щ  (P nP  — nPP ')>

Xs =  - j =  {2 xxß  —  x ß x  — ß x x )  =  -у = -(2 Ш  — H t — i t t ) ,

Xa  =  J 2  (a/Sa — /Sa<x) = - ^ 0 и - т ) ,

( 2 . 12)

where p ,  n  are the proton and neutron quarks, x  and ß  are the spin up and  
down functions.
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In  o u r case th e  o n ly  difference is (in  th e  CM fram e) t h a t  in s tead  o f  th e  
s ta tic  sp ino rs, D irac  sp inors a re  used w ith  th e  ap p ro p ria te  m o m en tu m  v a riab le s  
e.g. (for in s ta n c e  Xa has th e  following fo rm ):

Za  =  - щ  [U ,  ( f t )  U, ( f t )  U, ( f t )  — ( f t )  U , ( f t )  U , ( f t ) ]  . (2 .13)

T h e w ave fu n c tio n  in  an  a rb itra ry  system  can  be ob ta in ed  b y  a L o ren tz  t r a n s 
fo rm atio n  A , w h ich  sa tisfies th e  eq u a tio n s:

Л Р  =  P ’ ,
A P , =  P i .

(2.14)

D ue to  a lig n m en t (i.e. q u a rk -d iq u a rk  s tru c tu re )  in  CM, no  W igner ro ta t io n  
ap p ears  in  (2.13).

3. C alcu lation  of th e  form  factors

As i t  w as m en tio n ed  in  th e  In tro d u c tio n , th e  physica l p ic tu re  o f c u rre n t-  
h ad ro n  in te ra c tio n  is t h a t  th e  cu rren t in te ra c ts  w ith  one o f  th e  q u a rk s , an d  
th e  o th e r tw o  in te ra c t b e tw een  th em selv es  to  get re a rra n g ed  in to  q u a rk - 
d iq u a rk  fo rm atio n .

T he k in em atics  is g iven  according to  F ig . 1

P  (M , 0 ,  0 ,  0 ) ,

Q =  I — t/2M , 0, 0  —  ][t (t +  4 M 2), (3.1)
( 2 M

P ' =  P  — Q , t Q2.

T he incom ing  h ad ro n  is ch a rac terised  b y  th e  se t P, q, f t  th e  ou tgo ing  one  b y  
P \  q', r}' acco rd ing  to  E q s . (2.9). I f  th e  f i r s t  q u a rk  is h it b y  th e  c u rre n t, in  th e
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co n fig u ra tio n  space  one h as  to  eva lu a te  th e  in teg ra l

<P j , ( z )  I p '> i  =  f  f l dX x >d i  x ‘ w *ßy ( p ’ * /)  ъ  к  у  ( p : x 'i) X
J  i= 0

X à \ z  X j) д \ х г  —  x í )  X
(3.2)

X ^  ß y ,  ß ' y \ x 2fl X 3 ’ x 2 "> х з )  ^  (*̂ 2 +  *3 ' x 2  х з )  1 

w here  ex is th e  charge o f th e  f irs t  q u a rk , a n d  Aßyß.y, (x 2, x 3, x '2, *3) ta k e s  ca re  
o f  th e  q u a rk  in te ra c tio n . In se r tin g  (2.1) in to  (3.2) an d  u sin g  E q . (2.7) we ge t

<P  I J ^ (z ) I P ' ) i  =  « iQZ j  dl qdf]dr]' 4*aßy(q, rj) сг fi V X

X ^ / W y' Í ^  — У, р Ъ  (3-3)
w ith  T}) g iven  b y  E qs. (2.7). W e have  to  sum  (3.3) fo r all th ree  c o n fig u ra 
tio n s. I t  is n o t d ifficu lt to  see th a t

< P t | J 0(*) | P ' t >  = (t +  4 M 2) GE(t) ,

<P 11Л  (t) I P' о

(3 .4a)

(3 .4b)

w here GE a n d  GM are th e  e lec trom agnetic  fo rm  factors.
N ex t w e h a v e  to  fix  A(riP  — v'P')- T h e  f irs t  n a tu ra l guess w ould be

A(rjP r)’ P ')  =  <5* (VP  -  v{ P ' ) , (3 .5a)

i.e . th a t  th e  n o n -h it q u a rk s  p ro p a g a te  free ly . H ow ever, i t  is easy  to  see t h a t  
i t  leads to  P  =  P '  w hich is nonsense. So w e h av e  to  allow  m eson exchanges,
e.g.

A ß y ' f i y i n P - r , '  П _____ ^ßfi àyy'
[ïjP — Y]' P ']2 +

(3 .5b )

fo r sca la r m eson  exchange. M ass te rm  could  h a v e  been a llow ed  in  th e  d en o m i
n a to r . T his p ro p a g a to r  has a  pole in  th e  v a r ia b le  t, its  im a g in a ry  p a r t  is ju s t  
ô[(r]P — rj'P’)2]. U sing E q s . (3.4) we are  go ing  to  ca lc u la te  th e  im a g in a ry  
p a r t  o f Ge , Gm  a n d  th e  fo rm  fac to rs  will be  reco v ered  b y  usin g  th e  d ispersion

c„ _ I . f 2 5 3 Í U .
n  J  t — tn

(3 .6)

H ere  th is  is ju s t  a  m a th e m a tic a l tr ick , it  h as  n o th in g  to  do w ith  th e  a n a ly tic a l 
p ro p e rtie s  o f  th e  form  fac to rs .

S tr ic tly  speak ing , E q . (3.3) is va lid  o n ly  if  th e  c u r re n t h its  th e  single 
q u a rk , an d  th e  d iq u a rk s  re a rra n g e  am ong th em se lv es . H o w e v e r ,it  can  be p ro -
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ven  th a t  q u a rk -d iq u a rk  rea rra n g em e n t (i.e. w hen th e  single q u a rk  becom es 
a m em ber o f th e  d iq u a rk  sy stem  a f te r  th e  in te rac tio n ) is v e ry  m u c h  su p 
pressed.

The c u rre n t (3.3) is n o t  conserved as i t  s tan d s. T h is  can  be rem ed ied  in  
th e  sam e w ay  as in  [5] fo r  th e  m eson c u rre n t in  th is  m odel. H ow ever, th e  
space p a r t  o f th e  w av e-fu n c tio n , (2 .1 0 ) /( ,q|) can  be a p p ro x im a te d  b y  ô(q2 — a2). 
As can  be ca lcu la ted , in  th is  ap p ro x im a tio n  th e  c u r re n t is conserved . This 
ap p ro x im a tio n  con sid erab ly  sim plifies th e  ca lcu la tion , so we use i t  in  th is  
paper.

I t  is fa ir ly  easy  to  o b ta in  th e  high t b eh av io u r o f (3 .3) A i _1 fa c to r  com es 
from  th e  p ro p a g a to r  (3.5), an d  an o th e r t _1 from  th e  sp ace  p a r t  o f th e  w ave 
fu n c tio n  o f th e  ou tgoing  b a ry o n . A t f ir s t  s igh t th e  sp in  p a r t  of th e  o u tgo ing  
b a ry o n s c o n tr ib u te s  w ith  ][t2 as in  th e  k in em atica l co n fig u ra tio n  (3.1) each 
sp inor carries \ft,  how ever, fo r those tw o  w hich  are co u p led  to  a sca la r, th is  
Уt2 cancels o u t, an d  th e  n e t  b eh av io u r o f  th e  sp in  p a r t is ][{. C om paring th is  to  
(3.4), we o b ta in

CE(i) — GM(t) ~  t~2 fo r high t.

T his b eh av io u r is con firm ed  b y  exp erim en ts .
W e h a v e  s ta r te d  th is  C h ap te r w ith  th e  physical p ic tu re  o f th e  cu rren t-  

h ad ro n  in te ra c tio n . H ow ever, i t  is q u ite  conceivable t h a t  th e  cu rren t in te ra c ts  
v ia vec to r-m eson  d o m in a ted  te rm  too , as in  Fig. 2, a n d  n o t only th e  d irec t 
te rm  of F ig . 1 is allow ed. I n  th e  fram ew o rk  o f th e  g eo m etrodynam ics, th e  m e
son w ave fu n c tio n  a p p ea rin g  here depends on th e  v a r ia b le  Q(p1 — p'i) f ix ed  
to  a n u m b er d u e  to  th e  d -functions in  th e  w ave fu n c tio n s. T hus th e  {-depend
ence will n o t be  a ltered  b y  ad d in g  th is  ty p e  o f co n trib u tio n s .

The o v era ll n o rm alisa tio n  is fix ed  a t  t — 0 b y  th e  req u irem en t o f th e  
re -e s tab lish m en t o f th e  to ta l  charge w h ich  is th e  sum  o f q u a rk  charges. I f  th e  
q u a rk  m asses w ere n o t eq u a l, to  recover th e  q u ark  ch a rg e  a d d itiv ity  w ould  
be q u ite  a prob lem .

The re s t o f  th e  p a p e r  is a num erica l ca lcu lation . I t  is fa irly  tire so m e  b e 
cause th e  in te g ra n d  is o sc illa ting , and  m o s t o f th e  m u ltid im en sio n a l in te g ra 
tio n  p rocedures fail. W e h a v e  succeeded a t  la s t w ith  th e  ro u tin e  D IV O N N E  
(D105 in  C E R N L IB ) p erfo rm in g  a m u ltid im en sio n a l M onte-C arlo  in te g ra tio n  
w ith  in te rv a llu m  a d ju s tm e n t.

L e t a lone th e  p ro p a g a to r  (3.5), w e tr ie d  a p seu d o sca la r p ro p a g a to r  too  
b u t  th a t  y ie ld ed  fu n n y  sm all-i b eh av io u r. W e have n o t  tr ie d  a v ec to r-m eso n  
n o m in a to r due  to  te ch n ica l (i.e. n um erica l) com plica tion . H ow ever, w e con
sider (3.5) as som e “ effective p ro p ag a to r”  fo r several ty p e s  o f m eson exchanges.

T he re su lts  for th e  p ro to n  in  th e  low -energy reg io n  are p re se n te d  in  
T ab le  I  an d  F igs. 3, 4. A s can  be seen, th e y  fall fa s te r th a n  th e  ex p e rim en ta l 
d a ta .
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Fig. 2
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Table I

Q2 [GeV]2 g! Gu

0.017 0.94 2.60
0.120 0.69 1.95
0.146 0.62 1.64
0.195 0.52 1.51
0.311 0.34 1.08
0.393 0.31 0.92
0.584 0.20 0.59
0.780 0.12 0.34
0.990 0.11 0.25
1.170 0.08 0.20
1.360 0.05 0.16
1.560 0.025 0.11
1.750 0.014 0 09
2.00 0.010 0.06
2.40 0.008 0.02

A  sim ilar c a lcu la tio n  can  be re p e a te d  also for th e  n eu tro n . R o u g h ly  it 
is t ru e  th a t

G $ = - 2 / 3 G $ ,

th e  fa c to r  be tw een  th e m  varies w ith  q2. G ^ \q 2) is r a th e r  f la t  as a fu n c tio n  of 
q2, ( th e  h igh  q2 b eh av io u r is th e  sam e) b u t  in  th e  small-g reg ion  (0. l < q 2 <  0.4) 
its  v a lu e  is to o  big to  be  accep ted .

In  ou r view  th is  show s th a t  th e  m o d e l using th e  k e rn e l (3.5b) rep ro d u ces  
th e  gross fea tu res , b u t  fu r th e r  im p ro v em en t w ould b e  necessary  to  g e t fine 
de ta ils . H ow ever, due  to  enorm ous te c h n ic a l d ifficu lties, we do n o t th in k  it 
possib le an d  feasible.

The authors are indeb ted  to Prof. G. P r e p a r a t a  for useful discussions.
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MODIFICATION OF THE MHD EQUATIONS TO 
REDUCE NUMERICAL INSTABILITY IN THE 
SIMULATION OF SLOW PLASMA MOTIONS* **

G. A dler

ADLER MATHEMATICAL LTD.
CALGARY, ALBERTA, CANADA*»

(Received 29. X I. 198L)

The stability  of explicit fin ite difference numerical schemes for the solution of equations 
adm itting  wave solutions is always lim ited by a stability  condition of the type

At ^  constan t 
d* V ’

where At and Ax  are the tim e- and space steps of the scheme, respectively, and v is th e  phase 
velocity of the wave. In  certain  cases we are in terested  in slow, non-ondulatory  m otions de
scribed by  the equations, while the fast waves superposed on th is m otion play no essential role 
and do no t influence th e  slow phenom enon a t  all, b u t make th e  numerical sim ulation  of it 
quite impossible.

A  typical case of the above m entioned situation  is th a t o f th e  tearing mode in Tokam ak 
plasm as, where the Alfvén waves have no essential influence b u t th ey  take place on a much 
faster tim e scale th a n  the tearing  mode itself. In  order to m ake th e  numerical sim ulation of 
these slow motions (w ith  realistic param eters) possible, we propose two m odifications of the 
MHD equations. One of them  is based on the idea of an  artificial “ electrom agnetic viscosity” , 
the o ther is obtained by  purely algebraic considerations.

The effect of these modifications is a drastic  reduction of th e  phase velocity7 of the wave 
solutions w ithout any  substan tia l influence on the  slow motion itself.

In tro d u c tio n

I n  th e  follow ing we shall consider th e  p roblem  o f  th e  te a r in g  m ode in  
a T o k am ak , w hich  gave  rise to  the  research  p resen ted  here.

F o r  th e  te a r in g  m ode in s ta b ility  in  a T ok am ak  th e re  are tw o  u n d erly in g  
tim e  scales: th e  d iffusive (also called resistive) tim e  scale  T res =  L~jr) a n d  th e  
m ag n e to h y d ro d y n am ic  tim e  scale tmhd — L j(A 2 -)- a2)1'2, w here L  is th e  ch ar
a c te ris tic  len g th  in  th e  T o k am ak , r\ is th e  re s is tiv ity  o f  th e  p lasm a , A  is th e  
A lfvén  speed  in  th e  p lasm a  (speed o f  th e  tran sv erse  w ave), a is th e  so u n d  speed 
in  th e  p lasm a (in  th e  absence o f m ag n e tic  field) and  (A 2 -j- a2)^2 is  th e  speed 
of th e  fa s t M H D  w ave.

I n  T o k am ak  p lasm as for th e  ra tio  S  =  Tres T m h d  a  value as h igh  as 
S  =  10s is also rea listic .

* This work has been prepared in the L aboratory  of Ionized Gases of the I ta lia n  N ation
al Com m ittee for N uclear E nergy (CNEN) in  F rascati in 1980 while the au thor was a consul
ta n t to th is L aboratory . See references [1] and  [2].

** Postal address: #  83—1190, Ranchview  R d. N. \V. Calgary, Alberta, C anada T3G 1Y2
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T h e w aves su p erp o sed  on th e  tea rin g  m ode can  be co nsidered  as sm al 
p e r tu rb a tio n s  u n im p o r ta n t  fro m  th e  p o in t o f v iew  o f th e  resistive-d iffu sive  
p h en o m en o n . N ev erth e less , th e  b a s ic  d ifficu lty  in  th e  n u m erica l s im u la tio n  of 
th e  te a r in g  m ode is caused  b y  th e  fa c t th a t  th e  s ta b ili ty  o f th e  explic it n u 
m erica l schem es fo r  th e  so lu tion  o f  a n y  d iffe ren tia l eq u a tio n s  a d m ittin g  a w ave 
so lu tio n  w ith  p h ase  velo c ity  v is lim ite d  by  th e  co n d itio n

At  co n stan t
A x  v

w h e re  th e  v alue  o f  th e  c o n s ta n t is u su a lly  less t h a n  1. ( In  som e sim ple cases 
i t  is e x a c tly  1.) I n  th e  case o f th e  te a r in g  m ode th is  m eans t h a t  a  At sa tisfy ing  
th e  s ta b ili ty  co n d itio n  above w o u ld  be p ro h ib itiv e ly  sm all, considering  th e  
sp eed  o f  to d a y ’s co m p u te rs . H e n c e  in  th e  n u m erica l s im u la tio n  o f  th e  te a r in g  
m o d e  on ly  such p h y sica l p a ra m e te rs  have  b een  used  for w h ich  th e  value o f 
S  is  essen tia lly  sm a lle r  th a n  108 (see [3], [4], [5]). (O ne m odel e lim inates w ave 
so lu tio n s  a lto g e th e r  b y  e lim in a tin g  th e  te rm s o f  in e r tia  from  th e  M HD eq u a 
tio n s  (see [5]), b u t  th is  m e th o d  seem s to  be u se fu l u n d er v e ry  re s tr ic te d  c ir
cu m sta n c e s  on ly .)

O u r a p p ro a c h  to  solve th e  num erica l s ta b i l i ty  p rob lem  is com pletely  
d iffe re n t an d  co n sis ts  in  m o d ify in g  th e  M H D  eq u a tio n s  th em se lv es  b y  th e  
a d d it io n  of such  te rm s  w hich d ra s tic a lly  red u ce  th e  speed o f  th e  otherw ise 
u n im p o r ta n t  w a v e  so lu tions w ith o u t essen tia lly  chang ing  th e  d iffusion p ro 
cess described  b y  th e  eq u a tio n s . I t  is im p o r ta n t t h a t  th e  effects o f  th e  m odify 
in g  te rm s  can  b e  q u a n t i ta t iv e ly  e v a lu a ted  on th e  basis o f th e  ch a rac te ris tic  
t im e  scales alone.

W e p ropose  tw o  m o d ifica tio n s . One is b a se d  on  ideas h a v in g  a “ p hysica l”  
b a c k g ro u n d , th e  o th e r  is based  o n  p u re ly  a lg eb ra ic  co n sidera tions. In  th e  f irs t  
case  w e c o n s tru c t a  force te rm  fo r  th e  M H D  e q u a tio n s  w ith  th e  help o f th e  
e lec tro m ag n e tic  f ie ld  v ariab les o n ly  w ith o u t in v o lv in g  th e  k in e tic  ve loc ity , 
in  o rd e r  to  avoid  in te rfe rin g  w ith  th e  original v isc o s ity  p ro p ertie s  o f th e  p lasm a. 
I n  p a r tic u la r , i f  th e  p lasm a is non-v iscous, th e  inclusion  o f  th e  new e lec tro 
m a g n e tic  v isco sity  does n o t n eed  th e  m o d ifica tio n  o f  th e  b o u n d a ry  cond itions 
fo r  th e  k in e tic  v e lo c ity . In  th e  second  case w e s t a r t  b y  m o d ify in g  th e  d isp er
s ion  re la tio n  w h ich  defines th e  p h a se  velocities o f  th e  w ave so lu tions, an d  we 
w o rk  b ack w ard s to  fin d  th e  co rrespond ing  m o d ifica tio n s o f  th e  d ifferen tia l 
e q u a tio n s  th em se lv es .

W e shall co n sid e r th e  fo llow ing  eq u a tio n s o f  a  com pressib le  p lasm a:

=  rjAB — cu rl E  , (1)
dt

d(e V l  + d i v ( gF H )  =  —  J x B - g r a d p  +  —  Ф , (2)
dt / г  /л
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-f- d iv  (qV ) — 0 , (3)
dt

Q =  —  p  , J  =  cu rl В , E  = — V x B .  (4)
a2

T he case o f  an  incom pressib le  p lasm a is included  b y  assum ing  q =  c o n s ta n t 
in  (2) a n d  (3). T he v isco sity  te rm  Ф w ill on ly  be u sed  in  th e  f irs t a p p ro a c h  
an d  w ill be d ro p p ed  in  th e  second one. T h is system  a d m its  tw o  ty p e s  o f  in 
f in ite s im a l w ave so lu tio n s: tra n sv e rse  (A lfvcn) an d  lo n g itu d in a l (m a g n e to 
acoustic) w aves (see [6]). W e shall discuss sep ara te ly  th e  tw o  cases.

1. M odification  of th e  M H D  equations by an  
“ electrom agnetic  viscosity”  te rm

T he v iscosity  te rm  will be defined  as

Ф =  Л Е  X  В  — J x  cu rl /i —  (J X B ).
dt

In  o rd er to  see th e  effects o f th is  force on  th e  w ave p h en o m en a , le t us s tu d y  
th e  in fin ite s im a l m ag n e to h y d ro d y n am ic  w aves in  th e  case o f zero re s is tiv ity : 
r] — 0. W e shall d en o te  b y  a su p ersc rip t 0 th e  u n p e rtu rb e d  values. L e t us ta k e  
as u n p e r tu rb e d  s ta te

B° =  (B » ,B » , 0 ) ,
V° =  (0,0, 0) ,

an d  consider th e  in fin ite s im a lly  p e r tu rb e d  s ta te

В  — B°  -f- (bx, by, 0 ) ,
V  =  (vx, vy, 0 ) ,  

q =  q° +  q'-

T he linearized  eq u a tio n s  o f these  w aves can  be w r it te n  in  th e  fo llow ing 
w ay (see [6]), b y  assum ing  a space dependence  on th e  a>coordinaie o n ly :

dt

My __ ßo dVy   ß 0 dvx
dt dx У dx

( lx )

( iy )
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dvx =  -  a2 de’ 1 B°y dby 1 уф
dt dx И У dx /г

dvy
=  - B "

dby 1
У-Фу,

dt dx

de' dvx
dt " dx

H e re  th e  lin ea rized  fo rm  of th e  v isco sity  is th e  follow ing:

Ф =  —  (curl b ) x B °  =  —  
dt dt

= I -  В°у - ^ У - ,
У dx dt dxdt

dx  ~ dx 

=  ( Ф х, Ф у ,  0 ) .

0

(2x)

(2 y)

(3 ')

W e sh a ll d iscuss se p a ra te ly  th e  cases o f  tran sv erse  a n d  lo n g itu d in a l 
(m ag n e to aco u stic )  w aves. I n  a ll cases we h a v e  from  E q . ( lx ) :  br =  0.

Transverse waves

T he tra n sv e rse  w aves a re  d efin ed  by

B°y =  0 ,

®X= 0 •

T h e n  we h av e  q' — 0, an d  th e  sy s tem  of e q u a tio n s  is reduced  to

dby _  B o dvy
dt X dx  ’

Oo dVy _ J ^ ß o  dby у- ß 0 d 4 y
dt fi * dx /г x dxd t

B y  su b s titu tin g  h ere  a h a rm o n ic  w ave so lu tio n  o f  th e  form

by =

vy — by e'(**-o>/) 5

w e ge t th e  fo llow ing  d ispersion  re la tio n  w hen th e  d e te rm in a n t of th e  system  
fo r  bv and  b is se t equal to  zero :

со BS к

Nк , Ti --------г ------ coki
V и* 1

(ÚQ° =  0
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H ence we h av e

w here

со = - x A 2k2 i ± ] f 4 , A 2k 2 - x 2A* к4

R°
A =

Y HQ°

is th e  A lfvén  speed  in  absence  o f v iscosity . T he w ave so lu tio n  will h a v e  th e  
form :

.  - у xA'kH i(kx T m1)
by =  by e e

1
A 2 -  —  x2A * k2,to =  к

i.e ., th e  orig inal phase v e lo c ity  A  will be decreased  to

A „ = . A 1
1 --- — X A 2 k2 ,

4>

an d  th e  a m p litu d e  of th e  w av e  will be d a m p ed  as

-xA‘k4

As one can  ex p ec t, th e  p h ase  velocity  o f  th e  sh o rte r w aves w ill be slow ed 
p ow n  stro n g e r an d  th e ir  a m p litu d e  dam ped  fa s te r.

Longitudinal waves

W e h a v e  to  d istingu ish  tw o  ty p es  of lo n g itu d in a l w aves, ch a rac te rized  b y

In  case 1) we h av e

1) B “ =  0 ,  fcy =  0 ,
Vy =  0 ;

2) B°x =  0 , bx =  0 ,
Vy =  0.

dQ' _
dt dx

dvx _
dt dx
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T his is th e  case o f  a p u re  so u n d  w ave n o t  invo lv ing  th e  e lec trom agnetic  fie ld  
a n d  h av in g  th e  speed  a. (T he viscous force Ф has no e ffec t on  th is  w av e , as 
expec ted ).

In  case 2) th e  sy stem  o f  equ a tio n s is red u ced  to

e°

dby
dt У a ’ ox

W xl»^
 1 ОQ1II

f t dx

dvx
f t

II 1

?
 4 1. _ L  в 0 ^ by +

fi У dx
X в „ д Ч у 
f.1 V dxdt

F o r a h a rm o n ic  w ave so lu tion

by =  by ei(kx -  ,

vx =  vx
q '  =  q  e d to -o r f )

we fin d  th e  d ispersion  re la tio n

— ico i B y k 0

0 ÍQ0 к — ica

—  B°y (ik — xkca) 1 Г* . S ia2k

H ence we h av e :

x A 2k2i + \ A { A 2 + a 2) k 2 ~ x 2A i k i ,
i

an d  for th e  m ag n e tic  fie ld

„ - — x A ’kH  i(kx  =F ait)

by =  by e ■ e

<a — к

T he phase  v e lo c ity  w ill be th e  follow ing:

A 2 +  a2 — 1 - х 2А*к2. 
4

A x =  \  A 2 +  a*
.1 Г

/ 1 - 1
4 * A 2 +  a- k2 .
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T he am p litu d e  will d e cay  again  ex p o n en tia lly . T his re su lt is in  co m p le te  a n a 
logy w ith  th e  re su lt o b ta in e d  for th e  tra n sv e rse  w ave.

W hile , on one h a n d , th e  re su lt  has th e  d isad v an tag e  th a t  i t  depends 
on th e  w ave n u m b e r к  (o u r second m e th o d  discussed in  th e  n e x t p o in t w ill be 
free o f th is  fea tu re ), on  th e  o th e r h a n d  i t  has th e  a d v a n ta g e  th a t  th e  position  
o f к in  th e  fo rm ulae  assures an  in c reasin g  s tab iliz ing  effect fo r in c reasin g  k, 
e x a c tly  w here th e  s ta b il i ty  of th e  n u m erica l schem es is d e te rio ra tin g .

The order o f  magnitude o f  the viscous perturbation

T h e resistive  te a r in g  m ode (fo r rj ^  0) develops on th e  re s is tiv e  tim e
scale

_ I ß _
Tres — 5

V
(L =  c h a ra c te ris tic  len g th ).

T he re la tiv e  order o f  m ag n itu d e  o f  th e  v iscosity  te rm  w ith  re sp ec t to  th e  
L o ren tz  force on th is  re s is tiv e  tim e  scale is

X

Tres

B y w ritin g  X. =  /itmhd ; w here tMhd  is th e  m ag n e to h y d ro d y n am ic  tim e  scale 
defined  b y

TMHD —
L

\[A* +  a2

th e  re la tiv e  error w ill be

h Tmhd
Tres

2. M odification  o f th e  M H D  equa tions by algebraically  co n struc ted  term s

As in  th e  p rev io u s case, le t u s  den o te  b y  a su p e rsc rip t 0 va lu es  corres
pon d in g  to  th e  u n p e r tu rb e d  s ta te  o f  th e  p lasm a. T h e  u n p e rtu rb e d  v e lo c ity  is 
zero: V° =  0. We sh a ll den o te  th e  p e r tu rb a tio n  o f th e  m agnetic  f ie ld , ve locity  
an d  d e n s ity  b y  b =  (bx, by, bz), v =  (vx, vy, v2) an d  o', resp ec tiv e ly , i.e . th e  p e r
tu rb e d  s ta te  will be

В  =  B° +  b,

V  =  V°  -f- v =  v,

e =  e° +  q'-
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a )  Transverse waves

I n  th e  case o f tra n sv e rse  w aves th e  p re ssu re  (and  co n seq u en tly  th e  
d e n s ity  as well) is c o n s ta n t, hence th e  p lasm a can  be  considered  incom pressib le. 
( In  an  incom pressib le  p lasm a th e  tra n sv e rse  w aves are  th e  o n ly  possible 
w aves). W e ta k e  th e  d irec tion  o f  th e  я -axis in  th e  d irection  o f  th e  un iform  
m a g n e tic  fie ld , i.e . w e ta k e  B°  =  (В 0, 0). T h e n  th e  w ave p ro p ag a tes  in  
th e  я -d irec tion . L e t us fu r th e r  assum e th a t  th e  f ie ld  oscillates in  th e  y -d irec
t io n . T hen  th e  sy s tem  of eq u a tio n s  is reduced  (for in fin itesim al w aves) to  th e  
fo llow ing  e q u a tio n s  (see [6]):

dby __ R0 dVy
( Пdt dx

dvy (2 ')
dt dx

F o r  s im p lic ity  le t  us w rite  th is  sy s tem  in  th e  fo rm

du  p  dv 
dt dx

dv _  Q du 
dt dx

(5)

(6)

I n  o rd er to  d e te rm in e  th e  d ispersion  re la tio n  fo r th e  so lu tions o f th is  
sy s tem , we s u b s ti tu te  a harm o n ic  w av e  so lu tion

u =  û e ‘ (**-“"),

V =  V e l

in to  th ese  e q u a tio n s , a n d  th e n  w e h av e

со P k  
Qk со

0 .

H en ce  со2 =  PQk2, a n d  th e  p h ase  ve lo c ity  is

£ =  ± a , a  =  Vp q .
к

O ur id ea  fo r  red u c in g  th e  v a lu e  o f [ |  j is to  in se r t fu r th e r  te rm s , consist
in g  o f  со or к o r b o th , in  th e  d e te rm in a n t. O ur choice is th e  (sim p lest possible) 
m od ified  form

со P (k  — aco)
Q(k — ßco) со
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T his c h a ra c te ris tic  e q u a tio n  co rresponds to  th e  m o d ified  system

dt 1 dx dt
dv
dt =  <?

du du'

( ? )

( 8)

T he correspond ing  p h ase  velocity  £ is defined  b y  th e  eq u a tio n  

(1 — xß A 2) I 2 +  (« +  ß) A 2 £ -  A 2 =  0 .

L e t us use th e  fo llow ing values fo r  x  and  ß:

x  — — ß  = ---- .
A

T hen

V 1 +  h2
(9)

T he new  p h ase  velo c ity  (for h igh va lu es  o f h) is a p p ro x im a te ly  h tim e s  sm aller 
th a n  th e  p h ase  v e loc ity  o f  th e  o rig inal so lu tion . I t  is a lso  im p o rta n t t h a t  th e  
new  v e lo c ity  does n o t d ep en d  on th e  w av e  num ber k.

b)  Longitudinal waves

I n  lo n g itu d in a l w aves th e  m ag n etic  fie ld  co m p o n en t parallel to  th e  d irec
tio n  o f p ro p a g a tio n  does n o t p lay  a n y  ro le , hence we c a n  assum e th a t  th e  field 
is p e rp en d icu la r  to  th e  d irec tio n  of p ro p ag a tio n . W e ta k e  th e  d irec tio n  o f  th e  
x-ax is in  th e  d irec tion  o f  th e  w ave p ro p a g a tio n  an d  assum e th e  u n p e rtu rb e d  
fie ld  as B° =  (0, B y, 0). T h en  th e  w ave is described b y  th e  equations (see [6])

( Г )

(2")

( У )

dby R° dvx
dt dx

dvx =  — B°y dby 2 de’— a “——
dt dx dx

de’ =  — e°
dvx

dt dx

W e w rite  th is  system  in  th e  form

du
~dt 
dv 

~dt 
dw 
~dt

dv
dx
du
dx
dv
dx

=  -  P

—  =  -  Q —  -  R  —
dx

=  -  S
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T h e  c h a ra c te ris tic  e q u a tio n  o f  th is  system  is

CO - P k 0
- Qk CO - R k =  0 .

0 - S k CO

W e m odify  th is  e q u a tio n  in  th e  follow ing w ay :

со — P (k  — occo) 0
— Q(k — ßco) со — R (k  — yco)

0 — S (k  — дсо) со
=  0 . ( 10)

T he co rresp o n d in g  system  o f  d ifferen tia l eq u a tio n s is th e  follow ing:

du
=  -  P  

dt

^  =  -  s
dt

dv dv
------- b a  —
dx dt

du . о du 
■------ r P ----I dx dt J

dv , * dv
------ г 0 —
dx dt

CO

- R dw dw l

( 11)

( 12)

(13)

One ro o t o f  E q . (10) for f  =  —  is £ =  0. T he o th e r tw o  roo ts sa tisfy
к

th e  eq u a tio n

(1 —  xßPQ -  yôRS)  f 2 +  [(a  +  ß) PQ +  (y +  ô) R S ]  |  -  
- ( P Q + R S )  =  0 .

B y  selecting  th e  va lu es

a  = - £  =  —  Л = У Р ^ ,
A

у  =  -  d =  —  a =  У Ш  ,
a

w e f in d  fo r th e  m odified  new p h a se  velocity

f  — +  -■
V A 2 4 - a2

S im ilarly , th e  v a lu es
у  1 + h 2 +  l2

ß =  у  — — ô =  —
И r У А 2 +  а>
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give

M 2 +  «2
" \r 1 +  A2

(14)

(H ere  A  an d  a co rrespond  to  th e  A lfv én  speed a n d  th e  sound speed , resp ec ti
ve ly , while y  A 2 -)- a2 is th e  fast A lfv én  speed).

Modification o f  the original M H D  equations

T he prev ious m odifica tions fo r  th e  in fin ites im al w aves h av e  to  be syn- 
th e tiz e d  fo r th e  o rig inal system  (1) +  (2) -f- (3). T h e  fo rm  of th e  m odifica tions 
to  be  p erfo rm ed  on  th is  system , in  o rd e r to  ge t th e  system s (7) +  (8) and  
(11) +  (12) +  (13) fo r th e  in fin ite s im a l w aves, is n o t  un iquely  defined . W e 
shall p re se n t here  one (p robab ly  th e  sim plest possib le) choice.

T he m odified  system s (7) -f- (8) an d  (11) +  (12) +  (13) w r it te n  in  th e  
orig inal fie ld  v a riab les  a re  th e  follow ing: 

tra n sv e rse  w aves:
dby
dt

V У ’

0o =  b °x 
'  dt

d , о d \ ,

lo n g itu d in a l w aves:

q°

dby
В у

d_ +  a —
dt dx dt 1

II
X»

-  В» J L +  ß
_d_

dt dx dt

dQ' . - e °  I
d

+  «5
d_

dt dx dt

VX  ’

by — a2

VX  •

d , d
dx

Q ',

C om paring  these  eq u a tio n s  te rm  b y  te rm  w ith  th e  co rrespond ing  unm odified  
ones, we conclude th e  follow ing:
oc) in  th e  te rm s d e riv in g  from  cu rl ( V X  B) (w here В  is th e  u n p e r tu rb e d  field 

В  =  B°) space d e riv a tiv es  o f th e  v e loc ity  co m p o n en ts  dvq/dr (q =  x, y ,  z, 
r =  X ,  у , z) are m od ified  b y  th e  a d d itio n  of tim e  deriv a tiv es  dvq!dt; 

ß )  in  th e  te rm s re su ltin g  from  J x  В  (w here В  =  B q is again th e  u n p e rtu rb e d  
fie ld , p e r tu rb a tio n s  appearing  in  J  only) space d e riv a tiv es  o f th e  m agnetic  
fie ld  com ponen ts dbjdr (q =  x, y ,  z, r  =  x, y ,  z) in  J  are m o d ified  b y  th e  
ad d itio n  of th e  tim e  deriva tives dbq/dt ;
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y )  space  d e riv a tiv e  o f  g in  th e  lo n g itu d in a l d irec tio n : dg/dx is m odified  b y  
th e  ad d itio n  o f th e  tim e  d e r iv a tiv e  dg/dt; (sp ace  d e riv a tiv e  o f  g in th e  
tra n sv e rse  d irec tio n  does n o t a p p e a r  in  th e  eq u a tio n s);

Ô) in  th e  te rm  d eriv in g  from  div  V  (in  th e  e q u a tio n  fo r  o') th e  space  deriva tive  
d v j d x  o f th e  lo n g itu d in a l co m p o n en t of th e  v e lo c ity  vx is m od ified  by  th e  
t im e  d e riv a tiv e  d v j d t  of th e  sam e com ponen t.

N ow  le t us see how  th ese  m od ifica tio n s can  be  generalized  fo r th e  case 
o f th re e  space v a riab le s .
ad  x )  I n  th e  te rm  cu rl (V X  B°) th e  inclusion  o f th e  m en tioned  m odifica tions 

leads to  th e  fo rm

cu rl (V  X B°)
dx dt

d d d d-------x —— — ---- \ - x -----
dy dt dz dt

B \V y - B « V z B°V2 - B ° V X B°y Vx — Vy

■ cu rl (V  X B°) -f- X B° —  — B° *)V
dt dt

w here  Ű  =  Ux +  Uy +  Uz for a n y  v ec to r  U — ( Ux, Uy, Uz). 
ad  ß) W h a t wc h a v e  sa id  in  p o in t ß)  is ta n ta m o u n t as to  su b s titu te  J  =  curl В  

b y
ex ey ez

curl В - L + ß - t  A +/Si_ l - + ß±
dx dt dy  dt dz dt

B x By B z

w here

=  cu rl В  -j- ß l  X
dB
dt ’

/  =  ( 1 ,1 ,1 ) .

H ence  th e  te rm  m odifying th e  L oren tz  fo rce  J x  В  will be

d B
ß l x

dt
х в .

ad  у) T he te rm  d eriv in g  from  g ra d  p  w ill be m o d ified  as follow s:

grad  p  — g ra d  p  +  у e„ , 
at

w here  e is th e  u n it  v e c to r  in  th e  d irec tio n  of th e  fie ld  B.
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ad  ô) T he  te rra  d iv  F  will be m od ified  to

dV
d iv  V  —► d iv  F  -\- ô ----- eM .

dt

In  fin a l conclusion , we p ropose  th e  following m odified  form  o f th e  M HD 
e q u a tio n s:

d B
dt

=  »)AB  4- cu rl ( F  X B)  -f- B ^ - - B d V
dt

d(e v )
dt

+  d ir (q V V ) =  J x  В  — g ra d  p  +  ß I  X
d B
dt

dt !

D dPx B  — у  —t— e, I 
dt

de , .  , T,, c d F—— +  d iv  (p F )  =  -  ÔQ-—- e „
öt öt

(15)

(16) 

(17)

The effect o f  the modifications on the diffusive process

L e t us deno te  b y  V, B , J ,  p  a n d  q th e  c h a rac te ris tic  values o f  F , B, J , p  
an d  q, re spec tive ly , in  ad d itio n  to  th e  ch a ra c te ris tic  le n g th  L  an d  ch a ra c te ris tic  
tim es r res, tmhd a lre a d y  in tro d u ced . W e shall e s tim a te  th e  re la tiv e  o rd e r of 
m a g n itu d e  of th e  m o d ify ing  te rm s  w ith  resp ec t to  o th e r  te rm s o rig in a lly  p re 
sen t in  th e  eq u a tio n s. F o r  th e  coeffic ien ts a , ß, у  an d  ô we ta k e , in  accordance 
w ith  th e ir  values in  th e  in fin ite s im a l w ave p rob lem s, th e  values

w here

a  =  — ß =  y  =  — Ô =
y  A 2

(A  a n d  a are  th e  loca l A lfvén  an d  so u n d  speeds). W e h a v e  th e  follow ing cases: 
a) in  E q . (15) we w eig h t

a a g a in s t curl ( F  X B ) .

T h e ir orders o f  m ag n itu d e  a re :

___h
1Z ^  +  o2

F  • В

^res
_  ^  TMHD 

Tres

V B
L

a g a in s t
V B

L
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f)B
ß) I n  E q . (16) th e  term  ß | f X  —— | X B  will be com pared to  J  X B ,  their orders

o f m ag n itu d e  b e in g

h
УЛ2 +  а 2 r,

ß2  =  h Tmhd —  a g a in s t J  • В  =  —  .

I n  th e  sam e e q u a tio n  th e  m ag n itu d es  o f th e  o th e r  tw o te rm s  are

k  -  - Z - = h h 5 2 - Ï -  a g a in s t  Ï -  .
I' ^ i2 +  a2 Tres r res L  L

y) F in a lly , in  th e  la s t  E q . (17) w e h av e

h  Q v  и  tmhd q V  Q V—r-------------------- =  h ------------------ a g a in s t -------- .
}/A2 +  a2 r res r res L  L

I n  all cases w e f in d  th a t  th e  re la tiv e  e rro r in tro d u ced  in to  th e  eq u a tio n s 
is o f  th e  o rder o f  m ag n itu d e

^ TMHD 
Tres

H e n c e , to  keep  th e  in tro d u ced  p e r tu rb a tio n  sm all, h should  sa tis fy  th e  only  
co n d itio n

Tres

In  o rder to  g ive an  idea  o f  th e  effects in  p rac tice , le t us consider th e  case 
o f  a n  incom pressib le  p lasm a w ith  S  =  Tres/tMHD =  Ю8. A ccep ting  a re la tiv e  
e rro r  of 1% , w e c a n  ta k e  h =  106. T hen , acco rd in g  to  fo rm u lae  (9) an d  (14), 
th e  speed  o f th e  M H D  w aves w ill he red u ced  10® tim es. C onsequen tly , we can 
e x p e c t a sim ilar red u c tio n  in  th e  co m p u te r tim e  req u ired  fo r th e  s im u la tion  
o f  th e  te a rin g  m ode.
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NORMAL COORDINATE ANALYSIS OF THE 
TETRAFLUORO-1,3 DITHIETANE
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A complete norm al coordinate analysis has been performed for the te tra  fluoro-1,3 
d ith ietane which is p lanar belonging to 1)2Л point group. The sym m etric. F, and the in te rn a l 
valence force c o n s ta n t,/ , m atrices were derived in general case by using a GVFF and th e  resu lts 
were applied to  C2S2F 4. In  addition, m ean am plitudes, generalised m ean  square am plitudes, 
th e  Coriolis coupling coefficients, the  ro ta tion  d isto rtion  constants and  the  therm odynam ic 
properties have also been evaluated.

In tro d u c tio n

T he in fra re d  an d  R a m a n  sp ec tra  of th e  te tra flu o ro -1 ,3  d ith ie tan e  m o le
cule has been o b ta in ed  f irs t b y  D urig  an d  L ord  [1] in  v a p o u r  phase a n d  th e  
m olecule w as recognised  to  h a v e  a p lan a r s tru c tu re  of ty p e  X 2Y 2Z i belong ing  
to  sy m m etry  D 2h. Z uzana Sm it h  [2] has m a d e  an  e lec tron  d iffrac tion  s tu d y  
a n d  verified  th e  p la n a r ity  o f  th e  m olecule in  th e  v ap o u r p h ase  and  th e  d e 
pen d en ce  o f th e  low  freq u en cy  r in g  pu ck erin g  m o tion  on th e  re la tiv e  m a g n itu d e  
o f  b o n d  angle s tra in  an d  to rs io n a l s tra in .

R ecen tly , K laboe  et a l [3] h av e  re in v es tig a ted  th e  in fra re d  and  R a m a n  
sp e c tra  o f th is  m olecule in  v a p o u r  phase. T h e y  have co n firm ed  th e  re su lts  o f 
D u r ig  an d  L ord  [1] b u t m a d e  reassig n m en ts  for four o f th e  eigh teen  fu n d a 
m e n ta ls . T h ey  h a v e  carried  o u t  th e  norm al coo rd in a te  an a ly s is  on U B F F  a n d  
d e te rm in ed  th e  force co n stan ts .

T he p u rp o se  o f  th e  p re se n t w ork  is to  p erfo rm  a co m p le te  norm al co o r
d in a te  analysis o f  C2S2F 4 as su ffic ien t in fra re d  an d  R am an  d a ta  are av a ilab le  
a n d  to  ev a lu a te  all th e  m o lecu la r co n stan ts  u s in g  G V F F .

T he s ta n d a rd  F-G m a tr ix  form alism  o f  W ilson  [4] w as used to  d e riv e  
th e  sy m m etrica l a n d  in te rn a l va lence  force c o n s ta n ts  in  G V F F .

S tru c tu re  an d  in te rn a l v a lence  coordinates

T he g eo m etry  o f th e  m olecule is given in  F ig . 1. The X  a n d  Y  a tom s fo rm  
a fo u r m em bered  rin g  and  Z  a to m s  are  a t  th e  te rm ina ls. A ll th e  atom s a re  in  
th e  Y Z  p lane . T h e  orig in  of C a rte s ian  axes is th e  cen tre  of g ra v ity  and  also th e

Acta Physica Academiae Scientiarum Hungaricae 52, 1932



238 A. NATARAJAN and S. SOMASUNDARAM

centre o f the m olecular m odel. The Z  axis coincides w ith  th e  principal ax is  
o f  th e  m olecule. In  Fig. 1, th e  orientation o f  th e  Cartesian coordinates and all 
th e  valence coordinates are shown.

z

Fig. 1. The num bering of atom s, th e  in ternal coordinates and th e  orientation  of C artesian
coordinate axes of X 2Y 2Z4 molecule

The coordinates t and x  are in plane and out o f p lane ring deform ation  
respectively  defined by

t  =  —  ( a i  +  a 2)

and
Rr =  X1- X i + X 3- X i .

The structural param eters are tak en  from  the electron diffraction data  
o f Zuzana Smith et al [2]. The equilibrium  bond lengths o f C —F and C —S 
bonds are R  =  0.1344 nm  and S =  0 .1820 nm , respectively . The angles are 
FCF = 106.5° and SCS =  97.3°. According to  the results obtained from  the  
cited  works [1—3] the frequencies have been  adopted (Table I) to  com pute  
th e  force constants.
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Sym m etry valence coordinates

G roup th eo re tica l consid era tio n s show  th a t  th e  e ig h te e n  fu n d am en ta l 
frequencies can  be d is tr ib u te d  am ong d iffe ren t species as

Aib =  +  2blg -)- 2b2g -)- li>3g +  l a u +  3blu -|- 2b2u +  363u.

All gerade m odes a re  in fra red  ac tiv e  an d  u n g e rad e  m odes a re  R am an  ac tiv e . 
T h e  au m ode is in a c tiv e  in  b o th .

T he eigh teen  in d e p e n d e n t sy m m etry  co o rd in a tes  w ith o u t a n y  re d u n d a n 
cies w ere o b ta in ed  b y  a p p ro p ria te  linear co m bina tions o f  th e  in te rn a l coo r
d in a te s . T he b e n d in g  sy m m e try  coord inates w ere scaled w ith  th e  fac to rs o f  
d im ensions o f len g th .

Force constant calculations

T he sy m m e try  force c o n s ta n t m a trix  F  w as com pu ted  fro m  th e  observed
л 4n 2 c2 „

frequencies w hich  d e te rm in e  th e  m a trix  Лк w h ere  Л к =  ■— —— vk = 0 .0 5 8 9 1 5  X
N 2

X 10 ~5 vk an d  th e  G -m atrix  in  th e  th e o ry  o f  G Y F F .
A  sim ple 30 p a ra m e te r  g enera l valence force field  w as f i r s t  assum ed in  

te rm s  o f  valence co o rd in a tes . T h e  in itia l se t o f  ap p ro x im a te  force c o n s ta n t 
m a tr ix  w as o b ta in e d  b y  tra n s fo rm in g  th e  fo rce  co n stan t v a lu es  o f C — F  an d  
C — S bonds in  s im ila r m olecules. Cy v i n ’s W  m a tr ix  m e th o d  [5 ]  has been  fo l
low ed w hich  gave a con v en ien t p rac tica l co m p u ta tio n  of F  m a tr ix  b y  m eans 
o f  a T  m a trix .

T he C y v i n ’s m eth o d  [5 ] em ploy ing  W  a n d  T  m atrices in tro d u ces  severa l 
n o n -v an ish in g  off-d iagonal e lem en ts  in  F. T h is  enabled  us to  ca lcu la te  m a n y  
in te ra c tio n  c o n s ta n ts . A re fin e d  force field  w as o b ta ined  b y  ad ju s tin g  th e  
fo rce  c o n s ta n ts  to  rep ro d u ce  th e  observed frequencies b ased  on  least sq u are  
f i t  m e th o d . T he ca lcu la ted  va len ce  force c o n s ta n ts  are re p o r te d  in  T ab le  I I

Potential energy distribution

In  o rder to  describe co m p le te ly  and  c o rre c tly  th e  n o rm a l m odes o f v ib 
ra tio n s , p o te n tia l energy  d is tr ib u tio n  (P . E . D .) has been c o m p u ted .

T he energy  d is tr ib u tio n  h as  been co m p u te d  using th e  fo rm ula  [6—9]

P . E . D . : Vfj =  FijL ikL jkß k .

T h e  co m p u ted  en e rg y  d is tr ib u tio n s  are  p re sen ted  in  T able I .  T h e  resu lts  show  
t h a t  th e  d iagonal v a lu es  are p re d o m in a n t. A cco rd ing  to  th e  c rite r io n  of energy  
d is tr ib u tio n s , th is  confirm s th e  choice of th e  sy m m e try  co o rd in a tes  rep re sen t
in g  th e  no rm al v ib ra tio n s .
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Table I

Observed and calculated  frequencies (102 m _1) and th e  po ten tia l energy 
(% ) d istribution  of C2S2F 4 molecule

Speciee Observed Calculated P.E.D.

a g 1171 1171.89 100 Sj
670 670.66 96.3S2+ 2 .3 S 3+ 1 .4 S 4
518 517.97 3.4S2+ 92 .1S 3+ 4 .5 S 4
330 330.67 6.7S2+ 3 .1 S 3+ 9 0 .2 S 4
840 839.15 93.6S5+ 6 .4 S e
420 420.68 2.6S5+ 97 .4S e

1092 1091.99 100S,
378 377.82 2.1S7+97.9S8

b 4
288 288.05 100S9

% 255 254.98 100Slo

и 1118 1117.28 99.3Su + 0 .7 S 12
447 447.22 5.9Su + 94.10S12

59 58.77 100S13

^ 2 a 966 966.00 100S14
323 322.99 0.1S14+99.9S 15

b3u 1080 1079.69 93.7S16+ 3 .1 S 17+ 3 .2 S 18
653 653.21 7.1Sle+90.4S i 7+ ? .5 S 18
430 430.32 2.3Sle+ 4 .6 S 17+ 92 .1S 18
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M ean am plitudes and generalised  m ean  am plitudes o f v ibration

T he m ean  square  a m p litu d e  m a trix  E  h a s  been e v a lu a te d  b y  Cy v i n ’s

[10] L  m a tr ix  m e th o d . The E  m a tr ix  e lem ents h av e  been used  to  com pute  th e  
s tre tc h in g , b en d in g  and  in te ra c tio n  m ean  square  a m p litu d e  q u a n titie s  
re p o r te d  in  T ab le  I I I .

T he generalised  m ean sq u a re  am p litu d es o f  v ib ra tio n , b o th  para lle l a n d  
p e rp e n d ic u la r, h a v e  been ca lc u la ted  follow ing th e  m eth o d  o f Morino a n d  
H irota [11].

T he m ean  am plitudes o f  v ib ra tio n  и a re  o f  appreciab le  in te re s t because  
th e y  ch a rac te rize  th e  bond ing  a n d  tig h tn ess  o f  s tru c tu re s  o f  th e  m olecules. 
T h e  m ean  am p litu d es  of v ib ra tio n  и for b o n d e d  an d  n o n -b o n d ed  d is tan ces  
fo r th is  m olecule h av e  been ca lc u la ted  a t 300 К  and  p re sen ted  in  T able IY . 
T h e  T ab le  also co n ta in s  ex p e rim en ta l values o b ta in e d  from  e lec tro n  d iffrac tio n  
d a ta  [2]. T he m ean  am plitudes o f  C—S an d  C — F  bonds in  s im ila r m olecules 
are  also given fo r com parison.

I t  is observed  th a t  th e  m ean  am p litu d es o f  v ib ra tio n  fo r C — S and  C — F  
b o n d s  are  q u ite  ch a rac te ris tic  as expected  fro m  th e  fac t t h a t  th e  co rrespond
in g  n o rm al frequencies and  fo rce  co n stan ts  a lso  a re  ch a rac te ris tic .

Coriolis coupling  coeffic ien ts and  cen trifu g a l d istortion  constan ts

T he Coriolis m a trix  e lem en ts Cfj were o b ta in e d  b y  th e  vector m eth o d  o f  
Mea l  an d  P olo [12] and th e  z e ta  m a trix  e lem en ts  w ere e v a lu a te d  from th e  
re la tio n ,

F  =  L - 1 C ^ L ' ) - 1 .

Table III

Mean square amplitude quantities (10_2nm2) a t  300 К  of C2S2F 4 molecule

° T 0.002264 / /

°<F'P
0.002276

0.002731 a rs 0.0006221

°<p
0.006973 O'r. 0.0002654
0.202171 < 0.000442

° r r -0 .000138
%

0.000861
0.000299 0.000130

° r r 0.000188 a"
r<P

0.000630

° s s -0 .000272
%

-0 .000523
0.000711 0S(p 0.000611
0,000193

° w >
-0 .002853 ^a+O'oa 0.006732

o ' -0 .002399
<p<p
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Table IV

Mean am plitude of v ibration  (nm ) a t  300 К  of C2S2F 4 molecule

u (calc.) u (E.D) Ref.

UC-F 0.00476 0.00490 [2]

“ c - s 0.00521 0.00500 [3]

“c - • -c 0.00591 0.00570 [3]

“ s - • ‘S 0.00461 0.00460 [3]

US■• ' F 0.00660 0.00670 [3]

UF,--F. 0.00570 0.00530 [2]

uFt--F, 0.00810 0.00820 [2]

UF. - F , 0.01820 0.01810 [3]

Molecule UC-F Ref. Molecule UC -S Ref.

CHjFCl 0.00464 [17] cs 0.00389 [17]
CHtFBr 0.00463 [17] cs2 0.00387 [17]
CHFCIBr 0.00464 [17] CSSe 0.00389 [5]
CHFj 0.00451 [17] CSTe 0.00391 [5]
c, f 4 0.00429 [17]

F o r  th e  m olecule u n d e r  in v e s tig a tio n , th e  n o n -v an ish in g  coup lings are: 
agx b lg, b2gx b 3g, auxb lu a n d  b2ux b 3u, all co rrespond ing  to  £2 elem ents.

Cy v in  e t  al [13] h a v e  re fo rm u la te d  th e  th e o ry  o f  ro ta tio n  d is to rtio n  
b y  in tro d u c in g  a se t o f  new  e lem ents t atßy i  in stead  o f  th e  p a r tia l d e riv a tiv e s  
o f in e r tia  te n so r  co m p o n en ts  o f  K ivelson  an d  W ilson [14, 15]. Using 
th e  Cy v in ’s m eth o d , q u a n titie s  a n d  hence  th e  ro ta t io n  d is to rtio n  c o n s ta n ts  
h a v e  b een  e v a lu a te d .

T h e  th e rm o d y n a m ic  p ro p ertie s  w ere  ca lcu la ted  u s in g  P itzer’s [16] tab le  
on  rig id  r o to r ’a p p ro x im a tio n .

R esults a n d  discussion

T h e  s tre tc h in g  force c o n s ta n t fo r  C — F  bond  (f r) is g rea te r t h a n  th a t  of 
C —S b o n d  (f s). T his show s th e  d ep en d en ce  of force c o n s ta n t on e lec tro n eg a
t iv ity . (E le c tro n e g a tiv ity  fo r su lp h u r is 2.5 an d  fo r flu o rin e  4 .0 ). F u r th e r , 
since th e  C —S b o nds c o n s titu te  th e  fo u r  m em bered  rin g  o f th e  m olecu le  form-
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Table V

Generalised mean square am plitudes of (10_2nm2) of C2S2F 4 molecule

Atom pairs <Gb)*> <GW*> <(Л)!>

C - F 0.002264 0.012376 0

C - S 0.002731 0.022430 0
C . . . C 0.003560 0.008088 0
s . . . s 0.002196 0.004748 0
s . . . f 8 0.004405 0.027619 0

F s . . . F e 0.003294 0.044064 0

f 5. . . f 7 0.006601 0.007349 0
f 5. . . f 8 0.033240 0.007349 0

ing  a b rid g ed  s tru c tu re  o f t ig h t  b o nd ing , th e  force c o n s ta n t f s is fo u n d  to  be 
sm aller. T h e  low  va lu e  o f th e  ring  p u ck e rin g  force c o n s ta n t f  p red ic ts  th e  low 
freq u en cy  o f rin g  p u ck e rin g  m o tio n  w h ich  depends u p o n  th e  re la tiv e  m ag n i
tu d e s  o f b o n d  angle s tra in  a n d  to rs io n a l s tra in .

T he m ean  a m p litu d es  o f v ib ra tio n  ca lcu la ted  a t  300 К  (T able IV ) agree 
v e ry  well w ith  th e  v a lu es  o b ta in ed  in  th e  e lec tron  d iffrac tio n  s tu d y  [2]. 
uc _ s >  uc_ F since f s <  f r. T h is is in  acco rd an ce  w ith  th e  th e o ry  th a t  th e  h igher 
th e  force c o n s ta n t, th e  sm alle r w ill be  th e  m ean  a m p litu d e . T h e  m e a n  am p 
litu d e  ca lcu la tio n s a re  u sefu l in  th e  in te rp re ta tio n  o f  e lectron  d iffrac tio n  
s tu d ies  in  m olecu lar s tru c tu re  d e te rm in a tio n .

Table VI

Coriolis coupling coefficients of C2S2F 4

a i x b 4 % x b  m

£ l 5 -0 .0882 £10,11 -0 .3 6 6 2

£ * 5 0.8608 £10,12 0.6873

£35 -0 .4423 £10,13 0.0000

£ 4 5 0.2359 b t u  X ^ 3 U

-0 .7578 £14,16 0.9538

£2« -0 .1073 £14,17 —  0.2576

£3« 0.2573 £14,18 0.1546

C46 0.5899 £ l 5 , 1 6 0.6696
2̂g  X  b 3g £ l 5 , 1 7 0.6289

Í 79 0.7921 £ló,18 -0 .3 9 5 8

£ в 9 0.6103
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Table VII

R otation d is to rtion  constants o f C2S2F 4 (kHz)

Designation Value

d j
0 .0 4 0 6 3 6

D K 0 .5 9 4 0 8 6

D J K - 1 . 4 9 1 3 4 7

я » - 0 . 0 1 5 6 6 9

R« 0 .0 0 3 1 5 6 4

0 .0 1 1 4 8 4 0

Table V m

Therm odynam ic properties ( J  mole ̂ d e g re e -1 ) of C2S2F 4 molecule

Temp.
(K) Cp H F S

1 0 0 5 3 .2 4 8 0 4 1 .1 9 4 8 2 4 9 .8 8 7 9 2 9 1 .0 8 2 7

2 0 0 85 .6 8 3 2 5 4 .3 5 8 6 2 8 1 .9 8 6 1 3 3 6 .0 9 3 5

2 7 3 .1 6 1 09 .1420 6 7 .9 6 6 0 3 0 1 .4 7 4 0 3 6 9 .4 4 0 0

3 0 0 114 .9501 7 1 .8 5 8 6 3 0 9 .1 4 9 9 3 8 1 .0 0 8 5

4 0 0 1 33 .8419 8 5 .2 4 8 3 3 3 0 .6 9 4 8 4 1 5 .9 4 3 1

5 0 0 1 46 .5657 9 6 .2 8 1 8 3 5 1 .5 5 3 7 4 4 7 .8 3 5 4

6 0 0 1 55 .3739 1 0 5 .5 2 5 3 3 7 0 .1 1 6 1 4 7 5 .6 4 1 4

7 0 0 1 61 .4515 1 1 3 .0 8 2 3 3 8 7 .0 2 3 7 5 0 0 .1 0 6 0

8 0 0 165 .8451 11 9 .4 7 8 5 4 0 2 .9 2 1 8 5 2 2 .4 0 0 2

9 0 0 1 69 .0520 1 2 5 .0 8 2 3 4 1 7 .0 5 2 9 5 4 1 .8 0 0 3

1 0 0 0 1 75 .5575 1 2 9 .5 0 4 8 4 3 1 .1 0 5 3 5 6 0 .6 1 0 1

The gen era lised  m ean s q u a re  a m p litu d es  (Table V) a long  th e  b o n d  
< (zb )2> are e q u a l to  th e  m ean  sq u a re  am p litu d e  q u a n titie s  (u2). T he q u a n titie s  
in  b o n d ed  a n d  n o n b o n d ed  d ire c tio n s  agree v e ry  w ell w ith  th e  availab le  l i te 
r a tu r e  values [2]. T h e  Coriolis co u p lin g  coeffic ien ts  are p re se n te d  in  T ab le  V I. 
A ll th e  couplings a re  found to  o b e y  th e  ze ta  sq u a re  sum  ru le . T hese c o n s ta n ts  
fa c il i ta te  th e  a n a ly s is  of v ib ra tio n -ro ta tio n  sp e c tra .

The ro ta t io n  d isto rtio n  c o n s ta n t  (Table V II )  w ill be o f  g re a t use to  th e  
in v e s tig a to rs  o f  m icrow ave s p e c tra  o f th is m olecule. Since th is  is an  asym m etric  
r o to r ,  all th e  s ix  co n stan ts  D j,  D K, DJK, i? 5, R Q an d  ôj  e x is t. The p ositive  
v a lu e  of D j  in d ic a te s  th a t  th e  cen trifu g a l fo rces abou t a n y  given axis w ill
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alw ays te n d  to  in crease  th e  m o m en t o f in e r tia  a b o u t th a t  a x is  w hich in  tu r n  
reduces th e  ro ta t io n  d is to rtio n  co n s tan t.

T he th e rm o d y n a m ic  p ro p e rtie s  are  g iven  in  T able V I I I .
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S H O R T  C O M M U N I C A T I O N  

CERTAIN CHARACTERISTICS OF COOPER PAIR

S. C. J a in * and C. M. K achhava

DEPARTMENT OF PHYSICS, UNIVERSITY OF RAJASTHAN, JAIPUR—302004, INDIA

(Received in  revised form  17. IX . 1981)

T he p h ysica l ex istence o f  th e  Cooper p a irs  in  b u ild ing  a reaso n ab ly  so 
p h is tic a te d  th e o ry  o f  su p e rc o n d u c tiv ity  is a v a lid  p ro p o sitio n  w hich  has b een  
am p ly  d e m o n s tra te d  b y  a v a r ie ty  o f  ex p e rim en ta l m easu rem en ts . In  th is  co m 
m u n ica tio n , we, th ere fo re , a t te m p t  to  discuss th e  fu n d a m e n ta l p a ir  c h a ra c te r 
istics like b in d in g  energy , size a n d  d ensity . S uch  considera tions w ould n a tu 
ra lly  enhance  ou r u n d e rs tan d in g  o f  th e  role p la y e d  by  Cooper p a irs  in  th e  p h e n o 
m enon  o f su p erco n d u c tiv ity .

T he sim plest possible fo rm o f  th e e le c tro n —ion in te ra c tio n  p o ten tia l is [1]

Ik k ' =  — V  f o r  h(D , ( 1 )

w here  th e  p o te n tia l corresponds to  th e  e lec tro n  sca tte rin g  fro m  th e  s ta te  к  
to  k ',  E f is th e  F e rm i energy a n d  coD =  k B6D/h  is th e  D eb y e  frequency . T h is  
a ssu m p tio n  leads to  th e  follow ing form  fo r th e  b ind ing  en erg y  o f th e  C ooper 
p a ir

E b =  ha>D e_1/N»v ^  k B 6D e~llN°v . (2)

T h is fo rm  holds good only in  th e  w eak-coup ling  lim it ( N 0V  1), w here N 0 
is th e  d e n s ity  o f  s ta te s  fo r e lec tro n s o f  up  sp in  a t  th e  F erm i su rface .

U sing  q u a n tu m  m echanics a n d  th e  a ssu m p tio n  th a t  th e  m ates o f  th e  
C ooper p a ir  ex ist in  th e  v ic in ity  o f  th e  F e rm i surface (an d  so th e y  have  m o 
m e n ta  hvF), i t  is a s tra ig h tfo rw a rd  m a tte r  to  derive th e  fo llow ing  expression  
fo r th e  size o f th e  C ooper pa ir:

{< r2 >}1/2 =  -Д=- ~ ~  ^  10-4 cm. (3)
V о E b

T h e q u a n ti ty  rep re sen ted  by  E q . (3) is e ssen tia lly  th e  coherence  len g th  a n d  
refers to  th e  d is tan ce  over w h ich  su p e rco n d u c tin g  e lectrons a re  co rre la ted . 
I t  is som etim es called  th e  rad ius o f  th e  b o und  s ta te  or ro o t m ean  square  ra d iu s  
of th e  C ooper pa ir.

* UGC Teacher Fellow on leave from  G overnm ent College, Jhalaw ar-32600, Ind ia .
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O n th e  basis o f th e  a ssu m p tio n  o f  th e  ex istence o f  th e  w eak-coupling , 
th e  use o f  th e  v a ria tio n a l p rin c ip le  leads to  th e  follow ing re su lt for th e  su p e r
co n d u c tin g  g ro u n d  s ta te  en e rg y  re la tiv e  to  n o rm al s ta te  a t  0 K :

E ( 0) =  - 2 N 0 (hcoDf  в - ’/", v  =  , (4)
2 JM0

w here
ne =  2N ok B 0De - W - v  (5)

is th e  n u m b e r o f  pa irs v ir tu a lly  exc ited  ab o v e  th e  F e rm i su rface . The q u a n t i ty  
N t)k B0D o ccu rrin g  in  E q . (5) signifies th e  n u m b e r o f C ooper pa irs in  th e  in te r 
a c tio n  shell w h ich  is c e n tre d  a ro u n d  th e  F e rm i surface a n d  has th e  th ick n ess
k B6D‘

F in a lly , th e  co n d en sa tio n  energy  E c c a n  be expressed  in  te rm s o f b in d in g  
en erg y  as:

E C =  2 N 0E%. (6)

T he re le v a n t p a ra m e te rs  used  in  th e  ca lcu la tio n  a long  w ith  th e  ca lcu la ted  
va lu es  o f  th e  v a rious c h a ra c te ris tic s  o f th e  C ooper p a ir  a re  d isp layed  in  T ab le  I . 
T h e  va lu es  o f  iV0F expti a re  ta k e n  from  Meservey  a n d  Schwartz [2] w hile 
t h a t  o f kF, T c an d  6D f ro m  J a in  an d  K achhava [3—4 ]. I t  can  be easily  ob
served  t h a t  th e  tra n s it io n  te m p e ra tu re  is s tro n g ly  d e p e n d e n t on th e  b in d in g  
en erg y  o f  a C ooper p a ir , a n d  i t  increases w ith  th e  in c rease  in  b ind ing  en erg y  
(ex cep t A l). F o r  m ost o f  th e  su p erco n d u c to rs  th e  n u m e ric a l value o f  b in d in g  
energy  ran g es  from  0.59 X lO -4 eV fo r w eak  coupling  su p e rco n d u c to r Cd to  
6 .3 9 X lO -4 eV fo r s tro n g  coup ling  su p e rco n d u c to r P b . I t  is fu r th e r  observed

Table I

C haracteristic d a ta  and theoretical estim ates o f various characteristics of the Cooper pair

Element kF
(au '1) в в (K) T,(K) N.Fexptl Я»!!«-* *V)

■No fiWD 
(1018cm-3)

"c
(1018cm -3)

Ec
(1013eV/cm3)

<r*>v«
(10~4 cm)

Cd 0.7423 209.0 0.560 0.175 0.59 163 l . i i 6.58 20.78
Zn 0.8342 309.0 0.875 0.18 1.03 279 2.16 22.20 13.48
Ga 0.8776 324.7 1.091 0.19 1.45 309 3.20 46.31 10.07
Al 0.9276 420.0 1.196 0.175 1.19 422 2.78 33.24 12.92
T1 0.7738 87.0 2.390 0.27 1.85 73 3.59 66.35 6.97
In 0.7972 109.0 3.404 0.29 2.99 94 5.98 178.78 4.44
Sn 0.8674 195.0 3.722 0.25 3.08 183 6.71 206.55 4.68

Hg 0.7213 71.9 4.153 0.35 3.56 56 6.45 229.64 3.37
Pb 0.8350 96.3 7.193 0.39 6.39 87 13.41 856.70 2.17
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th a t  T c is also d ep en d en t u p o n  nc, th e  n u m b e r o f  p a irs  v ir tu a lly  exc ited  o v er 
th e  F e rm i sea a n d  on « г 2» 1/2, th e  size of th e  C ooper p a ir . H ow ever, nc increases 
w ith  th e  increase  in  T c (excep t A1 a n d  Hg) w hile reverse  is th e  case fo r th e  size 
o f  th e  C ooper p a ir  (except A1 a n d  Sn). The an o m a ly  in  th e  re su lts  of A1 fo r 
its  b ind ing  en erg y , th e  size o f th e  Cooper p a ir  a n d  th e  n u m b er o f  p a irs  ex c ited  
above th e  F e rm i sea, o f H g  fo r i ts  nc an d  o f Sn fo r its  <r2) 1/2, c an  be  acco u n ted  
fo r b y  th e  u n c e rta in tie s  in v o lv ed  in  th e  e x p e rim e n ta l d a ta  fo r QD an d  th e  
ap p ro x im a te  n a tu re  o f th e  c o n s ta n t p o te n tia l u sed  in  th is  th e o ry . T he u n c e r
ta in ty  in  th e  Qd can  be rem oved  fo r m edium  a n d  s tro n g  coup ling  supercon 
d u c to rs  (e.g. In ,  T l, Sn, H g  a n d  P b ) on rep lac in g  i t  b y  a n o th e r  p a ra m e te r,

n am ely  th e  average  p h o n o n  frequency  w hose reliab le e x p e rim e n ta l v a l
ues are  read ily  av a ilab le  from  tu n n e llin g  tech n iq u e . Since th e  tu n n e llin g  te c h 
n iq u e  is re s tr ic te d  on ly  to  m ed iu m  an d  s tro n g  coup ling  su p erco n d u c to rs , we 
h av e , th ere fo re , u sed  dD for a ll th e  m etals u n d e r  co nsidera tion  fo r th e  sake 
o f  consistency .

In  conclusion , i t  m ay  be a d m itte d  th a t  th e  p re se n t resu lts  m a y  be q u a n 
t i ta t iv e ly  im p ro v ed  b y  using  a rea lis tic  /«-dependent p o ten tia l. H ow ever, such 
an  a t te m p t w o u ld  n o t a lte r  th e  q u a lita tiv e  fea tu re s  o f th e  conclusions derived  
from  th e  p re sen t in v estig a tio n .
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B O O K  R E V I E W S

Quantum Dynam ics o f  M olecules, The New Experimental 
Challenge to Theorists

NATO A dvanced S tudy  In s titu te  Series, Series B: Physics, Volume 57 (E d.: R . G. Woolley) 
Plenum  Press, New York, 1980, pp. 557

The Advanced S tu d y  In stitu te  on th e  quantum  dynam ics of molecules was organized 
by Professor R. G. W o o l l e y  a t T rin ity  H all, Cambridge U niversity, England, from  Septem ber 
15th to  29th, 1979. The present volume of th e  Physics Series contains the tex ts o f the twelve 
lecture courses on the following subj ects : The E ckart H am iltonian for molecules (B. T. S u t c l if f e ), 
Foundations of theoretical chem istry (H . P rim as), Supersonic molecular beam s and 
van der W aals molecules (D . H. L ev y ), A general phenomenology for small clusters, however 
floppy (R . S. B e r r y ), The Generator C oordinate Method in m olecular physics (P . V a n  L e u v e n , 
L. L a th o u v er s), G enerator Coordinate theory  of diatom ic system s (L. L a th o u v er s . 
P. V a n  L e u v e n ), Irreversible and non-linear dynam ics of open systems (E . B. D a v ie s), 
Quasiperiodic and stochastic intram olecular dynam ics: the n a tu re  of in tram olecular energy 
transfer (S. A. R ic e ), M anifestations o f p a rity  violations in atom ic and m olecular systems 
(R. A. H a r r is ), High resolution laser spectroscopy of molecules (W . D e m t r ö d e r ), Spectral 
properties of atomic and  molecular system s (J . M. Co m bes , R. Se il e r ), Theory of electron— 
molecule collisions (P. G. B u r k e ).

The purpose of th e  In s titu te  w ith  th e  present volume was to  juxtapose new  theoretical 
developm ents in m olecular and atom ic physics to new  experim ental possibilities in  th e  study 
of isolated small atom ic and  molecular system s, thus m ainly for th e  gaseous phase. These new 
experim ental approaches, e.g. high resolution  laser spectroscopic techniques lead to  results 
th a t require novel theoretical approaches and  tools, and even question long-standing theories 
— deeply entrenched in  chemical thinking — such as the celebrated B orn —Oppenheim er approx
im ation. Of course, by  a careful exam ination  of such fundam ental techniques one is led logi
cally to  have a new look a t  th e  concept o f poten tia l surfaces governing v ib ra tional m otions. 
Any new and valid su b stitu te  of the Born —O ppenheim er m ethod — such as perhaps th e  Gene
ra to r Coordinate M ethod — could lead to  a fundam entally  new view  of m olecular processes, 
in addition  to  the immense pedagogical b enefit th a t  would derive for students of molecular 
physics.

The volume is therefore em inently suitable for advanced level chem istry and  physics 
courses and  is warmly recom m ended to  theoretical workers in spectroscopy as well.

F rom  the view point o f genuine challenge to  trad itional w ays in molecular physics the 
courses deserving special m ention are those by  Professor R. S. B e r r y  on floppy quantum  
m echanical systems, by  Professors P . V a n  L e u v e n  and L. L a th o u v er s  on the  G enerator 
Coordinate M ethod, and b y  Professor R . A. H a r r is  on parity  violations. Very lucid and  com
pact expositions of new experim ental m ethods are found for high resolution laser spectroscopy 
b y  Professor W. D e m t r ö d e r , for supersonic molecular beams by  Professor D . H . L e v y  and 
for electron-molecule collisions by Professor P . G. B u r k e . The purely  theoretical tex ts  by  Pro
fessor H . P rim as  and by  Professors J . M. Co m bes  and R. Se il e r  are th e  m ost ab strac t con tri
butions to  th e  volume and  will probably be assim ilated only by the  selected few of topm ost 
theoreticians.

The book is p roduced in a pleasing clean form at by photographic techniques and con
tains only few typographic errors.

L ászló  N em es
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Pattern Form ation by D ynam ic Systems and Pattern R ecognition

Proceedings of th e  In ternational Sym posium  on Synergetics a t Schloss E lm au, 
B avaria , April 30 M ay 5, 1979 E d .: H . H aken

Springer-Verlag, B erlin, Heidelberg, New York, 1979, 156 figs., 16 tab . V I I I  +  305 pp,
DM 68. -

This book contains the papers of a Sym posium  on Synergetics, held in W est Germany in 
1979. A general description of pa ttern  form ation by dynam ic systems and p a tte rn  recognition 
m ethods are described. The different ch ap te rs  are devoted to  the physics of lasers and quantum  
op tics; th e  dynam ics of fluids; biology; m athem atics; ecology, sociology and  h istory; and other 
sub jec ts of general in te rest. Some papers are devoted to  th e  theoretical problem s of pa tte rn  
fo rm ation  while some o thers deal w ith  recen t experim ental results in th e  field. As far as p a tte rn  
recognition is concerned th e  fundam ental ideas are discussed in  detail and possible or realized 
p rac tica l applications are also described. The links betw een p a tte rn  recognition and p a tte rn  
fo rm ation  are also revealed.

The s ta te  of a r t  o f a new and fa s t developing field of research is described in this volume 
being of use for scientists involved d irec tly  or working in re la ted  fields of research. The volume 
can , however, be recom m ended to any  sc ien tist or un iversity  lecturer working or lecturing in 
physics, chem istry, m athem atics, astrophysics and different social sciences.

N o rbert  K roó

M. D . S c a d r o n : Advanced Quantum Theory and Its Applications 
through Feynm an Diagram s

T ex ts and M onographs in Physics Series, Eds.: W. Beiglböck, M. G oldhaber, E. H . Lieb,
W. Thirring

Springer-Verlag, Berlin, Heidelberg, New Y ork, 1977, pp . 386

The book tre a ts  a comprehensive m aterial containing the elem ents of covariant Feyn
m an  diagram s a fter a  necessary in troduc tion  of two parts . In  a  concise form  m any im portan t 
developm ents of advanced  quantum  th eo ry  are included, b u t such topics as the quark  model, 
non-abelian gauge theories and the ir applications are beyond the scope of the book. In  this 
m anner the volum e form s an in troduction  to  la ter higher studies and a t  th e  same tim e offers 
a good survey of th e  m ethods and physical results of th e  early  advanced quantum  theory  for 
a  w ider audience. W hile emphasis is alw ays p u t on physics, its style and composition are equally 
enjoyable. A few applications in atom ic, solid sta te  and nuclear physics are also included.

P a rt I  provides a description of th e  transform ation theory  where ro tations in three- 
space, the inhom ogeneous Lorentz group , boson and spin-half wave equations, as well as dis
crete  sym m etries are treated .

P a rt I I  is devoted  to various aspects of the scattering  theory: general form al theory , 
phase shifts, low and  high energy scatterings, and nonrelativ istic  pertu rbation  theory.

In  P a rt I I I ,  by  introducing covarian t Feynm an diagram s the four fundam ental in te r
actions are surveyed through physical phenom ena in low est order of pertu rbation  theory. 
A brief outlook on higher-order graphs and  phenom ena is also included.

The appendices, bibliography, an d  the long list o f problem s are very  useful.
Sum m arizing, th is book on sym m etries, wave equations, scatterings, fundam ental forces 

is an enjoyable read ing  for those who already  know th e  elem ents of nonrelativistic quantum  
mechanics.

G. PócsiK
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T. D . Le e : Particle Physics and Introduction to  Field Theory

Contem porary Concepts in Physics, Volume 1, E d .: H . Prim akoff

Harwood Academic Publishers, Chur — London — New Y ork, 1981, pp. 865, 
Cloth US $ 59.50 P aper US $ 19.50

A t the s ta r t of this new series th e  E ditor has anticipated th a t  “ th e  various volum es in the 
series will be rigorous and complete in  their tre a tm e n t” , and “ th e  subjects to  be covered will 
include those a t th e  forefront of cu rren t research” . No doubt, T. D . L e e ’s book fu lly  satisfies 
these expectations. In  particle physics a com plete trea tm en t, from  th e  elements to  th e  contem 
porary  results is alm ost impossible. N evertheless, T. D. L e e  selected his coherent m aterial 
successfully and provided a fascinating, personal and  in-depth presen ta tion  of partic le  physics 
and field theory.

The subject of P a rt I  (field theory) is trad itiona l: from free fields to  the S -m atrix . An 
exciting description of the developm ent of soliton physics is also included.

P a r t I I  (particle physics) s ta rts  w ith sym m etries; here th e  u sua l space — tim e reflec
tions and  in ternal sym m etries (global SU(3) too) are treated . I t  is qu ite  an experience to  read 
about th e  P , CP violations, К —К  system . (T. D . L e e  and C. N. Y ang were awarded th e  Nobel 
Prize in Physics, 1957, for P  violation.)

P a r t IIB  contains the newer developm ents in particle physics such as quark  confine
m ent, gauge theories and  quantisation  (path  in tegrals), quark m odels, weak in teractions and 
unified electroweak gauge theory, q uark  — parto n  model and high-energy processes, chiral 
sym m etry.

These topics are alloyed into a coherent u n ity  making the book an outstanding w riting. 
D erivations are always explicit, therefore the volum e is good reading.

The book is recom m ended for those who are interested or w orking in particle physics.

G. PócsiK

Jan  W e il a m d —H ans W ilh elm sso n : Coherent Nonlinear Interaction o f
W aves in  Plasm as

In ternational Series in  N atural Philosophy, Vo 1. 88 Pergamon Press, Oxford, New Y ork, 1977
US $ 30.25, £  15.50

The evolution of plasm a physics has been deeply m otivated by  th e  research aim ing  a t 
the realization of controlled therm onuclear energy production as well as the investigation  of the 
in te rac tion  of laser beam s and m atte r , to  m ention two of the m ajor fields only. In  b o th  fields 
one encounters theoretical difficulties in  relation w ith  the essentially nonlinear character o f the 
explored basic laws. Though we are as y e t far from  being able to  handle the nonlinearities in 
general, we see th a t  for the trea tm en t o f nonlinear effects most fields offer fruitful h in ts , espe
cially in  wave propagation  phenom ena. The A uthors, both  of Chalm ers U niversity, G othen
burg, a tte m p t here to tre a t the nonlinear in terac tion  of plasm a waves in  a w ay th a t favours the 
general aspects ra th er th a n  the ad hoc ones. The research monograph groups the m ate ria l into 
the following chapters: Simple nonlinear exam ples; Coupled mode theo ry ; The field energy in 
dispersive m edia; Form ulation  of nonlinear wave equations in term s o f a nonlinear cu rren t; Some 
examples of three-w ave in teraction  in  plasm as; Solutions to the coupled mode equations (s tab i
lity  criteria, explosive instability , dam ping, in terac tion  of two electrom agnetic waves an d  three 
plasm a %vaves, stabilization); The influence of dissipation; Beam — plasm a system s; Second 
order dispersive effects; In teraction  betw een waves w ith  finite spread in  wave vectors; N onli
near excitation  of collective waves; P aram etric  excita tion  of hybrid  resonances in  p lasm as; 
N onresonant wave —wave interaction and  w ave-particle effects; E xperim ents on nonlinear 
effects in plasm as; T rends in the developm ent of nonlinear plasma research.

Acta Physica Academiae Scientiarum Hungáriáé 52, 1982
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The book contains five appendices to  guide th e  reader in special questions and th e ir 
lite ra tu re . Some useful exercises are also given which help mastering and  understanding th is 
ra th e r  extended field.

The s tructu re  an d  the content o f th is well w ritten  research m onograph and its technical 
p resen tation  will hopefully  contribute to  the fruitful collaboration of physicists in understand
ing  and  tam ing non linear phenom ena, no t only in p lasm a physics b u t also in  other fields of 
research.

I. A b o n y i

Manuscript received by Akadémiai Kiadó: 12 March 1982 
Manuscript received by the Printers: 19 March 1982 

Date of publication: 22 December 1982
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I. P A PE R S will be considered for publication  in A cta Physica H ungarica only if  th ey  have 
no t previously been published or subm itted  for publication  elsewhere. They m ay be w ritten 
in English, French, German or Russian.

Papers should be subm itted to 
Prof. I . Kovács, Editor
D epartm en t of Atomic Physics, Technical U niversity  
1521 B udapest, Budafoki ú t  8, H ungary

Papers m ay be either articles w ith  abstracts or short com m unications. B o th  should 
be as concise as possible, articles in general no t exceeding 25 typed  pages, sho rt com m unica
tions 8 typed  pages.

II . M ANUSCRIPTS

1. Papers should be subm itted in  th ree  copies.
2. The te x t o f papers m ust be o f high stylistic standard , requiring m inor correc

tions only.
3. M anuscripts should be typed in  double spacing on good quality  paper, w ith  generous 

m argins.
4. The nam e of th e  author(s) and  of the in s titu tes  where the work was carried ou t 

should appear on th e  firs t page of the m anuscrip t.
5. Particu lar care should be tak en  w ith m athem atical expressions. The following 

should be clearly distinguished, e.g. by  underlining in  different colours: special founts (italics, 
script, bold type, Greek, Gothic, etc.); cap ita l and sm all le tte rs; subscripts and  superscripts, 
e.g. x2, x 3; small l and  1; zero and cap ita l O; in  expressions w ritten  by hand: e and  Í, n  and u, 
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6. References should be num bered serially and listed a t  the  end of the paper in  the 
following form: J .  Ise and W. D. F re tte r, Phys. Rev., 76, 933, 1949.

F or books, please give the in itials and fam ily nam e of the author(s), title , name of 
publisher, place and  year of publication, e.g.: J . C. S later, Q uantum  Theory of A tom ic S truc
tures, I. McGraw-Hill Book Company, Inc ., New York, 1960.

References should be given in  th e  te x t in  the following forms: H eisenberg [5] or [5].
7. Captions to  illustrations should be listed on a separa te  sheet, no t inserted  in  the tex t.
8. In  papers subm itted  to  A cta Physica all m easures should be expressed in S I u n its .

I I I .  ILLUSTRATIO NS AND TABLES

1. E ach paper should be accom panied by three sets of illustrations, one of w hich m ust 
be ready  for the blockm aker. The other sets a ttached to  th e  copies of the m anuscrip t m ay be 
rough drawings in  pencil or photocopies.

2. Illustrations m ust not be inserted  in  the text.
3. All illustrations should be identified  in blue pencil by  the au thor’s nam e, abbreviated  

title  of the paper and  figure number.
4. Tables should be typed on separate  pages and have captions describing th e ir content. 

Clear wording of colum n heads is advisable. Tables should be num bered in R om an num erals 
(I, I I , I I I ,  etc.).

IV . R E T U R N  OF M A TER IA L

Owing to high postage costs, the E d ito ria l Office cannot undertake to  re tu rn  all m aterial 
no t accepted for any reason for publication. Of papers to be revised (for no t being in conform ity 
w ith  the above Notes or o ther reasons) only one copy will be retu rned . M aterial rejected for lack 
of space or on account of th e  Referees’ opinion will not be re tu rned  to  au thors outside Europe.
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PROFESSOR LÁSZLÓ BOZÓKY, 70 YEARS OLD

P ro fesso r B o z ó k y , M em ber o f  th e  H u n g arian  A cadem y o f Sciences, 
w as 70 on  4 th  M ay 1981. L á s z l ó  B o z ó k y  is w idely k n o w n  for his in te re s t  in 
th e  physics an d  d o sim e try  of ra d ia tio n s , th is  in te re s t d a tes  from  a n  ea rly  
age. H e com pleted  h is academ ic s tu d ie s  under O t t o  H a h n  an d  W a l t e r  

F r i e d r i c h  an d  began  w ork ing  in  th e  E ö tvös L o rá n d  R ad iu m  a n d  X -ra y  
In s t i tu te  in  1937; w hen  th is  e s ta b lish m e n t was reo rg an ized  to  b ecom e th e  
N a tio n a l In s t i tu te  of O ncology he co n tin u e d  to  w o rk  as leader o f  its 
P hysics D e p a rtm e n t.

In  a d d itio n  to  his ac tiv itie s  in  ro u tin e  clinical rad io lo g y , he e stab lish ed  
in  H u n g a ry  th e  basis o f  in v es tig a tio n s  concern ing  d o s im e try , ra d ia t io n  p ro 
te c tio n  a n d  associated  m easu rin g  te c h n iq u e s . As e a rly  as in  th e  th ir t ie s  he 
in tro d u c e d  th e  use o f p e rso n a l d o sim ete rs  to  m onito r th e  ra d ia tio n  b u rd e n  of 
physic ian s a n d  nurses engaged  in  c a rry in g  ou t t r e a tm e n t  b y  ra d io th e ra p y . 
To m in im ize exposure o f  ra d io th e ra p is ts  he w orked o n  th e  d ev e lo p m en t of 
sh ield ing  devices w hose use en ab led  personnel en g ag ed  in , for ex am p le , 
gynaecological ra d io th e ra p y  to  be s u b s ta n tia lly  red u ced . The re lia b ility  of 
th e  h igh precision  io n iza tio n  cham bers a n d  of th e  ra d io a c tiv e  c o n ta m in a tio n
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m easu rin g  e q u ip m e n t w ith  G M -tubes is co n firm ed  b y  th e  f a c t  th a t  to  d a te  
th e y  a re  still o p e ra tin g  to  sa tis fac tio n .

In  1951 he w as given th e  a d d itio n a l re sp o n sib ility  of le a d in g  th e  R ad io 
log ica l D e p a r tm e n t o f th e  C e n tra l R esearch  I n s t i tu te  for P h y s ic s  w hich p o st 
he  h e ld  for a b o u t 10 years. I n  th e  la t te r  c a p a c ity  he did p io n eerin g  w ork in  
H u n g a ry  fo r th e  in tro d u c tio n  o f  iso tope tech n iq u es  in to  research  on  
m in e ra l oil, a lu m in iu m  m e ta llu rg y  an d  on hydro lo g ica l p ro b lem s. F o r m a n y  
y e a rs  th e  p o c k e t io n iza tio n  c h a m b e r  p e rso n a l dosim eter developed  b y  
P ro f . B ozÓ K Y  w as used  for ra d ia t io n  p ro te c tio n  in  every  iso to p e  lab o ra to ry  
in  th e  co u n try .

H is a c tiv itie s  concern ing  th e  m edical ap p lic a tio n  of rad io iso to p es led  to  
th e  b u ild in g  o f  tw o  ty p es o f  ir ra d ia tio n  fa c ility , th e  “ G ra v ic e r t”  and  th e  
“ R o ta c e r t” , a n d  dev e lo p m en t o f  new  th e ra p e u tic a l m ethods. B y  th e  con stru c
t io n  o f  “ G ra v ic e r t”  cobalt th e r a p y  becam e possib le  in  our c o u n try . The un ique  
te c h n ic a l fe a tu re s  as well as th e  shielding o f  these  ir ra d ia t io n  facilities 
p ro v id e  fo r th e  m ax im u m  ra d ia t io n  p ro te c tio n  o f  th e  p h y sic ian s  tre a tin g  th e  
p a t ie n t .

N o te w o rth y  o b serv a tio n s h a v e  been m ad e  b y  him  on ra d ia tio n  s c a tte r 
in g ; his f in d in g s a re  o f p ra c tic a l use in  th e  design of r a d ia t io n  shieldings.

B o z ó k y ’s n am e  is in d e lib ly  linked w ith  in itia tin g  th e  teach ing  a n d  
e d u c a tio n  o f s tu d e n ts  on th e  d iscip lines of r a d ia tio n  p hysics, iso tope te c h n i
q ues an d  ra d ia t io n  p ro te c tio n ; he  is still a c tiv e  in  th is f ie ld . S tan d a rd  p e r 
m issib le  r a d ia tio n  levels e s ta b lish e d  in  H u n g a ry  for th e  safe  use of ionizing 
ra d ia tio n s  an d  rad io iso to p es in  th e  la s t th re e  decades w ere w o rk ed  ou t u n d e r  
h is gu idance.

In  a d d itio n  to  m u ltifa rio u s  scientific  a n d  ed u ca tio n a l ac tiv ities, he is 
a n  ac tiv e  m e m b e r o f th e  R ad io log ica l S ec tio n  of th e  S c ien tific  Society o f  
M easu rem en t a n d  A u to m a tio n  a n d  th e  B io p h y sica l Society. N ow  th e  h o n o ra ry  
p re s id e n t of th e  H e a lth  P hysics S ection  of th e  R o la n d  E ö tv ö s P h y sica l S oc ie ty ; 
he  w as, from  its  fo u n d a tio n  in  1962 and  fo r m a n y  years a f te r ,  its  p re s id en t. 
H e  w as an  e le c te d  m em ber o f  th e  E x ecu tiv e  Council o f  th e  In te rn a tio n a l 
R a d ia tio n  P ro te c tio n  A ssocia tion  w hen i t  w as form ed a n d  h e  has o ffic ia ted  
fo r  a  decade as a  Council m em b er.

The p a r t ic ip a n ts  of th e  H u n g a r ia n —A u s tr ia n  H ea lth  P h y s ic is ts ’ M eeting  
d ed ica te  th is  session ’s P roceed ings to  Prof. B o z ó k y  to  co m m em o ra te  his 7 0 th  
b ir th d a y  o ffering  h im  b est w ishes for m an y  m ore  years o f  f ru itfu l sc ien tific  
ach iev em en t f ro m  all H u n g a ria n  rad io log ists a n d  h ea lth  p h y sic is ts .

I .  F e h é r
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I .  S T A N D A R D I Z A T I O N

CH A IR M EN : L. BOZÓKY, E . TSCH IR F

H UNG AR IAN -AUSTRIAN CO-OPERATION 
IN RADIATION DOSIMETRY

K . ZSDÁ NSZKY

NATIONAL OFFICE OF MEASURES (OMH)
1124 BUDAPEST, HUNGARY

and

K . E . D u f t s c h m i d

AUSTRIAN RESEARCH CENTER SEIBERSDORF (ÖFZS) 
SEIBERSDORF, AUSTRIA

Since 1974 a close and fru itfu l co-operation has been in progress betw een the H ungarian  
N ational Office of Measures (OMH) and the A ustrian  Research Center Seibersdorf (ÖFZS) 
in  the field of rad ia tion  dosim etry. The work began w ith  intercom parison m easurem ents and 
calibration of dose m eters a t OMH. The practical experiences gained a t  OMH have been applied 
in the design of th e  new A ustrain dosim etry labo ra to ry  established betw een 1975 and  1977.

Since 1976 the cooperation of the two In s titu tions has been included in  the H u n g arian — 
A ustrian inter-governm ental agreem ent on technical-scientific co-operation as a jo in t p rio rity  
research project. The m utually  advantageous resu lts contribute to  th e  im provem ent of the 
dosim etry standard  and the calibration  facilities in  bo th  countries.

1. Primary standards

F ree -a ir  p a ra lle l p la te  io n iza tion  ch am b ers  for X -ra y s  of 20—80 kV  
an d  5 0 —400 kV  (F ig . 1) an d  cy lindrical, g ra p h ite  cav ity  io n iza tio n  ch am b ers  
o f know n , m easu red  volum e fo r  gam m a ra d ia tio n  of 60Co a n d  137Cs (F ig . 2) 
w ere designed a t  OM H b e tw een  1968 a n d  1972. T heir im p o r ta n t  d a ta  w ere 
p u b lish ed  in  1975 [1].

B etw een  1972 and  1974 th e se  OM H s ta n d a rd s  were co m p ared  w ith  th e  
exposu re  s ta n d a rd s  o f th e  In te rn a tio n a l B u re a u  of W eig h ts  and  M easures 
(B IP M ). T he re su lts  of these  com parisons w ere  pub lished  b y  B IPM  in  1975
[2]. T he ag reem en t of these  d ire c t com parisons was b e tte r  th a n  0.3%  fo r  30 
an d  50 kV X -ra y s  an d  for 60Co gam m a ra y s . F o r m ed ium  energy  X -ra y s , 
in d irec t com parisons were u n d e rta k e n  w ith  B IP M  using tw o  OM H tra n s fe r-  
s ta n d a rd  io n iza tio n  cham bers. T h e  d ifferences w ere found  to  be less th a n  0 .5 %  
fo r X -ray s  in th e  range of 100 to  250 kV.

The A u s tr ia n  p rim ary  s ta n d a rd s  of ex p o su re  had  been  m a n u fa c tu red  a t  
S eibersdo rf acco rd in g  to  th e  in s tru m e n ts  designed  by  O M H . F o r the  low est 
en erg y  range o f 5 — 30 kV X -ra y s  tw o free-a ir cham bers h av e  been  c o n s tru c te d
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Fig. 1. P rim ary standard  free-air ionization  chambers of OMH.

a t  S e ib ersd o rf w hich are  now  used  as p r im a ry  s ta n d a rd s  in  A ustria  a n d  in  
H u n g a ry , re sp ec tiv e ly .

The A u s tr ia n  and  H u n g a ria n  n a tio n a l s tan d a rd s  o f  exposure h av e  b een  
co m p ared  d u rin g  th e  p a s t few  y ea rs . F ig. 3 show s the  re su lts  o f  in te rco m p ariso n  
m easu rem en ts  b e tw een  th e  A u s tr ia n  an d  H u n g a ria n  p r im a ry  s ta n d a rd  free -a ir  
ch am b ers  fo r  5 — 30 kV X -ra y s . Fig. 4 c o n ta in s  th e  re su lts  o f  sim ilar m e a su re 
m en ts  w ith  th e  2 0 —80 kV free -a ir  ch am b ers . In  th e  f ie ld  o f  g am m a-rad ia tio n  
especially  o f eoCo ab so lu te  d e te rm in a tio n s  o f  exposure ra te  h av e  been p erfo rm ed  
w ith  th e  p r im a ry  s ta n d a rd s  o f OM H an d  Ö FZ S, g rap h ite  cav ity  ch am b ers  of 
m easu red  vo lu m e as m en tio n ed  before. F ig . 5 shows th e  resu lts  o f such  ab so 
lu te  d e te rm in a tio n s  o f 60Co exposure  ra te  — norm alized  to  th e  m ean v a lu e  of 
th e  m easu rem en ts  — in  th e  beam  o f th e  te le th e ra p y  sy s tem  a t  S e ib ersd o rf 
m ad e  w ith  th e  H u n g a rian  N a tio n a l S ta n d a rd  No. A G O  an d  th ree  id en tica l 
p r im a ry  s ta n d a rd s  o f Ö FZS Seibersdorf. I t  can  be seen th a t  th e  com parison  
m easu rem en ts  betw een  th e  A u str ian  a n d  H u n g a rian  exposu re  s ta n d a rd s  for 
X -ra y s  a n d  60Co gam m a ra y s  show ed ag reem en t w ith in  a few te n th s  o f  a 
p e rcen t.
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Fig. 2. P rim ary  standard  graphite cav ity  ionization cham ber of OMH w ith the ca lib ration
arrangem ent for gam m a radiation.
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Fig. 3. R esults of intercom parison m easurem ents betw een the A ustrian  and H ungarian  
prim ary standard  free-air cham bers for 5 — 30 kV X -rays.
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Fig. 4. R esults of intercom parison m easurem ents between th e  A ustrian  and H ungarian  
prim ary standard  free-air cham bers for 20 — 80 kV X -rays.
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Fig. 5. R esults of intercom parison m easurem ents between the A ustrian  and H ungarian  
prim ary  standard  graphite cavity  ionization cham bers for 61>Co gamm a radiation

2. Secondary standards

T hree ty p e s  of se c o n d a ry -s ta n d a rd  io n iza tio n  ch am b ers  (Fig. 6) h av e  
been  designed  a t  OM H fo r d issem in a tio n  o f  th e  d o sim etry  u n its  derived  from  
th e  p r im a ry  s ta n d a rd  ch am b ers  [3]. T he sm allest one o f  1 cm in  d ia m e te r  
m a y  be used  fo r  th e ra p y  level m easu rem en ts  o f  X -rays. T h e  energy dependence  
o f  th is  c h a m b e r  is ± 1 %  fo r X -ray s  in  th e  ran g e  of 50—250 kV. F o r ra d ia tio n -  
p ro tec tio n -lev e l m easu rem en ts  ion iza tion  ch am b ers  of 40 a n d  140 m m  d ia m e te r
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h a v e  been  designed a t  OM H. T h e ir  energy  dependence  is i 2 %  in  th e  range 
o f  30 keV to  th e  en e rg y  o f eoCo g am m a rad ia tio n  (~ 1 .2 5  MeV).

P recision  d ig ita l cu rren t in te g ra to rs  (F ig. 7) w ere developed  a t  OM H 
in  1970 fo r th e  a c cu ra te  m easu rem en t o f th e  c u rre n ts  from  th e  p r im a ry  as 
w ell as th e  seco n d ary  s ta n d a rd  io n iza tio n  cham bers [4, 5]. A h ig h -g a in  o p era 
tio n a l am plifier w ith  M O S/FET in p u t  is used as a feedback  ty p e  o f  cu rren t 
in te g ra to r , c o n s titu tin g  in  effect an  au to m a tic  T ow nsend  ba lan ce . R em ote 
c o n tro l in p u ts  an d  d ig ita l o u tp u ts  m ake th e  a u to m a tio n  o f th e  m easu rem en t 
p rocess possible.

A series o f O M H  secondary  s ta n d a rd  io n iza tio n  cham bers a n d  d ig ita l 
c u rre n t in te g ra to rs  are  used a t th e  A u str ian  la b o ra to ry . L ong-te rm  s ta b ility  
te s ts  w ith  rad iu m  sources p erfo rm ed  a t  S eibersdorf over a period  o f m ore  th a n  
th re e  years in d ic a te d  a v a ria tio n  o f well below  1%  even w ith  th e  largest 
ch am b er [6].

Fig. 6. Secondary stan d ard  ionization cham bers of OMH.
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Fig. 7. Two digital cu rren t integrators w ith autom atic control and printer equipm ent for the 
accurate m easurem ents of th e  currents from  ionization chambers.

Fig. 8. Two mini-chambers m ade of alum inium  and graphite.
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3. R esults o f joint research projects

A jo in t research  p ro jec t o f  th is  co -o p era tio n  re su lted  in  th e  im p ro v em en t 
o f th e  secondary  s ta n d a rd  io n iza tio n  ch am b ers  and  th e  d ig ita l cu rren t in te g 
ra to r . A novel io n iza tio n  ch am b er sy s tem  w ith  e x tre m e ly  large sensitiv e

Fig. 9. Secondary standard  ionization cham ber for calibration of clinical dose meters in  w ater-
phantom .

2* Acta Physica Academiae Scientiarum Hungaricat 52, 1982
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vo lum e o f 10 1 have  been  designed . I t  p ro v id es  a sen sitiv y  o f  ab o u t 0.1 [гS v/h  
a n d  low en e rg y  dependence. I n  th e  new m odel o f cu rren t in te g ra to r  a m ic ro 
p ro cesso r u n i t  p rov ides a u to m a tic  ca lcu la tio n  o f dose an d  dose ra te  based  on  
th e  c a lib ra tio n  fac to rs s to re d  in  a PR O M  m em ory . This sy s te m  m ay  be u sed  
a s  S eco n d ary  S ta n d a rd  fo r e n v iro n m e n ta l dosim etry . M ore details o f th is  
sy s te m  h a v e  been  p u b lished  b y  D u f t s c h m id  an d  H ízó  [7].

A n o th e r  jo in t re sea rch  p ro jec t is d e v o ted  to  th e  dev e lo p m en t o f an  
e x p e rim e n ta l m eth o d  fo r th e  abso lu te  d e te rm in a tio n  o f  ab so rb ed  dose to  
w a te r  b y  c a v i ty  cham bers traceab le  to  p r im a ry  exposu re  s ta n d a rd s . T h e  
p ro b lem  a ris in g  from  th e  a c c u ra te  d e te rm in a tio n  of ab so rb ed  dose to  w a te r  in  
w a te r -p h a n to m  b y  io n iza tio n  ch am b er m easu rem en t is th e  u n c e r ta in ty  in  th e  
en e rg y  a b so rp tio n  coeffic ien ts fo r w a te r  a n d  th e  cham ber m a te ria l, re sp e c ti
v e ly , cau sed  b y  th e  u n k n o w n  X -ra y  sp ec tru m  in  w ater. T he a im  o f th is  p ro je c t 
is to  d e te rm in e  th e  effective en erg y  of d iffe ren t X -ray  q u a litie s  in  w a te r using  
spec ia l m in ia tu r iz e d  io n iza tio n  cham bers o f  hom ogeneous m a te ria ls  i.e. a lu m i
n iu m  an d  g ra p h ite . F ro m  th e  m easu rem en ts  w ith  b o th  m in i-cham bers in  
w a te r  w ith  v a rio u s X -ra y  b eam s well d efin ed  b y  exposure s ta n d a rd s  th e  ra tio  
o f  th e  en e rg y  a b so rp tio n  coeffic ien ts can  be d e te rm in ed  fo r th e  tw o m ate ria ls .

T he re su lts  can  be a p p lie d  to  derive  th e  effective en e rg y  in  w a te r  a n d  
f in a lly  to  ca lcu la te  th e  ab so rb ed  dose to  w a te r .

Fig. 10. Mechanical components of the graphite-calorimeter for absolute measurement of
absorbed dose.
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Fig. 11. G raphite components of th e  calorim eter: core, jacke t, shield and medium including
cover plate.

As a f i r s t  s tep  a fte r co n stru c tin g  th e  tw o  m in i-cham bers (Fig. 8) th e  
effective co llec ting  volum es h av e  been rad io m e trica lly  d e te rm in ed  b y  free- 
a ir  m easu rem en ts  in  our well defined  cobalt beam s. The p re se n t resu lts  o f th is  
p ro je c t have b een  discussed in d e ta il w ith  R .  L o e v i n g e r  o f th e  US N a tio n a l 
B u reau  of S ta n d a rd s  (N BS) (W ash ing ton  D .C .) and  i t  h as  been  agreed  to  
co n tin u e  th is  p ro je c t also in  coopera tion  w ith  th e  N B S.

O ur th i rd  jo in t  p ro jec t led  to  th e  design  and  c o n s tru c tio n  o f a new  
th im b le  ch am b er m ade from  p o ly ace ta l resin  m ix tu res  (F ig . 9) w hich can  be 
d ire c tly  used in  a w a te r-p h a n to m  w ith o u t a d d itio n a l p ro te c tiv e  covering. T he 
sensitive  vo lum e o f th e  ch am b er, app rox . 0.3 cm 3 is covered b y  a ir-eq u iv a len t 
w alls, th e  s tem , how ever, is m ade from  a w a te r-e q u iv a le n t m a te ria l e x a c tly  
e q u a l in  mass to  th e  d isplaced w a te r  to  m in im ize th e  in fluence  o f  th e  ch am b er 
s tem . This ch a m b e r can be u sed  as an  ad v an ced  seco n d ary  s ta n d a rd  for 
th e ra p y  level m easu rem en ts  a n d  is p a rtic u la rly  useful as a reference  in s tru m e n t 
o f  absorbed  dose d e te rm in a tio n  in  w ater.

A lo n g -te rm  jo in t re sea rch  p ro jec t is th e  d eve lopm en t of a p o rtab le  
g ra p h ite  ca lo rim e te r  as a p r im a ry  s ta n d a rd  fo r  absorbed  dose m easu rem en t 
in  co -opera tion  w ith  th e  IA E A  D o sim etry  L ab o ra to ry  (V ienna), th e  
US N atio n a l B u re a u  o f S ta n d a rd s  and  our In s ti tu tio n s . In  co -opera tion  w ith  th e  
in v e n to r  of th e  heat-loss com p en sa ted  ca lo rim eter, S. D o m e n  (N B S), a  p ro to 
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ty p e  u n it  is now  u n d e r dev e lo p m en t a t  S eibersdo rf a n d  B u d ap est. F ig s. 10 
a n d  11 show  th e  com ponen ts o f th e  g ra p h ite  ca lo rim eter before  fina l assem bly . 
A fte r  co m p le tio n  an d  te s tin g  o f th e  p ro to ty p e  th re e  com ple te  u n its  w ill be 
m a n u fa c tu re d  b y  o u r com m on p ro je c t te a m  an d  each  o f  th e m  will be used  
as p r im a ry  s ta n d a rd  fo r ab so rb ed  dose a t  th e  d o sim etry  lab o ra to rie s  o f  IA E A  
V ienna, O M H  B u d ap est an d  Ö FZS Seibersdorf.

In  conclusion , i t  c a n  be s ta te d  t h a t  th e  co -o p era tio n  b e tw een  th e  A u s tr ia n  
a n d  H u n g a r ia n  N a tio n a l D o sim etry  L ab o ra to rie s  has re su lte d  in  s ig n ifican t 
d ev e lo p m en ts  an d  im p ro v em en ts  to  th e  m u tu a l b en e fit o f o u r co u n trie s .
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A  S E C O N D A R Y  S T A N D A R D  D O S I M E T R Y  S Y S T E M  
F O R  C A L I R R A T I O N  O F  R A D I A T I O N  

P R O T E C T I O N  IN S T R U M E N T S

K . E . D u f t s c h m i d

AUSTRIAN RESEARCH CENTER SEIBERSDORF (ÖFZS)
SEIBERSDORF, AUSTRIA

and

J .  H ízó
NATIONAL OFFICE OF MEASURES (OMH)

1124 BUDAPEST, HUNGARY

In  view of the increasing need and accuracy requirem ents for th e  calibration of rad iation  
protection dosim eters, a novel secondary standard  system  consisting of a low level ionization 
cham ber w ith 104 cm3 sensitive volume operating a t  am bient atm ospheric pressure and an au to 
m ated digital current in tegrator w ith dose/dose ra te  calculation has been designed.

The spherical ionization cham ber of 27 cm  diam eter and 3 m m  wall thickness is made 
from  high pressure extruded polyacetal resins (C H 20 )x providing a rugged structure of excel
lent long term  stab ility  of sensitive volume com bined w ith extrem ely  fla t energy response. 
The wall thickness of the cham ber is sufficient for secondary electron equilibrium  up to  several 
MeV of photon rad iation  w ithou t additional build-up-caps, etc. F o r com pensation of absorp
tion in the low energy X -ray  range a th in  layer of higher Z-material is deposited on th e  inner 
wall surface. This technique resu lts in  an energy response showing a variation  less th a n  ± i %  
in the photon energy range of 0.03 — 1.3 MeV. D ue to  the spherical shape of the cham ber and 
collecting electrode the directional sensitivity is highly uniform.

The central collecting electrode contains an  axial tubing on guardring po ten tia l in 
order to  insert an  in ternal check source of 70 MBq 241 Am into the centre of the cham ber w ithout 
interfering w ith  the electric field.

The m easurem ent of the ionization current is performed w ith  our digital curren t in te 
grator model N P 2100. I t  basically consists of a M OS/FET electrom eter w ith dual slope in te 
grator working as TOW N SEND  balance circuitry . The m easurem ent signal is converted in to  
dose and/or dose ra te  by a microprocessor unit using calibration fac to r stored in an exchange
able EPRO M  m em ory chip.

Using an interm ediate transfer secondary standard  cham ber of 30 cm3 volum e the 
low level cham ber can be connected to  our p rim ary  standards, i.e. free-air-parallel-plate- 
cliambers and absolute graphite cavity  chambers w ith  measured volum e.

The lim it of detection, defined by 3 s tan d ard  deviations of the background reading 
is in the order of 0.1 fiS \/h .

1. Introduction

The accu ra te  m easu rem en t o f ion izing  ra d ia tio n  a t low  dose ra te  levels due 
to  n a tu ra l  e n v iro n m en ta l b ack g ro u n d  h as  gained  increasing  im p o rtan ce  p a r t i 
cu la rly  in  v iew  o f en v iro n m en ta l m o n ito rin g  a ro u n d  n u c le a r  facilities. A lth o u g h  
various ra d ia tio n  m o n ito rs  based  on G M -tubes, sc in tilla to rs  or h igh-pressure  
ion iza tion  cham bers are  u sed  fo r th is  ap p lica tio n , i t  h a s  been d ifficu lt to  
perform  a c cu ra te  ca lib ra tio n  o f such in s tru m e n ts  in  te rm s  o f exposu re  or
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dose e q u iv a le n t ra te  since no secondary  s ta n d a rd s  have  b e e n  available fo r  
th is  range.

In  o rd e r to  overcom e th is  p rob lem  we h a v e  developed a novel low leve l 
seco n d a ry  s ta n d a rd  d o sim etry  system  co n sisting  of a la rge  spherical io n iza 
t io n  ch am b er o f 104 cm 3 sen sitiv e  vo lum e o p e ra te d  a t a tm o sp h eric  p ressu re  
a n d  a d ig ita l c u rre n t in te g ra to r .*  The fu lly  a u to m a te d  sy s te m  can be u sed  
fo r  p h o to n  ra d ia tio n  of 0.02 MeV up  to  severa l MeV and  dose ra te s  in  th e  ran g e  
o f  0.1 /tS v /h  to  1 Sv/h  for an  in te g ra tio n  tim e  o f a p p ro x im a te ly  100 s.

2. Io n iz a tio n  ch am b er

E x is tin g  seco n d ary  s ta n d a rd  io n iza tio n  cham bers fo r  th e ra p y  lev e l 
ra d ia tio n  a re  genera lly  m ade from  g rap h ite  as th e  w all m a te r ia l to  o b ta in  
good lo n g -te rm  s ta b ility  o f vo lum e. A su ffic ien tly  f la t  en e rg y  response is 
p ro v id e d  m o s tly  w ith  a co llec ting  e lectrode m ade from  Al. O u r app ro ach  is 
b a sed  on p o ly a c e ta l resins (C H .,0 )x as th e  w all m a te ria l w h ich  provides ex ce l
le n t  m ech an ica l p ro p ertie s  a ssu rin g  th e  n ecessa ry  long -term  s ta b ili ty  com bined  
w ith  a chem ical com position  w hich  can be m ad e  v ir tu a lly  a ir , tissue, or w a te r  
e q u iv a le n t b y  sm all ad d itio n s o f  p o ly te tra flu o ro e th y len  (P T E E ) and /o r tra c e s  
o f  h ig h er Z -m ate ria ls  such as CaO or Al. U sing  a special m o u ld  th e  spheres 
o f  th e  ch am b er are  m a n u fa c tu red  b y  h igh  p ressu re  ex tru s io n , w ith  th e  d im en 
sions 270 m m  in te rn a l d ia m e te r  a n d  3 m m  w all th ickness. T h e  cen tra l e lec tro d e  
is m ade fro m  a sty ro fo am  b a ll o f  80 m m  d ia m e te r  coated  w ith  graph ite .

F ig . 1 show s th e  basic  d e ta ils  o f co n stru c tio n .
D ue to  th is  spherica l sh ap e  o f  ch am b er a n d  collecting e lec tro d e  th e  d ire c ti

o n a l response  is h ig h ly  un ifo rm .
T he w all th ick n ess  o f 3 m m  is su ffic ien t to  prov ide secondary  e lec tro n  

eq u ilib riu m  u p  to  severa l MeV. O n th e  o th e r  side th e  a b so rp tio n  of soft X -ra y s  
in  th e  w all is co m p en sa ted  b y  a  th in  la y e r  o f  h igher Z -m a te ria l on th e  in n e r  
su rface  o f  th e  ch am b er. This e lec trica lly  c o n d u c tin g  coa tin g  generates a h ig h e r 
p h o to e le c tro n  y ie ld  fo r soft X -ra y s  co m p en sa tin g  for a b so rp tio n  and  becom es 
neglig ib le a t  h ig h e r energies. B y  th is  m e th o d  an  energy response  of b e tte r  th a n  
-j- 1%  b e tw een  0.03 M eV— 1.2 MeV or ^  2 %  dow n to  0.02 M eV effective en e rg y  
c a n  be ach iev ed  w ith o u t b u ild -u p  caps, etc.

F ig . 2 gives th e  energy  response  m easu red  betw een  38 keVen an d  60Co.
In  o rd e r to  v e rify  th e  co n stan cy  o f ca lib ra tio n  an  in te rn a l check source  

o f  74 M B q (2 mCi) 241 A m  can  be in serted  in to  th e  cen tre  o f  th e  cham ber b y  an  
a x ia l tu b e  p ro tru d in g  th ro u g h  th e  co llecting  electrode. T h e  tu b e  is k e p t on  
g u a rd rin g  p o te n tia l  to  avo id  in te rfe ren ce  o f  th e  m easu rem en t w hen th e  check

* In te rn a tio n a l pa ten ts
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Fig. 1. Assem bly drawing of ionization cham ber.
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Fig. 2. Energy response of low level secondary standard  cham ber.

source is in se rted . The a c tiv ity  o f  th e  source is low enough to  avoid  an y  ra d ia 
tio n  p ro te c tio n  p recau tio n s, th e  surface dose  ra te  being  o n ly  2 /tS v /h  b u t  
su ffic ien t to  gen era te  a signal eq u iv a len t to  ap p ro x . 15 ,uSv/h w ith  a s ta n d a rd  
d ev ia tio n  in  th e  o rd er of 0 .1 % . The ch am b er is m o un ted  on  a stem  w ith  a 
te rm in a l box  o n  th e  o th e r en d  con ta in ing  s igna l and high v o ltag e  connecto rs 
an d  a m o u n tin g  screw  for a tr ip o d .

F ig . 3 is a p h o to g rap h  o f  th e  com plete ch am b er assem bly .
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Fig. 3. Low level cham ber on tripod.

3. D ig ita l c u rre n t in te g ra to r

The design  o f th e  d ig ita l cu rren t in te g ra to r  m odel N P  2100 is ex p la in ed  
in th e  sim plified  block d iag ram  Fig. 4.

I t  basica lly  consists o f  a M O S/FE T  e lec tro m eter am plifie r co n n ec ted  
to  a n  a u to m a tic  T O W N S E N D -balance  c irc u itry  designed  by  Z s d á n s z k y  

[1, 2]. W ith  an  offset c u rre n t below  10-15A  ion iza tion  c u rre n ts  in  th e  ra n g e  of 
10-12A to  10~7A  can  be m easu red  w ith in  ^  1%  erro r. To provide a w ide 
d y n am ic  ran g e  exchangeab le  m easu rem en t capac ito rs (C) a re  used in th e  ran g e  
o f  0.1 n F — 100 n F .

T he o u tp u t  signal of th e  d ig ita l c u rre n t in te g ra to r  is fed into a m ic ro 
p rocesso r c irc u itry  co n ta in in g  a 1 k x  8 b it  C P U  w ith  64 b y te  RAM and  6 M H z 
q u a r tz  clock. A n ad d itio n a l 320 b y te  RAM  con tro lled  b y  th e  CPU  o pera tes as a 
buffer. The ca lib ra tio n  fac to rs  of up to  8 d iffe ren t ch am b ers  and 10 ra d ia tio n

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



A SECONDARY STANDARD DOSIMETRY SYSTEM 279

qualities  are  s to re d  in  an  exchangeab le  m em o ry  chip (2 k x  8 b it E P R O M ) 
to g e th e r  w ith  th e  accu ra te  cap ac itan ce  v a lu e s  o f C.

W ith  a tm o sp h eric  p ressu re , te m p e ra tu re  an d  ra d ia tio n  qualities m a n u a lly  
se t w ith  BCD th u m b w h eel sw itches on th e  f ro n t panel dose or dose ra te  are 
ca lcu la ted  fro m  th e  in te g ra te d  vo ltage  s ig n a l b y  an  a r ith m e tic  processing u n it  
in  th e  m icroprocessor. The L E D  display  in c lu d es  voltage s ig n a l, dose w ith  p re 
f ix  a n d  u n it  (Gy) an d  in te g ra tin g  tim e. The re su lts  are p r in te d  b y  a m in ia tu rized  
a lp h an u m eric  p r in te r  inc lud ing  m ean-value a n d  s tan d a rd  d e v ia tio n  for re p e a te d  
m easu rem en t cycles. F ig. 5 is a p h o to g rap h  o f  th e  dig ital c u r re n t in te g ra to r .

4. System  calib ra tio n  a n d  perfo rm ance

In  o rd e r to  qualify  as a secondary  s ta n d a rd  the  in s tru m e n t has to  be 
c a lib ra ted  b y  p r im a ry  s ta n d a rd s  p er defin itio n . The A u strian  p rim a ry  s ta n d a rd s  
fo r exposure  a re  o p era ted  a t  o u r  D o sim etry  L ab o ra to ry  S e ibersdo rf [3]. F o r  
X -ra y s  in  th e  en erg y  range o f  5 —400 kV th re e  free-a ir-para lle l-p la te -cham bers 
are  used. F o r gam m a ra d ia tio n  o f 137Cs a n d  eoCo g raph ite  c a v ity  cham bers of 
m easu red  vo lum e are  applied .

B ecause o f  th e  large d ifference in  sen s itiv e  volum e o r d ia m e te r  o f e n tra n c e  
d iap h rag m  (ap p ro x . 1 cm) resp . o f th e  p r im a ry  s tan d ard s  co m p ared  to  th e  se 
co n d a ry  s ta n d a rd  cham ber (27 cm  dia.) d ire c t in te rco m p ariso n  is no t feasib le  
in  v iew  o f th e  d iffe ren t b eam  size req u ired . Therefore, th e  ca lib ra tio n  is m ad e  
th ro u g h  an  a d d itio n a l tra n s fe r  ch am b er of 30 cm 3 volum e w h ich  can be d ire c tly

Fig. 4. Simplified block diagram  of digital current in tegrator N P  2100.
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Fig. 5. Digital current in tegrator N P 2100 — F ron t panel.
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com pared  w ith  b o th  th e  p r im a ry  and  seco n d ary  s tan d a rd  a t  d ifferen t d is tan ces . 
A fte r  ca lib ra tio n  o f th e  ch am b er in  un its o f  exposure  th e  lim it o f d e tec tio n  has 
been  d e te rm in ed  b y  re p e a te d  m easu rem en ts  a t  en v iro n m en ta l b a ck g ro u n d  
ra d ia tio n  levels. In  Fig. 6 a series of 25 co nsecu tive  b ack g ro u n d  read ings are  
p lo tte d . W ith  a m ean  value o f  0.136 p S v /h  th e  s ta n d a rd  dev ia tio n  is 0.019 
[ЛSv/h . The lim it of de tec tio n  defined  by  3 s ta n d a rd  d ev ia tio n s  of th e  b a c k 
g ro u n d  read in g  (99.7%  confidence level) is th e re fo re  app rox im ate ly -
о.06 /tSv/h .

T he u p p e r  lim it o f dose ra te  m easu red  w ith  th is c h a m b e r  is d e te rm in ed  
b y  th e  s a tu ra tio n  effect. W ith  a po lariz ing  v o lta g e  o f 1500 V  th e  s a tu ra tio n  loss 
is 0 .5%  a t  0.1 Sv/h  and  5%  a t 1 Sv/h.

5 . C onclusion

T he sy stem  described  is a useful secondary^ s ta n d a rd  fo r  ca lib ra tio n  o f 
e n v iro n m en ta l ra d ia tio n  m o n ito rin g  in s tru m e n ta tio n  a t dose ra te s  well be low
10 fiSv/h.

T he io n iza tio n  cham ber p rov ides e x ce llen t energy resp o n se , d irec tio n a l 
response  an d  lo n g -te rm  s ta b ili ty  com bined w ith  a low lim it o f  de tec tio n  in  th e  
o rd e r o f  0.1 /tS v /h  an d  a large dynam ic  ran g e  o v er seven o rd e rs  o f m ag n itu d e . 
T he co m p u te rized  d ig ita l c u rre n t in te g ra to r  w ith  a u to m a te d  dose/dose ra te  
ca lcu la tio n  m akes th e  system  a v e ry  co n v en ien t too l for ro u tin e  m easu rem en t 
an d  c a lib ra tio n  a t  low  dose ra te s  freq u en tly  n eed ed  for d o s im e try  lab o ra to rie s  
or ca lib ra tio n  facilities.
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THE ROLE OF RADIOACTIVITY STANDARD 
REFERENCE MATERIALS IN HUNGARIAN 

HEALTH PHYSICS PRACTICE

Á . S z ö r é n y i

NATIONAL OFFICE OF MEASURES (OMH 
1124 BUDAPEST, HUNGARY

R adioactiv ity  S tandard  Reference M aterials (RSRMs) have been issued by th e  N ational 
Office of Measures (OMH) for more th a n  te n  years. A t the present tim e OMH offers various 
solutions and solid standards for over 50 radionuclides. The in te rest in  RSRMs has especially 
increased since 1976 a fte r the issue of th e  Governm ent Decree on Measures. The paper shows 
the role of RSRMs b y  several examples in  rad iation  protection  of nuclear power p lants and 
in  nuclear medicine. Suitable absolute and  relative methods and  equipm ent have been deve
loped for the activ ity  determ ination of RSRM s of very different forms. The equipm ent and 
their m ost im portan t param eters will be briefly  reviewed.

Introduction

A fte r  th e  com m encem ent o f  m easu rem en ts  in  th e  field  o f d o s im e try  in  
th e  e a r ly  1960s th e  N a tio n a l Office o f  M easures (O M H ) ex ten d ed  its  ac tiv ities  
to  th e  m etro lo g y  o f  rad ionuc lides, th e  use o f w hich sp re a d  rap id ly  in  th e  various 
fields o f  ap p lica tio n  in  H u n g ary . I n  1965 we succeeded in  com pleting  th e  design 
of o u r f ir s t  co incidence eq u ip m en t su itab le  for m easu rin g  th e  a c t iv i ty  of a 
n u m b e r o f rad io n u c lid es  b y  ab so lu te  m ethod . Som e years la te r  we s ta r te d  
n u c lea r sp ec tro m etric  m easu rem en ts  to  de term ine  th e  rad ionuclid ic  im p u rity  
in  ra d io a c tiv e  sources.

T h is research  w o rk  was fo llow ed in  th e  la te  1960s b y  th e  p re p a ra tio n  of 
R a d io a c tiv ity  S ta n d a rd  R eference M ateria ls  (h e re in a fte r RSRM s) offered  for 
sale b y  th e  In s t i tu te  o f  Iso topes of th e  H u n g a rian  A cad em y  of Sciences. In te re s t  
in  R S R M s has p a r tic u la r ly  increased  since 1976, a f te r  th e  issue o f a G o v ern m en t 
D ecree on  M easures. A ccord ing  to  th e  D ecree m easu rem en ts  invo lv in g  legal 
re sp o n sib ility  (for ex am p le  m etro log ica l superv ision , m easu rem en ts  in  th e  field  
of h e a lth  physics, com m ercial accoun ts) can  he m ad e  b y  verified  m easu ring  
in s tru m e n ts  only. P a r t  o f th e  m easu rin g  in s tru m e n ts  used  in  h e a lth  physics 
p rac tice  w ill be v e rified  (or a con tro l b e ing  eq u iv a len t to  v erifica tion ) b y  m eans 
of R S R M s, w hich w ill be  illu s tra te d  b y  som e exam ples h e rea fte r.

Acta Physica Academiae Scientiarum Hungaricae 52t 1982



2 8 4 A. SZÖRÉNYI

T h e app lica tion  o f R SR M s in d iffe ren t fields

As th e  f ir s t  H u n g a ria n  n u c le a r  pow er p la n t  to  be p u t  in to  o p era tio n  in  
th e  n e a r  fu tu re  re q u ire s  a high leve l o f sa fe ty , sev era l th o u san d s  o f m easuring  
in s tru m e n ts , am o n g  o th ers  in s tru m e n ts  for ra d ia tio n  p ro tec tio n , a re  app lied  to  
su p p ly  th e  d a ta  n ecessa ry  for th e  checking. T he in s tru m e n ts  fo r ra d ia tio n  p ro 
te c t io n  include, in  a d d itio n  to  th o se  used  in  d o sim e try , surface, liq u id  and  gas 
a c t iv i ty  m easu rin g  eq u ip m en t. T hese in s tru m e n ts  h av e  been te s te d  b y  ty p e  
a t  O M H . M easu ring  in s tru c tio n s  a n d  RSR M s h av e  been  w orked  o u t to  contro l 
t h e i r  o p e ra tio n  b efo re  and  in  a p p lica tio n  (period ica l con tro l) an d /o r a fte r  
re p a irs .

The ra d ia tio n  p ro tec tio n  sy s te m  involves a n u m b e r o f su rface , bo d y  an d  
c lo th in g  m o n ito rs  fo r  th e  co n tro l o f  w hich large  su rface  s ta n d a rd s  are  needed. 
90S r( -|- 90Y) s ta n d a rd s  w ith  a 600 cm 2 active  su rface  were p re p a re d  fo r exam ple 
fo r  th e  v e rif ic a tio n  o f c lo th ing  m o n ito rs .T h e  s ta n d a rd s  w ere designed  to  provide 
su ffic ien t sealing  a n d  m echan ical p ro te c tio n  w hile  using  a p ro te c tin g  lay e r o f 
m in im u m  th ick n ess . I n  th e  c e r tif ic a te  of these  s ta n d a rd s  em ission ra te  was also 
g iv e n  in  a d d itio n  to  surface a c tiv ity . (A t 9 9 %  confidence level th e  overall 
u n c e r ta in ty  o f su rface  a c tiv ity  am o u n te d  to  ^  2 %  an d  th a t  o f  th e  em ission 
r a te  to  i  3% ). M oreover,45Ca a n d  204T1 s ta n d a rd s  o f  sim ilar sizes w ere p repared  
fo r  th e  s tu d y  o f  th e  energy -dependence  o f m o n ito rs .

To te s t  th e  in s tru m e n t m easu rin g  th e  to ta l  b e ta -a c tiv ity  a series of 60Co 
s ta n d a rd  sources w as p rep a red  in  th e  a c t iv i ty  ran g e  o f  40 k B q —90 M Bq. 
T h ese  s ta n d a rd s  a re  p o in t sources on  a p o ly s ty ren e  ho lder in  a 17 m m  alu m i
n iu m  fram e. R S R M s p lay  an  im p o r ta n t  role in  h e a lth  physics, to o , to  optim ize 
th e  dose b u rd e n  o f  p a tie n ts  to  be  cu red  (an d /o r exam ined ). R ecen tly , ra d io 
iso to p e  c a lib ra to rs  (p rev iously  called  dosis ca lib ra to rs) h av e  fo u n d  general 
ap p lic a tio n  in  H u n g a ria n  c lin ics; th e  a c tiv ity  o f  rad io ac tiv e  so lu tions can  be 
e a s ily  and  re lia b ly  checked in  th e  syringe o r  in  th e  am poule before  dosage. 
O u r early  ex periences have p ro v e d  th a t  th ese  ca lib ra to rs  shou ld  be su b m itted  
to  m etro log ica l superv ision , to o , w hich is c u rre n tly  in  p rogress: The clinics 
rece ive  R SR M s o f  an  a c tiv ity  u n k n o w n  to  th e m , th e y  have  to  m easu re  in  th e  
w a y  th e y  g en e ra lly  do and  to  su b m it th e  re su lt in  a q u estio n n a ire  to  OM H. 
O M H  will dea l w ith  those  c a lib ra to rs  o n ly  w hose m easu red  values are n o t 
w ith in  th e  p re sc rib ed  u n c e r ta in ty  lim its . C a lib ra to rs  m easu ring  sa tis fac to ry  
v a lu es  are co n sid ered  to  be v e rified . C ontro l m easu rem en ts  h av e  been m ade 
f i r s t  w ith  L25I  a n d  131I  s ta n d a rd iz e d  so lu tions, b u t  we p lan  to  a p p ly  g rad u a lly  
o th e r  iso topes as well.

This fo rm  o f m etro log ical superv ision  is considered  to  be superio r to  th e  
p re se n t v e rif ic a tio n s , since in  th is  case n o t o n ly  th e  co rrec t o p era tio n  of th e  
m easu ring  in s tru m e n t b u t th e  m easu rin g  process as a w hole is con tro lled .

In  a d d itio n  to  th e  R SR M s app lied  fo r th e  above p u rposes, m an y  o th e r
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k inds of R S R M s are p e rm a n e n tly  supp lied  b y  OM H. The a sso rtm e n t o f s ta n d a rd 
ized  so lu tio n s an d  solid s ta n d a rd s  m ad e  o f  53 rad io n u c lid es  is lis ted  in  o u r 
C atalogue, in c lu d in g  nu c lid es  w ith  d iffe ren t decay schem es such as p u re  
/^-em itters (35S, 32P ), o th ers  w ith  a —y, a n d  ß —y coincidence decay  schem es 
(241A m , 131I ,  60Co) and  e lec tro n  cap tu re  n u c lides (U5I, 75Se, 57Co), etc. R SR M s 
are  p re p a re d  as show n in  F ig . 1. As it  a p p e rs  from  th e  b lo ck  d iag ram , h igh  
im p o rtan ce  is a ttr ib u te d  to  checking th e  v a lid ity  o f c e rtif ied  v a lu es  [1]. 
T herefore, fo r  exam ple, th e  a c tiv ity  is d e te rm in ed  b y  m ean s of a c a lib ra te d  
io n iza tio n  ch a m b e r and  a ca lib ra te d  G e(Li) de tec to r, to o . T h e  tra c e a b ili ty  to  
prev ious s ta n d a rd iz a tio n s  c a n  also be p ro v id e d  for nuclides o f  sho rt half-life .

S ta n d a rd iz e d  so lu tions are  p rep ared  o f  all types o f nuclides lis ted  in  our 
C atalogue, w hile  solid s ta n d a rd s  are genera lly  m ade of у-e m itte rs  only. A  se t o f  8 
s ta n d a rd s , w h ich  can be se lec ted  of 9 n u c lides, deserves special a t te n tio n . 
T h is set is u sed  of th e  energy  an d  efficiency ca lib ra tio n  o f G e(Li) sem iconducto r 
y -sp ec tro m ete rs  an d  is av a ilab le  in  th ree  d iffe ren t types.

O th er s ta n d a rd s  sa tis fy in g  special req u irem en ts  are  also p ro d u ced : 
a p a ir  o f 133B a  solid s ta n d a rd s  for blood vo lu m e d e te rm in a tio n , nsI  solid s ta n 
d ard s  for sam p le  changer m easu ring  e q u ip m e n t for th e ra p e u tic  pu rposes, as 
w ell as q u a rtz  san d  labelled  w ith  у-em itte r  o f  various specific  activ ities.

Fig. 1. Block diagram  of the production  of RSRMs.
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A ctiv ity  d e te rm in a tio n

In  th e  la s t 15 y e a rs  abso lu te  a n d  re la tiv e  m easu rin g  m eth o d s a n d  ap . 
p a ra tu s  h a v e n  been deve loped  to  d e te rm in e  th e  a c t iv i ty  (or th e  em ission  ra te) 
o f  th e  v a rio u s  ty p es  o f  R S R M s of d iffe re n t form s. W e h av e  found t h a t  m ore 
th a n  tw o  th ird s  o f  th e  nuclides o ccu rrin g  m ost f re q u e n tly  in  p ra c tic e  can 
b e  m easu red  w ith  th e  h ig h e s t accu racy  b y  one o f th e  coincidence m eth o d s 
(a— y, ß— y,  X— y,  e tc .). A  coincidence m eth o d  is u sed  fo r  nuclides w h ere  the  
ra d io a c tiv e  decay  is fo llow ed w ith in  a v e ry  sh o rt tim e  ( < ^ s )  b y  th e  em is
sion o f  a t  least tw o p a rtic le s  or p h o to n s . In  th is  case w e need  a m easu rin g  
eq u ip m en t in  w hich a f irs t d e tec to r  m easu res  se lectively  one o f th e  em itted  
p a rtic le s , th e  second d e te c to r  th e  o th e r  one and  th e  n u m b e r  o f co incidence 
ev en ts  occu rrin g  du ring  th e  m easu ring  tim e  are d e te rm in e d  s im u ltaneously . 
O M H  h a s  severa l e q u ip m e n t o f  th is  ty p e  [2], [3]; th e  b lo ck  d iag ram  o f  th e  
co incidence eq u ip m en t w ith  4 л  p ressu rized  p ro p o rtio n a l co u n te r is show n in 
F ig . 2.

T he 4n  p ressu rized  gas-flow  p ro p o rtio n a l co u n te r is p laced in  com m on 
lead  sh ield ing  an d  im m ed ia te ly  below i t  th e re  is a N a l(T I)  sc in tilla tio n  d e tec to r 
fo r y -p h o to n  de tec tion . To avo id  p e r tu rb in g  effects an d  to  sim plify th e  m echa
n ica l co n stru c tio n  th e  4л  p ro p o rtio n a l c o u n te r  is bu ilt in  w ith  a vo ltage  p re a m p 
lifie r designed  b y  OM H. T h e  energy equ iva lence  of th e  d isc rim in a tio n  level is 
100 eV. T h e  co u n te r is d im ensioned  acco rd in g  to  th e  size o f  th e  c o u n te r  o p e ra 
tin g  in  th e  P hysikalisch -T echn ische  B u n d e sa n s ta lt (B raunschw eig , G F R ), b u t 
s lig h tly  m od ified  accord ing  to  our p u rposes. Since th e  c o u n te r  will be o p e ra te d  
u n d e r  a p ressu re  n o t exceed ing  2 M Pa a n d  th e  wall th ic k n e ss  shall be  o f  m in i
m u m  size, m a te ria ls  o f p a r tic u la r ly  g re a t s tren g th  h a d  to  be used (AlCuM g 
alloy). W e succeeded in  red u c in g  th e  th ick n ess  of c o u n te r  wall, w h ich  is an  
a b so rb e n t la y e r  reg ard in g  th e  de tec to r, to  2 m m . The sen sitiv e  vo lum e o f th e  
cy lind rica l co u n te r is 0  40 X 40 m m  an d  th e  sam ple is p laced  betw een  tw o  anode 
w ires. T he anode wire ho ld ers  s tre n g th e n e d  b y  sticks ca n  be rem oved  easily  
from  th e  c o u n te r  to g e th e r w ith  th e  te flon  in su la tio n  and  th is  is conven ien t w hen 
rep lac ing  th e  w ires. S ta in less steel wire o f  0  30 /im  is u sed  as anode.

D u rin g  th e  m easu rem en t co n stan t p ressu re  is p ro v id ed  in  th e  p ro p o rtio n a l 
c o u n te r  b y  a gas p ressu re  con tro l sy s te m  an d  the  p ressu re  in  th e  c o u n te r  is 
c o n tin u o u sly  com pared  to  th e  pressure se t in  th e  reference  vessel o f  th e  gas 
p ressu re  co n tro l system .

T he e lec tron ic  sy stem  o f th e  eq u ip m en t consists of u n its  designed in  acco rd 
ance  w ith  th e  s ta n d a rd  specifica tion  o f  N uclear In s tru m e n t M odules. These 
u n its  are  p a r t ly  designed b y  OMH a n d  are  p a r tly  av a ilab le  in  com m erce. 
A  te le ty p e  p u n ch er coup led  to  th e  e q u ip m e n t fac ilita te s  th e  co m p u te r-a id ed  
processing  o f m easu ring  d a ta . The m easu rin g  a p p a ra tu s  is su itab le  fo r so-called 
m u ltig am m a  m easu rem en ts , w hich m akes i t  possible to  m easure  th e  a c tiv ity
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s im u lta n e o u s ly  in  sev era l se ttin g s  b y  using sev e ra l d iffe ren tia l d isc rim ina to rs 
in  th e  у -channel, a n d  th u s  sev e ra l coincidence circu its as w ell as coun te rs. 
I n  th is  w ay  we c a n  increase th e  accu racy  while th e  m easuring  tim e  rem ains th e  
sa m e  o r reduce  th e  tim e  w hile th e  sam e accu racy  is m a in ta in ed . M oreover, th e  
s im u ltan eo u s  m easu rem en t fa c ilita te s  an  easie r e s tim a tio n  o f  th e  effect o f  
possib le  e x te rn a l d is tu rb an ces . T h e  m u ltig am m a  m ode is ad v an tag eo u s  fo r  
m easu rin g  th e  a c t iv i ty  o f 133B a, 88Y  a n d  152E u  n uclides.

In  th e  p a s t  few  years we h a v e  designed sev era l o th e r m easu ring  in s tru 
m e n ts  an d  m o d ern ized  th e  o ld e r ones (e. g. a l iq u id  sc in tilla tio n  eq u ip m en t, a n  
а -c o u n te r  w ith  d e fin ed  solid ang le). The large-su rface  p ro p o rtio n a l c o u n te r  
sh o u ld  be espec ia lly  em phasized  [4]. The la t te r  m easuring  a p p a ra tu s  designed 
in  b ila te ra l co o p e ra tio n  b e tw een  th e  M endelejev In s t i tu te  (V N IIM ), L en ing rad , 
a n d  OM H, consists  o f th ree  m a in  u n its  (4тг p ro p o rtio n a l c o u n te r , gas p ressu re  
c o n tro l sy stem  a n d  e lectron ic  u n its ) . The b lo ck  d iagram  is show n in F ig . 3. 
T h is  a p p a ra tu s  en ab les  us to  d e te rm in e  th e  a c t iv i ty  an d  th e  em ission ra te  o f  
a -  a n d  /З-s ta n d a rd s  o f  large su rfaces , w hich are  o f  g rea t im p o rta n c e  in  ra d ia tio n  
p ro te c tio n . T he c o u n te r  consists o f  tw o halves, each  o f th e m  is а 2 n  c o u n te r  
itse lf . The la rg e -su rface  source is p laced  in  a fra m in g  in  th e  m id d le  betw een  th e  
tw o  halves so t h a t  th e  source h o ld e r co n stitu te s  one o f th e  w alls  o f th e  c o u n te r. 
I n  each  h a lf  c o u n te r  th e re  are  th re e  c o n s ta n ta n  an o d e  wires o f 0  100 pm  se p a ra t
ed  from  each  o th e r  b y  sh ield ing  electrodes. T h e  wire sy stem  o f th e  co u n te r is 
designed  so t h a t  b o th  halves c a n  be  sep a ra ted  e lec trica lly  b y  a n  ex te rn a l sw itch . 
T h e  w hole 47t c o u n te r  is p laced  in  a sealed glass bell. Sources o f  m ax. 200 cm 2 
c a n  be m easu red . T h e  m ost im p o r ta n t  p a ra m e te rs  of th e  a p p a ra tu s , such  as 
le n g th  an d  slope o f  th e  co u n te r p la te a u , d e te c ta b le  energy, p o s itio n  dependence 
o f  th e  co u n te r a n d  b a ck g ro u n d  w ere ev a lu a ted  a n d  found  to  be  sa tis fac to ry  [4]. 
T h e  a c tiv ity  ra n g e  fo r а -em itte rs  is 0.5 B q —20 k B q , for /S-em itters 20 B q — 
2 5 k B q a n d th u s th e a p p a r a tu s is  su itab le  for m easu rin g  d ire c tly  th e  a c tiv ity  a n d  
th e  em ission ra te  o f  la rge-su rface  R SR M s n ecessa ry  to  v e rify  su rface m on ito rs. 
T h e  overall u n c e r ta in ty  depends on  th e  rad io n u c lid e  an d  th e  a c tiv ity , too , b u t  
th e  sy s tem a tic  u n c e r ta in ty  e v a lu a te d  acco rd ing  to  IC R U  R e p o rt 12 (1968) 
is n o t h igher th a n  ^  3% .

Fig. 3. Block d iagram  of 4л  large surface proportional counter.
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C onclusions

To d e te rm in e  th e  a c t iv i ty  (the ra d io a c tiv ity  c o n cen tra tio n ) o f  RSRM 6, 
O M H  app lies h igh-precision  abso lu te  m easu rin g  m e th o d s , therefore  i t  is no t 
n ecessary  to  ca lib ra te  th e  m easu ring  a p p a ra tu s  in  a d v an ce  o r to use som e s ta n 
d a rd  sources.

In  sp ite  of all th a t  we are m ak ing  fu r th e r  effo rts  to  check th e  co rrec t 
o p era tio n  o f  m easu ring  in s tru m e n ts . S ince m easuring  a p p a ra tu s  o f  sim ilar 
ty p e  are  n o t used  b y  a n y  o th e r o rg an iza tio n  in H u n g a ry , th e y  can  o n ly  he 
checked  b y  b ila te ra l o r m u ltila te ra l in te rco m p ariso n s. S u ch  in terco m p ariso n s 
are  reg u la rly  organized  b y  th e  In te rn a tio n a l B ureau  o f  W eigh ts an d  M easures 
(B IP M , Sèvres), b y  th e  M etrological S ec tio n  of th e  S ta n d in g  C o m m ittee  for 
S ta n d a rd iz a tio n  as well as b y  th e  C om m ittee  for P eace fu l Uses o f  A to m ic  
E n e rg y  o f  COM ECON. I n  th e  p a s t few y ea rs  we have p a r tic ip a te d  in  sev era l 
in te rco m p ariso n s ("M o, m I ,  133B a, 134Cs, 241A m , etc.) th e  re su lts  o f w h ich  have  
d e fin ite ly  p ro v ed  th e  co rrec tness o f o u r m easuring  m e th o d s  and  a p p a ra tu s  
[5 ] , [6 ] .

F in a lly , i t  can be s ta te d  th a t  by  ap p ly in g  m ethods a n d  a p p a ra tu s  d esc rib 
ed  above w e succeeded in  developing th e  m ost im p o r ta n t  and  w id e ly  used  
R SR M s fo r ra d ia tio n  p ro te c tio n  in  H u n g a ry . In  th e  fu tu re  we wish to  en large  
th e  a sso rtm e n t reg a rd in g  th e  ty p e  o f  nuclides and  th e  form  o f R S R M s in 
com pliance writh th e  u se rs’ req u irem en ts .
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I I .  I N T E R N A L  C O N T A M I N A T I O N

C HA IRM EN: N. Y ANA, K. ZSDÁNSZKY

RADIATION EXPOSURE AND ASSOCIATED 
CANCER RISK DUE TO RADON AND 

DECAY PRODUCTS
E . P o h l , F . S t e i n h ä u s l e r , W . H o f m a n n  and J .  P o h l - R ü l i n g

DIVISION OF BIOPHYSICS, UNIVERSITY OF SALZBURG 
A-5020 SALZBURG, AUSTRIA

The atm ospheric con ten t of radon and  its decay products, especially in  buildings, 
represents a significant contribution  to th e  rad iation  exposure of m an even in  a normal 
environm ent. A study in  Salzburg-C ity/A ustria over several years was carried ou t in  over 
1000 working-, living- and  bedrooms. Dose calculations were performed for 729 test 
persons, considering ind iv idual differences in  age, sex and life-style and atm ospheric nuclide 
concentration  a t different sites.

Induction  of lung cancer caused b y  inhalation  of radon  and  its decay products was 
correlated w ith  cum ulative exposure based on experience w ith  lung  cancer incidence amongst 
u ranium  miners. I t  was show n for Salzburg City th a t 15 to  35%  of the observed num ber of 
lung cancer cases m ay he induced by radon  and  its decay products, although Salzburg is an 
area w ith  a “ norm al”  n a tu ra l radioactive environm ent.

In tro d u c tio n

A lth o u g h  th e  f i r s t  scientific  ev idence of th e  p ro b lem  of in d o o r exposure 
from  th e  n a tu ra l  ra d ia tio n  e n v iro n m en t (N R E ) d a te s  b a c k  to  as e a r ly  as 1956 
[1] n a tio n a l and  in te rn a tio n a l in s ti tu tio n s  have lo n g  u n d e re s tim a te d  its  signi
ficance  u p  to  th e  p re se n t days. T h is la c k  o f in te re s t is signified b y  a  reg u la to ry  
fram ew o rk  th a t  is in a d e q u a te  w ith  re g a rd  to  th e  s e t t in g  of p ra c tic a lly  app li
cab le  s ta n d a rd s  for o p tim ized  ra d ia tio n  p ro tec tion  o f  th e  public to  N R E  levels.

T h e  d ilem m a is a d d ed  to  b y  re s tr ic tio n  of e x is tin g  reco m m en d atio n s of 
dose lim its , i.e. th e y  a re  n o t reg a rd ed  to  app ly  to  “ n o rm a l” levels o f  th e  N R E , 
un less th e y  resu lt fro m  m an-m ade ac tiv itie s  or o ccu r in  special e n v iro n m en ts . 
T he a m b ig u ity  o f th e  te rm s  “ n o rm a l”  and  “ m a n -m a d e ”  becom es e v id en t, i f  
e ith e r  w orldw ide d a ta  on  th e  dose ra n g e  for m em b ers  o f the  p u b lic  resu ltin g  
fro m  th e  “ n o rm a l”  N R E  are considered  [2], or e. g. th e  use o f n a tu r a l  stone 
w ith  e lev a ted  rad io n u c lid e  levels b y  m a n  as c o n tru c tio n  m ateria l.

R ecen tly  p o te n tia l  problem s o f  public  h ea lth  assoc ia ted  w ith  th e  indoor 
ra d ia tio n  exposure o f  la rg e  p o p u la tio n  groups a t t r a c te d  sign ifican t ex p lo ita tio n  
b y  th e  m ed ia , e.g. in  Sw eden and  C an ad a . In  th e  fu tu re  an  exposure  increase o f 
th e  g enera l public c a n  be a n tic ip a te d :

a) energy  co n se rv a tio n  m easu res  dem and  th e  redu c tio n  o f  v e n tila tio n  
ra te s  a n d  th e  in c reased  use of a ir-rec ircu la tio n , cau s in g  an  in c rease  o f rad o n
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levels an d  d ose-de te rm in ing  eq u ilib riu m  frac tio n  betw een  ra d o n  an d  its decay  
p ro d u c ts .

b) concern  a b o u t  th e  e n v iro n m en ta l im p a c t o f  large a m o u n ts  o f in d u stria l 
w a s te  p ro d u c ts  (coal as fuel, ta ilin g s  from  th e  m in in g  and p h o sp h a te  in d u stry ) 
s tim u la te s  th e  recy c lin g  of th ese  w aste  m ateria ls  as co n stru c tio n  m ateria l. D ue 
to  techno log ica l e n rich m en t p rocesses some o f th e se  new m a te ria ls  show a h igh 
c o n te n t  o f rad iu m  226.

T he basis fo r  a  ra tio n a l assessm en t of p o te n tia lly  h a rm fu l h e a lth  effects 
d u e  to  indoor ex p o su re  is p ro fo u n d  scientific a n d  techn ica l d a ta  on indoor 
ra d ia t io n  sources a n d  rad ionuclide  levels as w ell as th e  q u a n ti ta t iv e  d e te rm i
n a t io n  o f th e  r a d ia t io n  b u rden  re su ltin g  from  th e  v a rious su perim posed  locally  
a n d  te m p o ra lly  v a ry in g  N R E  co m p o n en ts . F o r th e  assessm ent o f  th e  rad ia tio n  
in d u c e d  risk  o f a g iv en  p o p u la tio n  g roup  i t  is n ecessary  to  d e te rm in e  ann u a l 
m e a n  doses fo r th e  respective  rad ia tio n -sen sitiv e  o rgans and tis su e s  of a rep re 
s e n ta tiv e  group o f  te s t  persons. T h is  w ay  th e  fre q u e n c y  d is tr ib u tio n  of organ- 
specific  an n u a l doses can  be d e te rm in ed  for th e  p o p u la tio n  u n d e r  s tu d y  and  th e  
r isk  assessed for epidem iological in v es tig a tio n s  [3].

R adiation  burden in  a “ norm al” urban environm ent

A ty p ic a l C e n tra l E u ro p ean  c ity  (S a lzbu rg , A ustria) w as selected to  
assess th e  risk  fo r  lu n g  cancer in d u c tio n  asso c ia ted  w ith  “ n o rm a l”  exposure 
to  ra d o n  and  its  d a u g h te rs . T he geological su b so il of S a lzb u rg  C ity  (abou t 
130 000 in h a b ita n ts )  is m ain ly  lim e  stone an d  g ra v e l w ith  a genera lly  low  
c o n te n t  of n a tu ra l  rad ionuc lides. T h e re  are no rad io a c tiv e  wells a n d  th e  m ean  
ra d o n  co n c e n tra tio n  o f  th e  d rin k in g  w a te r  su p p ly  is only 1.63 B q  m ~ 3 [4]. 
G am m a sp ec tro m e tric  analysis o f  b u ild in g  m a te r ia l  sam ples sh o w ed  low n u c 
lide  co n cen tra tio n s  fo r  238U, ® R a , 232T h, ^ T h  a n d  40K [5]. A lto g e th e r m ore 
th a n  1000 room s w ere  in v es tig a ted  b y  using com b in ed  rad o n  g rab-sam pling  
m e th o d s  to g e th e r w ith  con tinuous m easu rem en ts  o f  radon  a n d  d augh ters a t  
se lec ted  contro l s ta t io n s  (over 5000 m easu rem en ts). The m ethodo logy  has been 
d esc rib ed  in  d e ta il elsew here [4].

T h e  resu lts  o f  th e  m easu rem en ts  have  sh o w n  th a t  a b o u t 70%  of th e  
room s have m ean  values less th a n  or eq u a l to  22 Bq m - 3  w hich is low  
c o m p ared  to  th e  g lo b a l average in d o o r  radon  c o n c e n tra tio n  o f  37 B q  m “ 3 [2]. 
H o w ev er, desp ite  th is  low  rad o n  co n cen tra tio n  in  m ost cases, in  ab o u t 15%  
o f th e  room s th e  a n n u a l m ean  ra d o n  c o n c e n tra tio n  ranges from  37 to  
185 B q m - 3.

F ro m  th e  re su lts  o f th e  in d o o r f i l te r  m easu rem en ts  th e  m e a n  equilib rium  
fa c to r  F  was d e te rm in e d  as F  =  0 .6  i  8.1. In  som e selected b u ild in g s a tm o s
p h e ric  co n cen tra tio n s  o f  210P b  a n d  212P b  were also m easured , th e  la t te r  contri-
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b u tin g  sig n ifican tly  to  th e  dose of th e  re sp ira to ry  t r a c t .  T he m ean v a lu e s  a t  the  
d iffe ren t sites ran g ed  from  1 .4 8 x  10-3  B q  m -3  to  7 .4 x  10-3  B q m -3  fo r  210P b, 
an d  from  0.37 B q m ~ 3 to  22.2 B q m ~ 3 fo r  212Pb.

Individual lu n g  dosimetry

L un g  d o sim etry  is com m only  b a se d  on th e  a n a to m ic a l and  physio logical 
d a ta  o f th e  so-called R eference M an [6]. T hese ch a rac te ris tic s , how ever, app ly  
on ly  to  a sm all p ercen tag e  of a given p o p u la tio n . T h erefo re , for epidem iological 
in v es tig a tio n s , such as lu n g  cancer inc idence , th e  use o f  R eference M an  should  
be im p ro v ed  b y  th e  ap p lica tio n  of dose m odifying fa c to rs  w hich a c c o u n t for 
th e  v a r ie ty  o f personal ch arac teris tics . T h e  m ost im p o r ta n t  personal p a ra m e 
te rs  o f a h e a lth y  in d iv id u a l fo r lung dose assessm ents a re  age, sex, b o d y  size, 
w eigh t an d  physica l a c tiv ity . F o r th e  sim u la tio n  of th e i r  influence o n  deposi
tio n , re te n tio n  an d  ra d ia tio n  dose, a m u ltip a ra m e te r  c o m p u te r  m odel fo r  in ha led  
a lp h a -em ittin g  nuclides, called ‘‘LU M O ” , w as developed  [7]. W ith  th e  use of 
th is  m odel co rrec tion  fac to rs  w ere o b ta in e d  for th e  d ev ia tio n s  of an  in d iv id u a l 
from  th e  ch a rac te ris tic s  o f  R eference M an  w ith  special em phasis on age.

D ose ca lcu la tions w ere carried  o u t  fo r  729 dem oscopically  se lec ted  te s t 
persons, considering  in d iv id u a l differences in  age, sex  and  life -s ty le  and 
a tm o sp h eric  nuclide co n cen tra tio n  a t  d iffe ren t sites. I n  th is  m a n n e r  dose 
freq u en cy  d is tr ib u tio n s  ra th e r  th a n  o n ly  m ean  or e x tre m e  values co u ld  be 
e v a lu a ted  fo r th e  p o p u la tio n  o f S alzburg  C ity . A pp ly ing  a q u a lity  f a c to r  o f 20 
fo r a lp h a -ra d ia tio n , F ig . 1 rep resen ts th e  frequency  d is tr ib u tio n  o f th e  basa l 
cell doses in  segm enta l bronchio les for th e  729 te s t  persons. A lthough  th e  general 
level o f th e  n a tu ra l  ra d ia tio n  en v iro n m en t in  Salzburg  is low , i t  is re m a rk a b le  
th a t  for th e se  cells a b o u t 2 %  of th e  p o p u la tio n , i.e. a b o u t 300 people are  exposed  
to  levels b e tw een  60 a n d  215 m Sv/yr.

This w ide range o f  in d iv idua l doses is caused o n ly  b y  differences in  the  
rad ionuclide  co n ten t o f th e  inhaled  a ir a n d  personal ch a rac te ris tic s  o f th e  te s t 
persons. F o r  th e  la t te r ,  how ever, th is  s till does no t in c lu d e  dose m od ifica tio n s 
due to  bio logical v a riab ilitie s . In d iv id u a l d ifferences in  th e  ana tom ica l s tru c tu re  
of th e  lung , re sp ira tio n  s ta n d a rd s  as w ell as clearance half-lives can be o b serv ed  
even  fo r people of th e  sam e age, sex, e tc . T herefore, biological d a ta  in  lung  
d o sim etry  shou ld  be rep re sen ted  in  te rm s  o f  p ro b a b ility  d is trib u tio n s . D esc rib 
ing  th e  sto ch astic  n a tu re  o f  th e  processes we used th e  M o n te  Carlo te ch n iq u e s , 
an d  as th e  re su lt of such  a s im u la tion  n o t o n ly  m ean  v a lu es  b u t  also p ro b a b ility  
d is tr ib u tio n s  fo r th e  q u a n titie s  of in te re s t w ill be o b ta in e d  [8]. U sing e x p e ri
m en ta l d a ta  fo r th e  bio logical p a ram e te rs  invo lved , lo g -n o rm al basa l cell dose 
d is trib u tio n s  w ere o b ta in e d  w ith  a m ed ian  w hich differs o n ly  sligh tly  f ro m  th e  
d e te rm in is tic  m ean  an d  a geom etrical s ta n d a rd  d ev ia tio n  o f  abou t 2.5.
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Fig. 1. Dose frequency d is tribu tion  in  the “ no rm al”  urban environm ent of 
Salzburg City, A ustria.

A  second so u rce  o f ran d o m n ess in  lung  d o s im e try  is caused  b y  th e  s to ch as
t ic  n a tu re  o f d isc re te  energy-loss ev en ts  in  m icroscopic reg ions. T herefore, a t  
th e  d im ensions o f  single cells o r cell organelles th e  concept o f a b so rb ed  dose loses 
i ts  sign ificance a n d  should  be rep laced  b y  th e  corresponding  m icrodosim etric  
q u a n tit ie s , e.g . specific  energy [8]. C onsidering a ll sources o f sto ch astic  effects 
in  th e  basa l cells o f  th e  b ro n c h ia l ep ith e liu m , a log-norm al specific en erg y  
d is tr ib u tio n  w as o b ta in ed  aga in . T hese m icrodosim etric  effec ts cause an  a d d i
tio n a l  d ispersion  o f  th e  basal cell dose d is tr ib u tio n  in  Fig. 1.

Lung cancer risk

T he in d o o r exposure of m a n  a t  e n v iro n m en ta l levels o f  n a tu ra l  ra d io a c ti
v i ty  accoun ts fo r  th e  largest o f th e  ra d ia tio n  b u rd e n  o f th e  genera l pub lic . Since th e  
dose to  th e  b a sa l cells o f the  b ro n c h ia l ep ith e liu m  from  in h a led  ra d o n  d a u g h te rs  
exceeds th e  dose fro m  e x te rn a l ra d ia tio n  ty p ic a lly  b y  an  o rd e r  o f  m ag n itu d e , 
th e  risk  fo r lu n g  can cer in d u c tio n  from  ra d o n  d a u g h te r  in h a la tio n  is also m u ch  
h ig h e r. A t p re se n t th e  only  av a ilab le  d a ta  fo r  risk  assessm en ts from  ra d o n  
d a u g h te r  ex p o su re  are  derived  fro m  epidem iological s tud ies o f  o ccu p a tio n a lly  
ex p o sed  w ork ers  in  m ining en v iro n m en ts . A p p ly in g  in fo rm a tio n  derived  fro m  
th e  co rre la tio n  o f  p a s t  rad o n  d a u g h te r  e x p o su re  and  lu n g  cancer in d u c tio n  
am o n g st m in ers  to  N R E  ex p o su re  indoors is a con troversia l issue. In  T ab le  I  
p ro  an d  c o n tra  a rg u m en ts  a b o u t th e  v a lid ity  o f  th is  e x tra p o la tio n  are su m m a r
ized .

B ased  on  th e  la te s t U N S C E A R  re p o rt [2] th e  life tim e  r isk  fac to r (r() fo r  
lu n g  cancer in d u c tio n  from  th e  in h a la tio n  o f  rad o n  d a u g h te rs  ranges fro m  
20  X 10~5 to  45 X 10~5 per w o rk in g  level m o n th  (WLM) ex p o su re  of th e  b ro n 
ch ia l ep ith e liu m . T h e  exposure o f  1 W LM  corresponds to  a dose o f  ab o u t 40 m S v  
fo r  a m ean  re s p ira to ry  m in u te  vo lum e o f 20 1/m in. F o r th e  p o p u la tio n  o f Salz-
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b u rg  C ity  th e  to ta l  n u m b e r o f  an n u a l n u m b e r  of lung  can ce r cases (rRn) due 
to  rad o n  a n d  rad o n  d a u g h te r  exposure w as assessed fo r each  dose in te rv a l  of 
th e  h is to g ram  in  F ig . 1 acco rd ing  to  th e  eq u a tio n :

rRn =  - ^ - D indN ( ä - L ) ,
t

w here r, is th e  s ta n d a rd iz e d  in d iv id u a l p ro b a b ility  fo r r a d ia tio n  induced  d e a th  
p e r  dose u n it  du ring  a perio d  t (t =  40 y ea rs) , D jnd is th e  ab so rb ed  dose due  to

Table I

Pro and contra argum ents about the valid ity  of applying risk assessments 
derived from mining environments to indoor conditions

CONTRA PRO

Respiratory m inute volume (rm v) is 
higher for miners than  for inhabitan ts 
of dwellings.

Aerosol characteristics in mining envi
ronm ents are different from those of 
homes, i.e. AMAD w ithout diesel 
fumes ~ 0 .1 7  ^m , w ith diesel fumes
^ - 0.3  f i m .

Mine atm osphere contains other suspect
ed or known carcinogens besides radon 
daughters (diesel fumes, ore dust, acid 
fumes) which m ay act synergistically 
w ith radon daughters.

Only adult men are employed as miners, 
whilst indoor exposure of the general 
public comprises women and child
ren also.

R adon daughter levels in mining are 
generally 1 to 2 orders of m agnitude 
higher than  in the “ normal”  N R E .

This has been taken into account in the dose calcu
lations for inhabitants of Salzburg.

The dose calculations for inhabitants of Salzburg 
are based on an AMAD of 0.0Я ^m . Increasing 
of AMAD results in higher deposition in  the 
segm ental bronchioles due to  impaction rather 
than  diffusion: it  is likely th a t  increase of AMAD 
due to  hygroscopic grow th [10] is of more im 
portance than  differences in  aerosol particle size 
spectrum .

The m ost im portant carcinogenic factor, i.e. smok
ing, is effective in the same way amongst miners 
as it  is for the general public [11]; additional 
cocarcinogens occur increasingly also in the nor
mal environm ent due to  industry- or traffic- 
related air pollution; there is no evidence which 
would justify  the assum ption th a t synergism 
betw een radon daughters and cocarcinogens is 
limited to  mining environm ents only.

The dose frequency distribution takes into account 
the different rmv-values for women and children; 
however, i t  cannot be ruled out th a t women are 
a t lower risk for lung cancer induction th an  men 
even a t  the same level of exposure to radon 
daughters and with similar smoking characteris
tics.

Analysis of miner data indicate th a t decreasing 
exposure rates are accompanied by an increasing 
risk of lung cancer induction  per unit of cum u
lative rad iation  exposure [12]; consequently even 
higher risk  factors would have to  be assumed for 
exposure in  dwellings com pared to  risk factors 
for m ining environments.
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accu m u la tiv e  exposu re , N  is th e  p o p u la tio n  size, ä  is th e  m e a n  age of all p o p u 
la tio n  groups, an d  L  is th e  m ean  la te n c y  p e rio d , assum ed to  be in d ep en d en t o f  
th e  age a t  th e  onse t o f exposu re .

I t  w as fo u n d  th a t  5 to  12 cases p er y e a r  a n d  10s persons can  he a t tr ib u te d  
to  rad o n  d a u g h te r  exposure. C om pared  to  a n  ac tu a lly  o b se rv ed  annual lu n g  
can cer r a te  o f 34.4 p e r 105 persons in  S alzburg  P rov ince , th is  m eans th a t  a b o u t 
15%  to  35%  o f th e  lu n g  can cer incidence o f  S alzburg  C ity  can  be re la te d  to  
in h a la tio n  o f rad o n  d au g h te rs .

Conclusions

T he m a jo r co m p o n en t o f  th e  dose from  th e  n a tu ra l ra d ia tio n  en v iro n m en t 
(N R E ) is rep re se n te d  b y  th e  in d o o r exposu re  o f  m an. T h e  use  o f  rad io log ically  
d isad v an tag eo u s  m a te ria l in  o r n e a r  th e  b u ild in g , rad o n -rich  ta p  w ater, specific  
a rc h ite c tu ra l s ty les  an d  decreased  v e n tila tio n  ra te s  can  cause  N R E  levels in 
doors w hich  exceed  even  th e  u p p e r lim it fo r  o ccu p a tio n a l exposure. T h e  r e 
su ltin g  risk  can  be  o f th e  sam e o rd er or ev en  h ig h er th a n  risk s  from  o th e r n o n 
ra d ia tio n  risks, e.g. general a ir  p o llu tion  [9]. W hilst i t  is ju s tif ie d  th a t  ev e ry  
possib le  a n d  reaso n ab le  e ffo rt shou ld  he u n d e r ta k e n  to  red u ce  th e  p o p u la tio n  
exposu re  from  th e  a p p lica tio n  o f  nu c lea r techno log ies, i t  ap p ears  desirab le  to  
follow  th e  sam e p rincip le  in  th e  case o f ex p o su re  to  th e  N R E , since th e  b io lo g i
cal ta rg e t  “ m a n ”  can n o t  ̂ discrim inate b e tw een  m an-m ade a n d  n a tu ra l ra d ia tio n  
exposure .
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STOCHASTIC ASPECTS OF LUNG DOSIMETRY 
FOR RADON DECAY PRODUCTS AT LOW DOSE

LEVELS
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The determ ination  of upper lim its for the am oun t of inhaled radon  decay products 
needs detailed inform ation on th e  resulting rad ia tion  dose in  d ifferent organs and tissues, 
particularly  in th e  respiratory tra c t. The common procedure of theoretical lung dosim etry is 
characterized by  applying simple analytical techniques to a da ta  base consisting of mean 
values for all anatom ical and physiological param eters involved. H ow ever, i t  is well known 
th a t  great inter- as well as in trasub jec t variabilities of lung dimensions and  clearance processes 
could be observed, questioning, therefore, the applicability  of sim plified anatom ical and 
clearance models. Substituting th e  m ean values by  probability  d is tribu tions and applying 
Monte Carlo techniques a dosim etric method for determ ining lung doses is presented, talcing 
in to  consideration these variabilities.

A second source of fluctuations in  lung dosim etry  is caused b y  the random ness of 
nuclide distributions, lung tissue structure  and stochastic energy absorption  in  lung cells. 
A microdosimetric approach is discussed based on th e  superposition of com puter-generated 
alpha-particle tracks onto magnified images of random ly selected tissue sections on the m onitor 
of an electronic im age analyzer. Including also results of alpha-particle tra c k  structure  calcu
lations the resulting specific energy distribution in lung cells can be estim ated . All these ra n 
dom  effects are m uch more pronounced in the case of low doses and  dose rates which are 
typ ical for environm ental low-level exposure of n a tu ra l radionuclides th a n  a t higher doses.

Introduction

L ung can cer is com m only  regarded  as th e  m ost im p o r ta n t  som atic  risk  
a ris in g  from  th e  in h a la tio n  o f ra d o n  decay p ro d u c ts . O rig in a tin g  p re fe ren tia lly  
in  th e  basa l cells o f  th e  b ro n ch ia l ep ithe lium  in  lo b a r and  seg m en ta l bronchio les, 
th e  ev a lu a tio n  o f  b asa l cell doses is, th e re fo re , th e  m ain  o b jec tiv e  o f a ll lung  
dose assessm ents.

In  general th e re  are th re e  possible dosim etric  app ro ach es:
1) C alcu la tion  of the  m ean  absorbed  dose in  th e  c ritic a l c o m p a rtm e n t or 

o rg an , tak in g  th e  m ean  o rg an  o r c o m p a rtm e n ta l dose as re p re se n ta tiv e s  for 
b asa l cell doses;

2) C a lcu la tion  of th e  d is tr ib u tio n  of th e  m ean  a b so rb ed  dose a ro u n d  
single rad ionuclides a t  the  d e p th  o f th e  basal cell layer;

3) C a lcu la tion  of th e  p ro b a b ility  d e n s ity  d is tr ib u tio n  o f  th e  s to ch as tic  
v a riab le  “ specific en erg y ” in  b a sa l cells an d  cell nuclei.

In  th e  case o f  th e  a lp h a -e m ittin g  rad o n  d au g h ters  w ith  h igh energy  d e 
positio n  re s tr ic te d  to  a sm all cy lind rica l vo lu m e a round  th e  a lpha  p a rtic le  
tr a c k  an d  w ith  p a rtic le  ranges o v e r some ce llu la r d iam eters o n ly  concept 3) has 
b een  considered  as an  a d e q u a te  ap p ro ach  in  rad iobio logy .
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In  in te rn a l d o s im e try  th e  d e ta iled  know ledge o f th e  m ic ro d is tr ib u tio n  of 
rad io n u c lid es  th ro u g h o u t th e  re sp ira to ry  t r a c t  is o f p a r t ic u la r  sign ificance. 
C aused  b y  ex p e rim en ta lly  o bserved  in te r- as well as in tra -su b je c t v a riab ilitie s  o f 
a n a to m ic a l s tru c tu re , re sp ira tio n  s ta n d a rd s  an d  c learan ce  m echan ism s, a 
b ro a d  ran g e  o f su rface a c tiv itie s  are  o b ta in ed  fo r th e  sam e nuclide  c o n c e n tra 
tio n s  in  th e  in sp ired  a ir. R eg ard in g  th ese  a c tiv itie s  as a lp h a -e m ittin g  sources 
p ro b a b ili ty  d is trib u tio n s  fo r th e  specific energy  in  basa l cells can  be d e te rm in 
ed . B o th  step s  w ill be ex p lo red  in  th e  follow ing sections in  m ore  detail.

Stochastic deposition and clearance

T h e com m on p ro ced u re  o f th e o re tic a l lu n g  d o sim etry  is ch a rac te rized  by  
a p p ly in g  sim ple an a ly tic a l tech n iq u es  to  a d a ta  pool, co n sis tin g  of m ean  va lu es  
fo r  all an a to m ica l a n d  physio log ica l p a ra m e te rs  invo lved . T h e  values o f  in p u t  
p a ra m e te rs  an d  tra n s fe r  coeffic ien ts are  genera lly  av e rag es  over d iffe ren t 
e x p e rim e n ta l in v es tig a tio n s , e.g. an a to m ica l lu n g  d a ta  as prov ided  b y  th e  
W e ib e l  m odel [1] w ere o b ta in e d  from  v ario u s  lu n g  tissu e  sections of d iffe ren t 
in d iv id u a ls . H ow ever, i t  is a w ell know n fac t th a t  g rea t in te r -  as well as in t r a 
su b je c t v a riab ilitie s  o f  lu n g  dim ensions could  be observed , question ing , th e re 
fo re , th e  ap p licab ility  o f sim plified  an a to m ica l m odels. S u b s titu tin g  th e  m ean  
v a lu es  b y  p ro b a b ility  d is tr ib u tio n s  an d  ap p ly in g  M onte Carlo tech n iq u es , a 
d o sim etric  m e th o d  w as developed  ta k in g  in to  co n sid e ra tio n  th e  above v a r ia b i
litie s  [2]. T herefo re , d a ta  on  an a to m ica l s tru c tu re , re sp ira tio n  p a ra m e te rs , 
c lea ran ce  ra te s  an d  b asa l cell d istances w ere rep resen ted  in  te rm s  of p ro b a b ility  
d is tr ib u tio n s  derived  from  ex p e rim en ta l re su lts  availab le  [3]. On bio logical as

Fig. 1. R elative frequency d istribution  for the  basal cell dose in  generation 4.

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



STOCHASTIC ASPECTS OF LUNG DOSIMETRY 299

w ell as m a th e m a tic a l grounds tru n c a te d  log -no rm al d is tr ib u tio n s  were chosen. 
F ig . 1 rep resen ts th e  basa l cell dose d is tr ib u tio n  in  g enera tion  4 o f th e  W e ib e l  
m odel A for in h a la tio n  of ty p ic a l va lues for ra d o n  decay  p ro d u c t co n cen tra tio n s 
a n d  resp ira tio n  s ta n d a rd s  [3]. T h is frequency  d is tr ib u tio n  is h igh ly  skew ed 
a n d  can  be a p p ro x im a te d  w ith  h ig h  s ta tis tic a l significance a g a in  b y  a log -no r
m al d is tr ib u tio n  w ith  a m ed ian  dose ra te  o f  2.2 m G y/yr a n d  a geom etrical 
s ta n d a rd  d ev ia tio n  o f  2.1. A b o u t 1.5%  of the  in d iv id u a ls  exposed  receive doses 
h ig h er th a n  10 m G y /y r w ith  a m ax im u m  of a b o u t 40 m G y/yr. T h e  corresponding  
m ean  dose ca lcu la ted  w ith  th e  dete rm in is tic  m odel am o u n ts  to  1.67 m G y/y r.

F ro m  these  re s tu lts  it  c an  be concluded t h a t  m ean  va lu es  fo r deposition , 
re te n tio n  and  dose supp ly  o n ly  in a d eq u a te  in fo rm a tio n . P e rso n a l va riab ilitie s  
e x e r t an  essen tia l in fluence on  th e  resu lting  dose d is tr ib u tio n  an d  in fu r th e r  
consequence on th e  observab le  bio logical effects in  th e  in d iv id u a l lung. L og
n o rm a l dose p ro b a b ility  fu n c tio n s  illu s tra te  th e  fa c t th a t  a sm all b u t uon- 
neglig ib le p e rcen tag e  o f in d iv id u a ls  can  receive  considerab ly  h igher doses 
th a n  ind ica ted  b y  a m ean  va lu e . I t  could, th e re fo re , be a rg u ab le  w heth er lung  
can cer in d u c tio n  is n o t b e tte r  co rre la ted  w ith  th e  p e rcen tag e  o f ind iv iduals 
rece iv ing  ran d o m ly  such  high doses th a n  w ith  m e a n  rad ia tio n  doses for inha ling  
th e  sam e am o u n t o f  rad ionuc lides.

M icrodosim etric m odel

A second source  o f f lu c tu a tio n s  in  lung d o s im e try  is cau sed  b y  th e  r a n 
dom ness of nuclide  d is tr ib u tio n s , lu n g  tissue s tru c tu re  an d  s to ch as tic  energy  
d ep osition  in  m icroscopic  sites. T herefo re , a t th e  dim ensions o f  single cells o r 
cell organelles th e  concep t o f ab so rb ed  doses loses its  sign ificance  and  should  
be rep laced  b y  th e  co rrespond ing  m icrodosim etric  q u a n tity , i.e. specific  energy. 
M icrodosim etric  q u a n titie s  are  s to ch as tic  v a riab le s  tak in g  in to  considera tion  
th e  ran d o m  n a tu re  o f  d iscrete energy-loss even ts in  m icroscopic regions.

Specific en e rg y  p ro b a b ility  d is trib u tio n s o f  a lp h a  p a rtic le s  in  lung cells 
can  be a t tr ib u te d  to  fo u r sources o f  stochastic  effec ts :

1) R andom ness o f nuclide d is tr ib u tio n s  o n  a irw ay  surfaces, rang ing  from  
hom ogeneous ra d ia tio n  sources to  h o t spo t d is tr ib u tio n s ;

2) B iological v a r ia b ili ty  o f  tissu e  and  ce llu la r s tru c tu re s  in  various lu n g  
reg ions irra d ia te d  b y  a lp h a  p a rtic le s ;

3) S ta tis tic a l v a ria tio n s  o f th e  n u m b er of cells h it and  — in  th e  case o f a 
h it  — o f th e  p a th  le n g th  th ro u g h  a cell;

4) S tochastic  n a tu re  of en e rg y  deposition  in  rad ia tio n -sen sitiv e  sites 
w hich  becom es m ore effective fo r sm all sites an d  low  doses or dose ra te s .

T he basic a p p ro a c h  of th is  m icrodosim etric  m odel is th e  su perposition  o f  
c o m p u te r-g en era ted  a lp h a  p a rtic le  tra c k s  onto m agn ified  im ages o f  random ly
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se lec ted  lu n g  tissue sec tions w ith  th e  a id  o f  an  e lec tron ic  im age a n a ly z e r [4]. 
T h is sem i-ex p erim en ta l m e th o d  allows to  accoun t fo r s to ch as tic  v a r ia tio n s  of 
nuclide  d is tr ib u tio n s  a n d  ch o rd  len g th  d is tr ib u tio n s , a n d  th e  biological v a r ia 
b ili ty  o f tissu e  an d  ce llu la r s tru c tu re . A d u lt  Sprague — D aw ly  la b o ra to ry  ra ts  
h av e  been  u sed  as m odel an im als p ro v id in g  1 /лп th ic k  lu n g  tissue specim en. 
A pp ly in g  im age analysis tech n iq u es , specific  energy d is tr ib u tio n s  in  th e  basal 
cells h i t  w ere ca lcu la ted  on  th e  basis o f  chord  le n g th  d is trib u tio n s . F ig . 2 
rep re sen ts  th e  specific en erg y  d is tr ib u tio n  in  b asa l cells for ra d o n  decay 
p ro d u c ts  hom ogeneously  d is tr ib u te d  on  b ro n ch ia l a irw a y  surfaces. T h is d is tr i
b u tio n  is a so-called co n d itio n a l p ro b a b ili ty  density  d is tr ib u tio n , in so far as it  is 
co n d itio n a l on  energy b e ing  deposited  in  cells and  does n o t include cells w hich 
are n o t h i t  a t  all. C ellu lar doses a t th e  u p p e r  range of th e  d is tr ib u tio n  a re  caused 
b y  m u ltip le  cell h its  o r m ore  fre q u e n tly  b y  th e  h igher en erg y  d ep osition  a t  the 
en d  o f a lp h a  p artic le  tra c k s . The p e rcen tag e  of cells n o t  h i t  am oun ts to  abou t 
35% , re su ltin g  in  a m ean  ce llu lar dose fo r  all cells of a b o u t 200 inG y. T h is  m ean 
va lue , how ever, occurs w ith  a re la tiv e ly  sm all p ro b a b ility , since m o st o f the 
cells receive doses b e tw een  200 and  400 m G y , or are n o t h i t  a t all.

In v e s tig a tio n s  w ith  d iffe ren t a b so rb ed  doses re v e a le d  th a t  th e  sh ap e  of 
th e  specific  energy  d is tr ib u tio n s  rem ain s unchanged  u p  to  m ean  doses o f  about 
1 G y. S ince m ore lu n g  cells are h i t ,  th e  area  b e n e a th  th e  curves increases 
g rad u a lly . As th e  dose exceeds a b o u t 1 G y th e  cu rves are  sh ifted  to  higher 
specific  energies due to  th e  g rea te r p ro b a b ili ty  for m u ltip le  cell h its . T herefore, 
in  th e  dose range up  to  1 G y w hich w ill be hard ly  exceeded  in  en v iro n m en ta l 
exposure  fo r an  in h a la tio n  period  o f one y ea r, specific energy  (z) d is tr ib u tio n s  
can  be ch a rac te rized  s ta tis t ic a lly  b y  th e  single e v e n t d en sity  f (z ;  1) w ith  a 
defined  m ed ian , m ode a n d  d ispersion  fac to r .

A ssum ing  a D 0 o f  1 G y for cell k illin g  [5] th e  p ercen tag e  of le th a lly  and 
n o n -le th a lly  dem aged cells can  be e s tim a te d  d ire c tly  from  th ese  specific 
energy  d is tr ib u tio n s . As can  be d e riv ed  from  Fig. 2, o n ly  a negligible n um ber 
o f cells w ill be killed b y  n a tu ra l  ra d io a c tiv e  exposure. H en ce  all cells a re  cand i
d a te s  fo r be ing  tra n sfo rm e d  in to  m a lig n a n t cells or b e in g  com pletely  repa ired .

S ta tis t ic a l  f lu c tu a tio n s  of io n iza tio n  events or en e rg y  im p a rte d  in  m icro
scopical s ites cause an  a d d itio n a l v a r ia tio n  of th e  specific  energy in  lu n g  cells. 
U sing re su lts  of tra c k  s tru c tu re  ca lcu la tio n s for a lpha p a rtic le s , th ese  stoch astic  
effects w ere e v a lu a ted  fo r rad o n  d a u g h te r  alpha p a rtic le s  and  lung  cells. F or 
cells a n d  cell nuclei, th e se  s ta tis tic a l v a ria tio n s  do n o t  exceed a b o u t 10% . 
F o r sites in  th e  n a n o m e te r  region, how ever, the  s to c h a s tic  n a tu re  o f  energy 
im p a r te d  determ ines p re fe ren tia lly  th e  d ispersion o f th e  specific en e rg y  dis
tr ib u tio n .

T h e  e x p ec ta tio n  v a lu e  of th e  specific  energy does n o t rep resen t a n  ap p ro 
p ria te  q u a n t i ty  a t low  doses an d  dose ra tes. S e lec ting  ran d o m ly  z-values 
from  th e  ex p e rim en ta lly  d e r iv e d /(z )-d is tr ib u tio n  (F ig . 2) th e  s ta tis t ic a l  varia-
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Fig. 2. Cellular specific energy distribution  for R aC ' nuclides homogeneously d is tribu ted fon
bronchial airw ay surfaces.

tio n  o f  th e  m ean  specific  energy  z w ith  g rad u a lly  in c reas in g  num ber o f  in te r 
sections, i.e. dose, w as s tu d ied . A b o u t 13 in tersec tio n s a re  necessary  to  re a c h  an  
ac tu a l frac tio n a l s ta n d a rd  dev ia tio n  sm alle r th a n  2 0 % . A ssum ing a m ed ian  
specific  energy  p er energy-loss-even t o f  a b o u t 300 m G y, a b o u t 3.9 G y h a v e  to  
be dep o sited  in  a lu n g  cell in  o rd e r to  g e t a s ta tis tic a lly  sign ifican t m e a n  value 
o f  z. T hese m u ltip le  h i t  num bers w ill n e v e r  be reached  in  n o rm al ra d ia tio n  p ro 
te c tio n  cases. M oreover, these  cells will h a rd ly  surv ive. F o r  single h its , how ever, 
th e  s ta tis tic a l f lu c tu a tio n  of th e  a c tu a l en e rg y  abso rbed  can  deviate  fro m  the  
m ean  u p  to  some h u n d re d  p er cen t acco rd in g  to  th e  p ro b a b ility  d is tr ib u tio n  
o f th e  specific energy  (F ig . 2).

Conclusions

L u n g  cancer is com m only  re g a rd e d  as th e  m ost im p o r ta n t so m a tic  risk  
due to  in h a la tio n  o f a lp h a -e m ittin g  n u c lides. C and idates fo r  cancer in d u c tio n  
are  cells receiv ing  ra d ia tio n  energy  w h ich  is su ffic ien t to  in d u ce  tra n s fo rm a tio n , 
b u t  in su ffic ien t to  k ill th e  cell. T he  specific  energy  d is tr ib u tio n  co n ta in s  in fo r
m a tio n  on  th e  cho rd  le n g th  d is tr ib u tio n  o f  single tra v e rsa ls , m ultip le  h i ts  and  
increased  energy d ep osition  a t th e  end  o f  th e  partic le  tr a c k . A ssum ing a D 0 for 
re p ro d u c tiv e  cell d e a th  of 1 G y th e  p e rc e n ta g e  of p o ten tia lly -le th a lly  d am ag ed  
cells c an  be estim a ted  d irec tly  from  th is  d is tr ib u tio n . T h e  s ta tis tic a l f lu c tu a tio n  
o f th e  a c tiv ity  d ep o sited  in  in d iv id u a l ex p o su re  causes a n  ad d itio n a l v a r ia tio n  
o f f (z )  o n ly  in  th e  case o f  m an y  m u ltip le  h its . I t  in fluences, how ever, to g e th e r  
w ith  th e  v a ry in g  n u m b e r o f cells h it  p e r  a lp h a  partic le  t r a c k , th e  to ta l  n u m b e r 
o f cells h it .  F o r cancer in d u c tio n  i t  c an  be reaso n ab ly  assu m ed  th a t  a d efin ed  
n u m b er o f  cells m u s t be h it. I f  m u ltic e llu la r  effects are  responsib le  fo r carc ino-
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g enesis , th e n  th e  cells h it m u st lie  w ith in  c e r ta in  in te ra c tio n  d istances, p ro 
b a b ly  even a d ja c e n t  to  each o th e r . T herefo re, th e  to ta l  n u m b e r  o f  p o ten tia lly - 
le th a l ly  d am aged  cells is no t th e  o n ly  d e te rm in in g  fac to r, b u t  also the  sp a tia l 
d is tr ib u tio n  o f th e s e  cells.

F ro m  th e se  considera tions i t  appears t h a t  th e  follow ing th re e  p a ram e te rs  
p ro v id e  a m ore com plete  d e sc rip tio n  of ra d ia t io n  carcinogenesis in  p h y sica l 
t e im s  th a n  th e  m acroscop ical dose:

1) N u m b er o f  cells h it in  a  d e fin ed  tissue  vo lu m e;
2) Specific en e rg y  d is t r ib u t io n /^ )  of cells h i t  and  th e  re su ltin g  n u m b er o f  

p o te n tia lly - le th a lly  dam aged  cells;
3) S p a tia l d is tr ib u tio n  o f th e  p o te n tia lly -le th a lly  d am ag ed  cells, rep re sen t

e d  b y  a d is tan ce  d is tr ib u tio n .
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QUANTITATIVE PROFILE SCANNING,
A MEANS FOR INTERNAL DOSE ASSESSMENT

A . A n d r á s i  and É .  B e l e z n a y

HEALTH PHYSICS DEPARTMENT, CENTRAL RESEARCH INSTITUTE FOR PHYSICS 
1525 BUDAPEST, HUNGARY

A combined measuring and com puting m ethod  is given by m eans of which the C om m it
ted  Effective Dose E quivalent can be estim ated. A sensitive detector equipped w ith a su itab le  
collim ator moving along the leng th  of a person being investigated, enables the coun t ra te  
profile to  be obtained from which organ activities can  be deduced. W ith  repeated m easure
m ents the ac tiv ity  tim e variations an d  their tim e integrals can be derived, the la t te r  being 
proportional to  the organ doses. The general description of the m ethods and  its  im plem entation  
in  th e  rad iation  protection practice of the C entral Research In s titu te  for Physics is given. 
Test experim ents show the method to  be suitable for in ternal dose assessm ent when the ac tiv ity  
exceeds 0.5 kB q per organ.

In tro d u c tio n

T he dose received  from  in te rn a l sources is ch a rac te rized  b y  the  C o m m it
te d  E ffec tive  D ose E q u iv a len t, th e  w eigh ted  su m  of th e  C o m m itted  Dose E q u i
v a le n t values concerning th e  in d iv id u a l tissu es  specified b y  th e  IC R P . T h e  
C om m itted  D ose E q u iv a len t H 50T for a g iv en  ta rg e t tis su e  T , and  a g iv en  
rad ionuc lide  can  be  ob tained  as follows:

Я 50 , г =  2  V * X  S E E  (T  4 -  S),
s

w here S E E  (T  ■*— S)  is the  specific  effective energy a b so rb ed  in  T  p e r r a d io 
ac tiv e  d is in teg ra tio n  in  the  so u rce  organ S, Us is th e  n u m b e r o f  d is in teg ra tio n s  
o f th e  rad io n u c lid e  in  each so u rce  organ.

In  th e  ra d ia tio n  p ro te c tio n  p rac tice  th e  num ber o f  d is in teg ra tio n s  Us, 
or, in  o th e r  w ords, th e  tim e in te g ra l of a c t iv i ty  for the  source organs over 50 y r , 
has to  be d e te rm in ed  in each case  when in d iv id u a l dose assessm en t is n e e d e d . 
T he ca lcu la ted  S E E  values fo r  R eference M an  are ta b u la te d  in  a coup le  of 
re p o rts  [1, 2]. T he influence o f  in d iv id u a l differences on th e se  values c a n  be 
considerab le , b u t  th is  is b ey o n d  th e  scope of th e  p resen t p a p e r . The a c t iv i ty  
v a ria tio n  in  tim e  in  different sou rce  organs, i.e . th e  re te n tio n  functions, c a n  be 
d e te rm in ed  b y  th e  m ethod  o f q u a n ti ta t iv e  p ro file  scanning.

M ethod

In  th e  la s t  few  years a n  increasing  n u m b e r  of w hole b o d y  co u n te rs  a re  
being  used  n o t o n ly  for th e  a c t iv i ty  d e te rm in a tio n  in  th e  h u m a n  b o d y  as a 
w hole, b u t  also fo r o b ta in ing  in fo rm a tio n  ab o u t the  a c t iv i ty  d is tr ib u tio n .
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A subject "N /ca lib ra tion
l measurementJ l measurement J
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time 11 count rate 
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organ 1 iP
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organs (1,2,3...] 

time 1
# l model

^curve fitting ^

F i g .  1 . Scheme of activity time integral determination by quantitative profile scanning.

I f  a large N a l(T l)  d e te c to r  equ ipped  w ith  p ro p e r  co llim a to r is m oving a long  
th e  len g th  o f  th e  person  to  b e  in v es tig a ted , th e  count r a te  profile in  a g iv en  
en erg y  ran g e  can  be o b ta in e d . A fter a so p h is tic a ted  ca lib ra tio n  p ro ced u re  
u sing  an  a n th ro p o m o rp h ic  p h a n to m  c o n ta in in g  th e  o rg an s  in  q uestion , th e  
ac tiv ities  in  th e  d ifferen t o rg an s of th e  in v e s tig a te d  p e rso n  can be co m p u te d  
from  th e  c o u n t ra te  p ro file . W ith  re p e a te d  m easu rem en ts  th e  ac tiv itie s  a t 
d iscre te  p o in ts  o f  tim e  a re  o b ta in ed  fro m  w hich  th e  re q u ire d  tim e in te g ra l 
can  be d e riv ed . T he b est f i t  c a n  be e x p e c te d  i f  th e  fu n c tio n  describes th e  re a l 
t ra n s p o r t  o f  rad io n u c lid es  in  th e  body. As a go o d  ap p ro x im a tio n  these fu n c tio n s  
can  a d v a n ta g e o u s ly  be o b ta in e d  for in s ta n c e  b y  m eans o f  m u lti-c o m p a rtm e n t 
m odelling  o f  th e  rad io n u c lid e  tra n sp o rt. I f  th e re  is no p o ss ib ility  to  c a r ry  o u t 
su ch  so p h is tic a te d  ca lcu la tio n s, a sim pler cu rv e  f ittin g  p ro ced u re  can  also  be 
sa tis fa c to ry  fo r  o b ta in in g  re te n tio n  fu n c tio n s  to  be in te g ra te d . The d iffe re n t 
s tep s  fo r d e te rm in in g  th e  a c t iv i ty  tim e in te g ra l  can  be fo llow ed  in  Fig. 1.

Im p lem en ta tio n

The w hole  bo d y  c o u n te r  o f the  C e n tra l R esearch  In s t i tu te  for P h y sic s
[3] has p ro v e d  to  be su ita b le  fo r profile  scan n in g  m easu rem en ts . The o n e  or 
tw o  1 5 0 x 1 0 0  m m  N a l(T l) cy lindrical sc in tilla tio n  d e te c to rs  m ove a lo n g  th e

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



QUANTITATIVE PROFILE SCANNING 305

su b jec t to  be in v e s tig a te d  w ith  co n tro llab le  speed in  th e  range o f 0 .6 —20 m m /s, 
a n d  w ith  a d ju s ta b le  le n g th  u p  to  1330 m m . The d is ta n c e  betw een  th e  b ed  and  
th e  d e tec to rs  can  also be v a ried  in  a reasonab ly  w ide  range. T he d e tec to rs  are 
eq u ip p ed  w ith  chan g eab le  co llim ato rs like 2 an d  8 cm  th ick  sim ple  s lit and  
focusing  slit co llim ato rs. T he sp a tia l reso lu tions a n d  re la tiv e  efficiencies of 
d iffe ren t co llim ato rs are show n in  F ig . 2 [4]. T h e  pulses com ing  from  th e  
d e tec to rs  are processed  b y  a m u lti-ch an n e l an a ly se r in  ex te rn a lly  contro lled  
m u lti-sca ling  m ode, m ak in g  i t  possib le to  o b ta in  th e  coun t-p ro file  in a p re se le c t-  
ed gam m a energy  ran g e . The m easu red  d a ta  are p u n c h e d  on p a p e r  ta p e  for 
fu r th e r  co m p u te r  e v a lu a tio n . The b e d -d e tec to r  a rra n g e m en t is su rro u n d e d  by  
a 200 m m  th ick  iro n  sh ielded  room  covered  by  4 m m  lead  an d  1 m m  copper 
w ith  inside d im ensions o f  1 6 0 0 x 2 0 0 0 x 2 2 0 0  m m . A  R EM CA L ty p e  a n th ro 
pom o rp h ic  p h a n to m  co n ta in in g  te n  d ifferen t o rg an s is a t o u r d isposal for 
ca lib ra tio n . B y  filling  th e  organs o f  th e  p h an to m  w ith  a w a te r so lu tio n  co n ta in 
ing  th e  rad ionuc lide  in  questio n  w ith  know n a c tiv i ty  th e  co u n t r a te  profile 
due to  u n it a c tiv ity  in  th e  in d iv id u a l o rgans can be o b ta in ed .

A  co m p u te r code D E C O M P (D A S2) was dev e lo p ed  b y  m eans o f  w hich 
th e  m o st p robab le  a c tiv itie s  in  th e  in d iv id u a l o rg an s can  be ca lc u la ted  from  
th e  m easu red  c o u n t p ro file  [5]. T h is ca lcu la tion  consists o f th e  num erica l 
so lu tion  of a lin ea r eq u a tio n  sy stem , w here the  m o st p robab le  v a lu es  o f the

No. collimator FWHM 
[cm ]

total
relative
efficiency

[%]
1 — — 100
2 15 cm 0 hole 37.5 53.2
3 8 cm slit 20 25.7
U 2 cm slit 70 2.66
5 focusing 4.6 Д.80

F i g .  2 .  Spatial resolution and total relative efficiency of different collimators.
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F i g .  3 .  Functions of the different subprograms of COMPFIT.

o rg a n  ac tiv ities  c a n  be  d e te rm in ed  using  th e  m e th o d  of w eigh ted  le a s t squares 
b y  m in im izing  th e  expression

2 ' v , ( N t - 2
i j

w h ere  is a w e ig h tin g  fac to r ca lc u la ted  for th e  i - th  channel, N t- is the  n u m 
b e r  o f  coun ts in  th e  i - th  channel, A j  is th e  a c t iv i ty  o f  th e y - th  o rg an , X tj  is th e  
n u m b e r  of counts d u e  to  u n it a c t iv i ty  o f  th e  j - t h  o rg an  in  th e  i - th  channel.

T h e  D E C O M P p ro g ram  c a n  be ru n  on E S  1020 an d  1040 as well as on 
IB M /360  an d  370 m ach ines. A  c o m p u te r  p ro g ram  w ith  sim ilar c a p a b ility  w as 
also  developed  fo r a P D P  11/34 u n d e r  RT-11 o p e ra tin g  system .

I f  th e  a c tiv itie s  o f th e  rad io n u c lid es  in  th e  d ifferen t o rg an s or tissues 
h a v e  a lread y  b een  o b ta in ed  a t  d isc re te  po in ts  o f  tim e  th e  re te n tio n  fu n c tio n  
a n d  th e  a c tiv ity  tim e  in teg ra l c a n  be  ca lcu la ted  b y  th e  C O M P F IT  com p u ter 
p ro g ra m  developed  in  our la b o ra to ry  [6]. T h e  p ro g ram  consists  o f  th e  fiv e  
su b p ro g ram s seen in  F ig . 3, th e se  m ake i t  possib le  to  solve th e  ta s k  in  a large 
v a r ie ty  o f cases, i.e . th e  p ro g ram  c a n  han d le  th e  ta s k  of m u ltic o m p a rtm e n t 
an a ly s is , can  f i t  th e  sum  o f ex p o n e n tia l fu n c tio n s  an d  can  ca lc u la te  th e  tim e  
in te g ra l, s e p a ra te ly  o r  s im u ltan eo u sly  in  v a rious reasonab le  co m b ina tions.

T he su b p ro g ra m  C O M PFIT 1 an d  its  v a r ia n t  C O M PFIT 2 perform  th e  
n u m erica l so lu tio n  o f  th e  d iffe ren tia l eq u a tio n  sy s te m  defined  b y  a n  a rb itra r ily  
ch o sen  c o m p a rtm e n t m odel w h ich  describes th e  rad ionuclide  tr a n s p o r t  in  th e  
liv in g  organism  a n d  estim ates  th e  tra n sp o r t  coeffic ien ts an d  th e  values o f th e  
tim e  in teg ra l b y  f i t t in g  th e  so lu tio n  to  th e  o rg an  a c tiv ity  d a ta  ca lcu la ted  b y  
th e  D E C O M P code. C O M PFIT1 a n d  C O M PFIT 2 h av e  a n u m b e r o f  very  useful 
fe a tu re s , e.g. th e y  can  hand le  m easu red  a c tiv itie s  re la tin g  n o t  on ly  to  one 
c o m p a rtm e n t b u t  to  som e o f th e i r  com b in a tio n s (in  th e  case o f  poor sp a tia l
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re so lu tion  o r overlap p in g  o rg an s), th e y  can also  ca lcu late  a c t iv i ty  d a ta  for th o se  
co m p artm en ts  t h a t  ta k e  p a r t  in  th e  process w ith o u t an y  m easu red  d a ta , th e y  
can  e x te n d  th e  v a lid ity  o f th e  ca lcu la ted  d a ta  beyond  th e  t im e  range of o b se rv 
a tio n s, e tc .

The su b p ro g ram  C O M PL IST  in  tu rn , co m p u tes  th e  a c tiv itie s  a t d isc re te  
po in ts  o f tim e  o f th e  in d iv id u a l co m p artm en ts  an d  th e  tim e  in teg ra ls  fo r  th e  
a rb itra r ily  chosen values o f tra n s p o r t  coeffic ien ts . In  th is  w ay , th e  m ost d iffe 
re n t m odels a n d  th e  values o f  th e ir  tra n sp o r t  coefficients c a n  be te sted . I t  can  
also help  in  th e  selection  o f th e  m ost a p p ro p ria te  m odel describ ing  th e  re a l 
k in e tic  s itu a tio n  in  th e  case in v estig a ted .

W hen  in su ffic ien t in fo rm a tio n  is av a ilab le  to  ca rry  o u t c o m p a rtm e n t 
analysis , i t  is ex p ed ien t to  f i t  a sum  of e x p o n en tia l fu n c tio n s to  th e  m easu red  
a c tiv ity  d a ta  a n d  ca lcu la te  th e  expo n en tia l p a ra m e te rs  to g e th e r  w ith  th e  v a lu es  
o f th e  tim e  in te g ra l. These ca lcu la tions can  be  perform ed b y  th e  su b p ro g ram  
S U P E X P .

The sim ple su b p ro g ram  IN T IM E  is su ita b le  for th e  ca lcu la tion  o f th e  
tim e  in teg ra l in  a given p e rio d  o f  tim e from  a n  a rb itra ry  series of d a ta . T h is  
sub p ro g ram  is genera lly  used  as a p a r t  of o th e r  subprogram s b u t  i t  can also be  
app lied  sep a ra te ly .

Testing

The su ita b ility  of th e  ap p lied  m ethod  h as  been  te s ted  b y  p h an to m  m e a su 
rem en ts  an d  b y  in  v ivo ex p e rim en ts  as well.

K now n ac tiv itie s  of 131I  nuclide were p u t  in to  d iffe re n t organs o f th e  
REM C A L p h a n to m  an d  th e  co u n t profiles w ere  m easured  se p a ra te ly  an d  t o 
g e th e r w ith  d iffe ren t co m b in a tio n s. T hen  th e  p ro file s  m easu red  on  th e  p h a n to m  
h av in g  a rad io ac tiv e  source in  tw o  organs w ere decom posed b y  th e  D EC O M P 
p ro g ram . T he re su lts  can  be seen  in  Table I ,  w here th e  ca lc u la ted  ac tiv itie s

Table I

Comparison of calculated phantom organ 
activities with actual values

Organs

Relative differences from 
actual values [%]

(i) (2)

Bladder (1) +  liver (2) - 5 .8 -1 .5
Liver (1) +  stomach (2) — 14.0 +  5.0
Stomach (1) -}- thyroid (2) — 2.5 0
Thyroid (1) “whole body” (2) — 2.6 0
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F i g .  4 .  Time variation of measured and calculated activities after a single ingestion o f 131I.

of th e  single organs are  co m p ared  w ith  th e  ac tua l v a lu es . The m easu rem en ts  
w ere c a rr ie d  o u t using a n  8 cm  wide s lit  co llim ato r a n d  45 cm b e d -d e te c to r  
d is tan ce . T h e  decom position  can  be co n sid ered  as successfu l especially in  cases 
w here th e  c o u n t profiles be long ing  to  th e  o rgans in  q u e s tio n  are qu ite  d iffe ren t 
b u t  i t  is ev e n  accep tab le  fo r th e  liver a n d  stom ach  co m b in a tio n  w here th e  o r
gans h a v e  a p a r t ly  o v erlap p in g  position  in  th e  p h an to m  a n d  co n seq u en tly  th e  
co u n t p ro file s  are  very  sim ila r.

I n  a n  ex p erim en t o n  a h u m an  b e in g  an  am oun t o f  20 kB q  131I  in  iodide 
form  w as o ra lly  a d m in is te red  to  a v o lu n te e r . The coun t p ro file  was th e n  m e a su r
ed  a t  d iffe re n t tim es a f te r  th e  in tak e  en ab lin g  th e  re d is tr ib u tio n  of th e  ra d io 
ac tiv e  su b s ta n c e  to  be fo llow ed [7]. T h e  ac tiv ities  o f o rg an s hav ing  th e  m ost 
im p o r ta n t ro le in  iodine m etab o lism  w ere  com puted  b y  th e  D EC O M P code 
using  c a lib ra tio n  profiles o b ta in ed  on th e  REM CAL p h a n to m . A ssum ing  a 
sim ple c o m p a rtm e n t m o d e l for iod ine m etabo lism  th e  C O M PFIT  p ro g ram  
ca lcu la ted  th e  f itte d  va lu es  o f  the  in d iv id u a l organ a c tiv itie s  in  tim e, th e  tim e 
in teg ra ls  a n d  th e  m ost p ro b ab le  values o f  tra n sp o r t  coeffic ien ts  invo lved  in  the  
m odel. T h e  ac tiv itie s  o b ta in e d  b y  th e  D E C O M P  code a n d  th e ir  tim e v a r ia tio n  
c o m p u ted  b y  th e  C O M P F IT  prog ram  c a n  be seen in  F ig . 4. The su m  o f the  
ca lcu la ted  o rg an  ac tiv ities  is qu ite  c o n s ta n t  up to  th e  f i r s t  excre tion  a n d  it

T able  П

Time integrals and dose equivalents from 
131I for two organs

Organ Time integral Dose equivalent
(kBq X  day] [mSv]

Stomach 0.49 0.0031
Thyroid 102 14

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



QUANTITATIVE PROFILE SCANNING 309

differs b y  less th a n  10%  of th e  a c tiv ity  ac tu a lly  p re se n t. T he f i t te d  cu rves, 
w hich a re  also d e te rm in ed  b y  th e  m odel, lie q u ite  close to  th e  values e v a lu a te d  
b y  th e  D E C O M P code. T he co m p u ted  a c tiv ity  tim e  in teg ra ls  to  in f in ite  tim e  
an d  th e  correspond ing  dose eq u iv a len ts  fo r tw o  organs a re  show n in  T ab le  I I .  
F o r dose eq u iv a len t ca lcu la tions th e  S E E  values w ere ta k e n  from  th e  w ork  of 
S n y d e r  e t al [1]. T he dose eq u iv a len t fo r th y ro id  p e r u n it  ingested  a c tiv ity ,
i.e. 0.7 m S v /B q , is in  th e  range of o th e r  p u b lished  d a ta  [8].

Conclusion

T h e app lied  D E C O M P prog ram  is su itab le  for co u n t p ro file  decom position  
even w ith  poor sp a tia l reso lu tion . T his allow s th e  use o f a w ider slit co llim ato r 
w ith  a h ig h er co u n ting  efficiency w hich  is one of th e  m o st im p o r ta n t re q u ire 
m en ts in  ra d ia tio n  p ro te c tio n  p rac tice . T he m eth o d  ap p lied  m akes i t  possible 
to  d e te rm in e  organ  ac tiv itie s  exceeding 0.5 kB q  p e r o rg an  in  a reasonab le  
m easu rin g  tim e . A n o th e r ad v an tag e  o f  th e  m eth o d  is t h a t  th e  w hole bo d y  
w ith o u t th e  organs in v e s tig a te d  can  also be considered  as a se p a ra te  b o d y  
region. T h e  prob lem  due to  th e  d ifferences in  th e  shape a n d  size of h u m a n  in d i
v id u a ls  a n d  th e  a n th ro p o m o rp h ic  p h a n to m  can  he red u ced  b y  using tw o  d e tec 
to r  sy stem s and  d iffe ren t d a ta  h an d lin g  p rogram s.

A com plete  analysis  o f rep ea ted  p ro file  m easu rem en ts  can  be p erfo rm ed  
a d v an tag eo u sly  b y  a co m p u te r  p ro g ram  like C O M PFIT , w hich w as specially  
w orked  o u t for th e  ta s k  discussed here  a n d  is capab le  o f h an d lin g  th e  p rob lem  
in  a la rge  v a r ie ty  o f cases. T he special ad v a n ta g e s  of th e  c o m p a rtm e n t analysis 
b y  C O M P F IT  can be su m m arized  as follow s. T he tim e  in te g ra l of o rgan  a c tiv ity  
can  be ca lcu la ted  also fo r organs n o t be ing  m easured  or fo r organs being m e a su r
ed b u t  to g e th e r  w ith  o th e rs  and  also fo r tim es exceeding th e  range o f o b se rv 
a tion .

In d iv id u a l assessm ent of th e  co m m itted  effective dose e q u iv a len t is 
n ecessary  especially  in  th e  range of th e  an n u a l lim it specified  b y  th e  IC B P . 
The m e th o d  of q u a n tita tiv e  profile  scann ing  seem s to  be p rom ising  in  in d iv id u a l 
dose e s tim a tio n  due to  in te rn a l co n tam in a tio n .
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Personal dosimetric data from external radiation recorded during a 19-year period at 
the Institute of Isotopes were subjected to extensive computer analysis to examine the appli
cations of the relevant ICRP dose limitation system by following the trend of radiation expo
sures and estimating the risk levels for various occupational fields.

Based on the values of the average annual dose equivalents and Q  obtained from the 
whole observation period, even the most exposed group of maintenance, packaging and trans
portation workers can be classified as belonging to working category “B” of UNSCEAR, 
thereby permitting the conclusion that working conditions at the Institute are satisfactory.

The average annual dose equivalents in time intervals of employment were found to 
decrease with increased time spent doing the same work.

The risk levels were estimated from 25-year-lifetime doses by using “ time-related” 
average annual doses. The risk for the highest exposed group (workers in maintenance, packag
ing and transportation) was assessed to be 1.2 10-3 fatalities per working lifetime. It may be 
concluded that in each occupational group of the Institute the mortality risk of radiation- 
induced cancer is lower than the hazards in non-radiation occupations having high standards 
of safety.

Introduction

A  correct w ay  to  m a in ta in  th e  efficiency o f  ra d ia tio n  p ro te c tio n  an d  to  
m o n ito r  th e  p rac tica l com pliance w ith  regu la tions is to  eva lu a te  th e  tren d s  in  
o ccu p a tio n a l ra d ia tio n  exposures. I n  general, tre n d s  m ay  be follow ed b y  assess
ing, as a function  o f  tim e , re lev an t q u an titie s  w hich  re flec t possible changes in  
ra d ia tio n  doses asso c ia ted  w ith  v a r io u s  occu p a tio n a l fields. Such p a ram e te rs  
are : th e  m ean  o f th e  d is tr ib u tio n  o f  an n u a l dose eq u iv a len ts , th e  re la tive  
p ro p o rtio n  Q of th e  a n n u a l collective dose eq u iv a len t due to  a n n u a l dose equ i
v a le n ts  above 15 m S v  [1], an d  th e  to ta l  collective dose e q u iv a le n t to  the  
p rac tice  in  question .
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In  th e  IC R P  dose lim ita tio n  sy s tem  for ra d ia tio n  w orkers one o f th e  basic 
c o n cep ts  is th a t  th e  average  m o r ta l i ty  risk  from  low  level ra d ia tio n  exposure 
be co m p arab le  w ith  t h a t  in  o th e r occup a tio n s accep ted  to  be of a h ig h  s ta n d a rd  
o f  s a fe ty  [2]. T his m ean s th a t  in  ra d ia tio n  o ccu p a tio n a l fields w here  th e  dose 
l im ita t io n  system  h a s  been  app lied , th e  average risk  fa c to r  for d e a th  from  can 
ce r is ab o u t 10-2 S v - 1  [2]. H ow ever, Abraham  e t al [3] have re p o rte d  th a t  
e s tim a te s  of risk  fa c to rs  m ay  c o n ta in  u n ce rta in tie s  o f  a h a lf  to  one order of 
m a g n itu d e .

I t  th u s  seem s to  be reasonab le  to  check th e  p ro p e r ap p lica tio n  of dose 
l im ita tio n  p rincip les b y  q u an tify in g  th e  risks in  v a rio u s  fields an d  iden tify ing  
g ro u p s  w ith  h ig h er o r  low er risk  leve l [1]. W hen  do ing  so, o ccu p a tio n a l su b 
g ro u p s  in  w hich w o rk e rs  are c o n tin u o u sly  exposed  to  n ea r or o v er th e  annual 
dose eq u iv a len t l im it  should  be  d istingu ished  fro m  subgroups receiving 
h ig h  doses o ccasionally  — e ith e r d u rin g  a y ear or th e ir  w hole perio d  o f  em ploy
m e n t [4]. F o r th is  re a so n  th e  IC R P  h as suggested  th e  expec ted  occupational 
life tim e  dose to  be  u sed  for in d ic a tin g  th e  to ta l  in d iv id u a l risk  [2].

I n  th is  p a p e r  th e  tren d s  o f  ra d ia tio n  ex p o su res  are e v a lu a te d  an d  th e  
risk s  associa ted  w ith  various jo b  categories are e s tim a te d  on th e  basis o f a 
1 9 -y ea r period  o f o b se rv a tio n  o f w ork ers  a t  th e  I n s t i tu te  of Iso topes.

T he analysis o f  th e  ann u a l doses w as m ade b y  co m p u te r p ro g ram  utilizing  
a d a ta  file c o n ta in in g  records o f e x te rn a l ra d ia tio n  doses since 1960.

R ecord  keep ing  system

A d a ta  file  e x is ts  to  reco rd  in d iv id u a l a n n u a l doses an d  to  ind ica tes 
th e  efficiency o f  ra d ia tio n  p ro te c tio n . The p ro g ra m  w as designed fo r cu rren t 
d a ta  processing a n d  fo r follow ing th e  tren d s  o f  ra d ia tio n  exposures. The file 
s tru c tu re  and  p ro g ra m  device are illu s tra te d  in  F ig . 1.

Specification o f  occupational groups

The IC R P  s ta te s  th a t  in  c ircu m stan ces w here th e  recom m endations have 
b een  app lied , th e  d is tr ib u tio n  o f th e  an n u a l dose eq u iv a len ts  h as  been  show n 
v e ry  com m only  to  f i t  a log-norm al fu n c tio n  w ith  a n  a rith m e tic  m ean  o f abo u t 
5 m S v  [2]. As a consequence o f in tro d u c in g  th e  reference  d is tr ib u tio n  in to  th e  
dose lim ita tio n  sy s te m , U N SC E A R  offered a p o ss ib ility  to  d is tin g u ish  various 
o ccu p a tio n a l g ro u p s. T he c lassifica tio n  can he m a d e  b y  th e  av erag e  annual 
dose D a and  Q, d e fin e d  as Q =  3.25 S l5/S , w here S  s ta n d s  for th e  a n n u a l collec
tiv e  dose.

In  th e  U N S C E A R  R ep o rt [1] reference w as m ade to  th e  v a r ia tio n  of Q 
w ith  years, th e re fo re  personnel in v o lv ed  in  p ro d u c in g  rad io ac tiv e  sources were
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Fig. 1. P rogram  device for tren d  analysis and da ta  processing.

classified b y  param eters calculated from  the records o f  covering 19 years of 
observation (1960—1978).

S tatistica l analysis and the param eters o f the annual dose distribution  
for various groups are sum m arized in T able I. The values obtained for D a and 
Q19 indicate that workers engaged in th e  m aintenance, packaging and trans-

Table I

Statistical analysis and param eters of the annual dose distribution 
obtained from 19 years of observation

Occupation Number 
of workers

Total number 
of records in 
the period of 

19 years*

Number of 
records above 

the registration 
level during 
19 years**

Average annual 
dose requivalent 

D„(19) 
[mSv]

o„

Production of radioactive sources 
incl. research 36 343 245 2.73 0.33

M aintenance, packaging, 
transportation* * * 83 529 447 5.91 1.17

R adiation chemistry 63 489 182 1.58 0.99
Others**** 111 819 335 1.06 0.74
Total 293 2180 1209 2.37 0.92

* 1 record =  annual dose equivalent of one individual
** 0.4 mSv per m onth

*** Unskilled workers
**** R adiation physics, installation of irrad ia tion  facilities, radiography
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porting  o f radioactive sources con stitu te  the m ost exposed group of persons. 
E v en  so, each group belongs to  category “ B ” defined  as

1 m Sv <  D a <  10 m Sv and 0.1 <[ Q <C 2 .0 .

W orkplaces in  th is category are considered as where radiation  protection  
is  satisfactory .

R isk  estim ates

The risk for a random individual radiation worker (R ) is proportional 
to th e  average dose D , that is, R  — rD, where r is the risk factor [5].

For the extrapolated  lifetim e doses the average annual doses were calcu
la ted  from the w hole o f the 19-year period o f  observation and are given in  
T able II . It was expected  th at th e  risk level w ould  be indicated  more reliably  
i f  th e  annual doses were to be averaged over th e  periods o f  tim e  the workers 
h ave been em ployed  [6, 7] in stead  of other possible m ethods available [1]. 
(The differences betw een  the m ethods of calculating the m ean annual dose are 
due to  be discussed elsewhere.) The “tim e-related” average annual dose D t 
w as then  obtained using the form ula

_  1 N
D, =  —  У  Ízl 1-

N  P i к

w here N  is th e  to ta l number o f  em ployees during the tim e o f observation, 
к  indicates the period of em ploym ent of ind ividual j  in years and D (j is th e  
dose o f ind ividual j  in year i.

The form ula w as applied to  the total num ber of workers instead of consid 
ering a single group with a relatively  long period of em ploym ent. Thus D t 
w as obtained from  m any m ore records th an  otherwise. In  comparison, D t

Table П

“Tim e-related”  average annual dose equivalents 
from  19 years of observation

Occupation Number of 
workers

Average annual 
dose equivalent 

Dt [mSv]

Production of radioactive sources incl. research 36 2.92
M aintenance, packaging, transporta tion 83 3.79
R adiation chem istry 63 0.10
Others 111 1.51
Total 293 2.22
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Table П1

Average annual dose equivalent of auxiliary workers in time in tervals of employment

Time interval 
(year)

Number of 
workers

Average annual 
dose equivalent 

Dt [mSv]

1 -  4 46 2.35
5 -  9 13 6.52

1 0 -1 4 11 5.70
1 5 -1 9 13 4.52
Total 83 3.79

Table IV
Risks associated w ith lifetime dose equivalents for various occupational groups

Occupation
Lifetime

dose
equivalent

[mSv]

Fatalities
Lifetime

Production of radioactive sources incl. research 72.99 9.1 10“4
M aintenance, packaging, transportation 94.61 1.2 • 1 0 -3
R adiation chemistry 24.95 2.6 ■10-4
Others 37.57 4.8 • 10"4
Total 55.36 7.0 ■1 0 -4

values in various tim e intervals of em ploym ent are presented in Table I I I  for 
unskilled workers. It can be seen from the figures that th e  average annual dose 
equivalent sligh tly  decreased after the in itia l period o f  em ploym ent. This 
finding seem s to  support the assum ption reported by W ilso n  [6]. This “ ten 
dency” is probably due to  experience or sk ill acquired b y  workers having re
m ained for a long period in the same job.

In accordance w ith the recom m endations of the IC R P  [8] it was presum 
ed th at the m ean interval from  the relevant exposure to d ea th  from an in d u c
ed m alignancy lies betw een 20 and 25 years. C onsequently, the average  
“working” lifetim e doses were extrapolated for 25 years. I t  is not likely , h ow 
ever, th at the cum ulative risk w ould grow in  th e  25-to-35-year interval o f being  
em ployed as a radiation worker [9, 10].

Two factors are accepted as reasonable to  indicate th e  m ortality risk for 
radiation-induced cancers. The IC R P applies the factor o f  1 .2 5 10“ 2 S v_1 under  
the condition o f  being the average annual dose equivalent o f  about 5 m Sv [2], 
and the B E IR  Com m ittee estim ates it as 1.5 10_2S v_:l for 25 years [10]. 
In our estim ates the factor g iven  b y  the IC R P was applied.

The extrapolated  lifetim e dose equivalents and risks o f  fatalities per 
working lifetim e are sum m arized in Table IV  in various fie lds. Am ong th e
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occupations considered, unskilled workers have a higher level o f  risk than the  
average. I f  one com pares the figures with those obtainable from  data published  
b y  W ilson [6] and Iy er  and D h o nd  [9] one can  see that the risk for auxiliary  
workers of the In stitu te  of Isotop es is equal in  order o f m agnitude to th a t  
for m echanical m aintenance workers in Ontario Hydro N uclear Station in  
Canada. The risk in  other occupations is approxim ately the sam e as th at for 
workers in fuel fabrication facilities in India.

The m orta lity  per working lifetim e corresponds to an annual rate of  
8 .2 -1 0 ~ 3y -1  for 293 persons em ployed as radiation workers in  the In stitu te . 
I t  m eans th at one o f the 293 individuals w ould  have the chance to die from  
radiation-induced cancer in ev ery  100 years.

In an a ttem p t to interpret the risk levels , let an extrem e situation be 
supposed. One estim ate reports [8] that if  every  worker happened to be con ti
nuously  exposed to the annual dose equivalent lim it of 50 m S v  instead o f the  
average [И ] , it  w ould be equ ivalent to an occupation w ith  a fatality  rate of 
3.4 • 10~4y _1. Our results perm it us to state th a t the risk lev e l o f  an individual 
w orking in th e  m ost exposed situation  is equivalent to th a t in  a nonradiation  
occupation w ith  a m ortality rate o f  2.57 *10—sy —x. It must be stressed, how ever, 
th a t occupations in which the average annual m ortality due to occupational 
hazards does n o t exceed 10- 4 are recognized as having high standards o f sa fe ty  
[2 ].
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DIE ENTWICKLUNG DES STRAHLENSCHUTZES 
IN ÖSTERREICH IN DEN LETZTEN ZEHN JAHREN

J. K. H ohenberg

BUNDESMINISTERIUM FÜR SOZIALE VERWALTUNG 
A-1030 WIEN, ÖSTERREICH

In  Ö sterreich sind die ionisierenden S trah len  seit dem E nde des 19. Jah rh u n d erts  
benu tz t, aber die ersten gesetzlichen V orschriften wurden im J a h r  1971 inkraftgesetzt. Es 
wird die T ätigkeit der österreichischen Strahlenschutzbehörden vorgezeigt. Die E inrichtungen 
und  Anlagen zum  Umgang m it ionisierenden S trah len  sind m indestens jährlich einm al bewil
ligt. Für die Personendosisüberwachung werden Film  und TL-D osim eter verw endet. Die 
beruflich strahlenexponierten Personen sind jäh rlich  kontrolliert. Die K osten fü r die ärz t
lichen U ntersuchungen beliefen sich zuletzt auf e tw a 8 000 000 ÖS. Infolge der T ä tigke it der 
österreichischen S trahlenschutzbehörden ist die schädigende E inw irkung ionisierender S trah 
lung viele Jah re  zurückliegt.

Obwohl ionisierende Strahlen in Österreich seit dem  Ende des 19. Jahr
hunderts zur Anwendung gelangten, traten  m it 1. Jänner 1971 erstm als um 
fassende gesetzliche Vorschriften zum Schutz des Lebens und der G esundheit 
von  M enschen einschliesslich ihrer N achkom m enschaft vor Schäden durch 
ionisierende Strahlen in K raft. Mit Inkrafttreten der Strahlenschutzverordnung  
im  Feber 1972 wurden diese B estim m ungen dann endgültig vollziehbar.

Die A nwendung von R öntgenstrahlen und radioaktiven Stoffen in  n ich t
m edizinischen Betrieben wurde erstmals durch eine Verordnung des Jahres 
1941 geregelt. Verschiedene B estim m ungen dieser Verordnung standen später  
au f Grund einer Verordnung des Bundesm inisterium s für soziale Verw altung  
aus dem Jahre 1956 weiter in  K raft. Ausserdem  enthält die Allgem eine D ienst- 
nehm erschutzverordnung ein ige sehr allgem ein gehaltenen B estim m ungen  
zum Schutz vor Strahleneinwirkung. A uch bestand im  Einzelfall die M öglich
keit, anlässlich der B ew illigung von industriellen und gewerblichen E inrich
tungen  M assnahm en zum Schutz der D ienstnehm er vor ionisierender Strahlung  
vorzuschreiben. Bem erkenswert ist jedoch, dass vor dem  Jahre 1971 für den 
Bereich der m edizinischen Anw endung der ionisierenden Strahlen keine gesetz
lichen Vorschriften erlassen wurden.

Diese Unterschiede der gesetzlichen Regelung des Schutzes vor ion isie
render Strahlung sollten auch nach dem Inkrafttreten um fassender gesetzlicher  
B estim m ungen auf dem G ebiete des Strahlenschutzes A nlass für Schw ierig
keiten  bei deren Vollziehung bringen, da den Betriebsinhabern im nichtm edizi- 
nischen Bereich der K ontakt m it Bewilligungsbehörden geläufig war, im  m edi
zinischen B etrieb  die T ätigkeit behördlicher Organe und die dam it verbundene  
Vorschreibung von  Schutzm assnahm en, die teilw eise auch beträchtliche K osten  
verursachte, oftm als völlig neu war.
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Auch darf n ich t unberücksichtigt b leiben, dass m it Inkrafttreten der  
gesetzlichen Strahlenschutzbestim m ungen, die m it der V ollziehung dieser 
B estim m ungen befassten  B ehörden in personeller und m esstechnischer H in 
sich t überfordert waren und zunächst auch hier die organisatorischen Voraus
setzungen  zur B ew ältigung der bestehenden Aufgaben geschaffen werden  
m u ssten .

Diese P roblem atik  war vor  allem im B ereich  der m edizinischen A nw en
dung gegeben, da doch die zum  Zeitpunkt des Inkrafttretens der Strahlen
schutzverordnung im  Betrieb befindlichen A nlagen m öglichst rasch einem  
B ew illigungsverfahren zu unterw erfen waren und  mangels geltender B estim 
m ungen  zum Z eitpunkt ihrer Errichtung, die schon viele Jahre zurückliegen  
k on n te , auch erw artet werden m usste, dass zum  Teil gröbere M isstände zu b e 
se itigen  wären. H iezu  trat noch die schon erw ähnte T atsache, dass in K ranken
an sta lten  und ärztlichen P raxen  erstmals Behörden tä tig  wurden, die zum  
T eil sehr kosten intensive Schutzm assnahm en vorschrieben. Auch der V er
p flich tung, dass beruflich strahlenexponierte Personen einer physikalischen  
u n d  ärztlichen K ontrolle unterliegen, wurde v o n  den B etroffenen anfangs zum  
T eil grosser W iderstand entgegen  gesetzt.

D en an Ort und Stelle tä tig en  behördlichen Organen, aber auch den a u f  
dem  Gebiete des Strahlenschutzes tätigen  Sachverständigen autorisierter 
A n sta lten  is t  es zu  danken, dass doch in verhältnism ässig kurzer Zeit ein e n t
sprechender Prozess des U m denkens beobachtet werden kon n te.

D ie au f Grund der w irksam  gewordenen Strahlenschutzgesetzgebung  
einsetzende B ehördentätigkeit lässt im m edizinischen Bereich in den Jahren  
1975 bis 1978 einen sehr starken A nstieg von  strahlenschutzrechtliche B ew illi
gungen erkennen. In  den genannten  Jahren w urden etwa 1.200 B ew illigungen  
erteilt. Der grösste Teil betraf K öntgeneinrichtungen, die schon  zum Z eitpunkt 
des Inkrafttretens der gesetzlichen  B estim m ungen in B etrieb  standen. In  den  
fo lgenden Jahren  nahm  die Zahl der B ew illigungen im  D urchschnitt wieder ab , 
w obei eine stärkere Zunahme v o n  neuerrichteten Einrichtungen zu beobachten  
is t . H eute kann gesagt w erden, dass nahezu alle E inrichtungen, die zum  Z eit
p u n k t des Inkrafttretens der strahlenschutzrechtlichen B estim m ungen in  
B etrieb standen  einer B ew illigung unterzogen wurden und som it aus der Sicht 
des Strahlenschutzes die anlagebedingten M ängel zum grössten  Teil bereinigt 
sein  m üssten. B e i der N euerrichtung von A nlagen, muss im  H inblick au f die 
Teilung des Verfahrens in  eine Errichtungsbewilligung und eine nach Erpro
bung der A nlage und Ü berprüfung der baulichen Strahlenschutzm assnahm en  
zu  erteilende B etriebsbew illigung angenom m en werden, dass zum indest die  
w esentlichen baulichen oder anlagebedingten Schutzm assnahm en getroffen  
sind. Der G esetzgeber verlangt um  einen sicheren Betrieb bewilligter E inrich
tungen  und A nlagen  zum U m gang m it ionisierenden Strahlen auch nach  
erteilter B ew illigung zu garantieren eine m indestens jährlich  einmal durch
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zuführende Ü berprüfung durch die B ew illigungsbehörde. Eine A ufgabe, der in 
folge der Ü berlastung der zuständingen Behörden erst in den letzten  Jahren die 
notw endige A ufm erksam keit gew idm et werden konnte, wobei jedoch auch hier 
im  F alle einer N  ovellierung der strahlenschutzrechtliehen У orschriften zu prüfen 
sein wird, oh auch in  ferner Zukunft m indestens einm al jährlich alle bew illigten  
E inrichtungen und Anlagen geprüft werden m üssen. Neben dem baulichen  
Strahlenschutz is t  von  den Bew illigungsbehörden auch den begleitenden orga
nisatorischen dem  Strahlenschutz dienenden M assnahm en Beachtung zu schen
ken. So fordert der Gesetzgeber beispielsweise als eine der Voraussetzungen für 
die Erteilung einer B etriebsbew illigung die B estellung eines Strahlenschutz
beauftragten. Es handelt sich dabei um  eine beruflich strahlenexponierte Per
son, die nachw eislich hinreichende K enntnisse im  Strahlenschutz besitzen  muss 
und vom  B etreiber der Anlage m it der W ahrnehm ung des Strahlenschutzes 
betraut wurde. D er U m fang der erforderlichen A usbildung dieser Personen  
is t gesetzlich geregelt und um fasst in  der Regel neben der bereits erworbenen  
Berufsausbildung auch eine spezielle Strahlenschutzausbildung, die vorwiegend  
durch zusätzliche Kursbesuche erworben werden m uss. Auch hiezu waren 
grosse organisatorische A ufgaben zu bew ältigen um  den erforderlichen Perso
nenkreis m öglichst rasch auszubilden, wobei teilw eise grosser W iderstand vor 
allem  aus dem m edizinischen A nw endungsbereich gegen die N otw endigkeit 
dieser A usbildung vorgebracht wurde.

D ie beruflich strahlenexponierten Personen sind auf Grund gesetzlicher 
B estim m ungen einer physikalischen und ärztlichen K ontrolle zu unterziehen. 
D ie physikalische K ontrolle erfolgt m ittels Personendosim etern, welche in  
m indestens m onatlichen A bständen durch staatlich  autorisierte A nstalten  
auszuw erten sind.

Als Personendosim eter werden derzeit neben F ilm en vorwiegend Thermo- 
lum ineszenzdosim eter verwendet.

In Ö sterreich stehen für die A usw ertung derzeit vier A nsta lten  zur Ver
fügung. D ie E ntw icklung der Zahl der ausgew erteten D osim eter ist der Tabelle I 
zu entnehm en. A us dieser Tabelle ist auch deutlich  das W irksam werden der 
Behörden auf dem  G ebiete des Strahlenschutzes nach Inkrafttreten der gesetz
lichen B estim m ungen erkennbar.

N eben der physikalischen K ontrolle unterliegen die beruflich strahlen
exponierten  Personen auch der ärztlichen K ontrolle, die eine Einstellungsunter-

Tabelle I

Ausgewertete Personendosimeter pro M onat

Jahr 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980

Anzahl 2400 2900 4000 5400 6300 7700 8700 13 600 16 900 20 000 21 000
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suchung vor A ufnahm e der T ätigkeit, jährlich wiederkehrende U ntersuchungen  
und eine Enduntersuchung nach A bschluss der T ätigkeit im K ontrollbereich, 
u m fasst. D iese U ntersuchungen dürfen nur von  eigens hiezu erm ächtigten

Tabelle II

Vom Bundesministerium für soziale Verwaltung nach den Bestimmungen des 
Strahlenschutzgesetzes erm ächtigte Ärzte

Bundesland 1973 1974 1975 1976 1977 1978 1979 1980 1981* Summe

B urgenland — 1 — — — 2 — 2 — 5
N iederösterreich — 13 10 3 1 — — 2 — 29
Oberösterreich — 7 9 1 1 3 4 6 — 31
K ärn ten — — — — — — 1 — — 1
Salzburg — 3 1 — 5 — - — — 9
Tirol — 5 4 2 3 3 — 1 1 19
Y orarlberg — — — — — 1 - 1 — 2
Steierm ark — 2 14 15 — 6 5 4 — 46
W ien 1 12 6 9 4 6 1 2 — 41
Summ e 1 43 44 30 14 21 11 18 1 183

* Inch Septem ber 1981

Tabelle III

Anzahl der ärztlich untersuchten und der davon fü r eine Tätigkeit als 
beruflich strahlenexponierte Person nicht geeigneten Arbeitnehmer

Jahr
Medizinische Anwendung Nicht med. Anwendung Summe

untersuchte ungeeignet untersuchte ungeeignet untersuchte ungeeignet

1975 1382 4 1033 — 2415 4
1976 3154 14 1400 5 4554 19
1977 4222 12 1672 — 5894 12
1978 4375 4 2080 5 6450 9
1979 5306 23 1836 5 7142 28

Jahr 1975 1976 1977 1978 1979

Anzahl 1 2  2 2 2

Acta Physica Academiae Scientiarum Hungaricae 52, 1982

Tabelle IV

Anzahl der gemeldeten Berufserkrankungen durch Einwirkung 
ionisierender Strahlen



D IE ENTWICKLUNG DES STRAHLENSCHUTZES IN ÖSTERREICH 321

Ä rzten bzw . K rankenanstalten durchgeführt werden. D ie Zahl der vom  B undes
m inisterium  für soziale Verwaltung erm ächtigten Ä rzte ist der T abelle II  zu 
entnehm en.

D ie Anzahl der untersuchten Arbeitnehm er, die den überwiegenden  
A nteil der nach den B estim m ungen des Strahlenschutzgesetzes untersuchten  
Personen stellt, ist der Tabelle III zu entnehm en. A uch kann dieser Tabelle 
entnom m en werden, w ieviele Personen hievon zur T ätigkeit als beruflich strah
lenexponierte Personen n icht geeignet waren. Die D ifferenz zwischen den Zah
lenw erten in  den Tabellen I und III  erklärt sich zum Teil auch aus der T atsache, 
dass v iele Betreiber einer Strahlenquelle auch Personen physikalisch kontrollie
ren lassen , die eigentlich nicht zum K reis der beruflich strahlenexponierten  
Personen gehören.

D ie K osten  für die ärztlichen U ntersuchungen beliefen  sich zu letzt auf 
etwa 8 000 000 Schilling, die zum Teil von  der U nfallversicherung und  zum  
Teil vom  Bund aufgebracht wurden.

A bschliessend ist aus der Tabelle IV  die Zahl der jährlich gem eldeten  
Berufserkrankungen au f Grund der E inw irkung ionisierender Strahlen ersicht
lich. Es handelt sich hiebei durchwegs um  Personen, bei denen die schädigende 
Einw irkung ionisierender Strahlung viele  Jahre zurückliegt.
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TLD MEASUREMENTS WITH LiF AND CaS04 : Tm
P . P. S za b ó

CENTRAL RESEARCH INSTITUTE FOR PHYSICS 
1525 BUDAPEST, HUNGARY

L iF  chips of Polish origin used for personnel m onitoring a t our In s titu te  are planned 
to  be used a t the P aks N uclear Power S ta tio n  (H ungary). The therm al and in term ediary  
neutron sensitivities of the L iF chips were established.

In  environm ental m onitoring, H ungarian  CaS04 : Tm  TLD s are used in  tandem : one 
being heavily , the o ther being slightly filte red . In  this w ay n o t only the dose b u t also the 
low energy contribu tion  of terrestrial rad ia tio n  can be established. The system  was tested 
in  In ternational Intercom parisons.

Certain other dose ra te  dependence m easurem ents of C aS 04 : Tm in th e  lite ra tu re  are 
questionable, leading to  th e  conclusion of T LD  reader in stab ility .

Introduction

D etails are g iven  here o f m easurem ents perform ed w ith  Polish  LiF  
chips for personnel m onitoring and w ith  Hungarian C aS04:Tm powder for 
environm ental m onitoring. TL m esurem ents were carried out on a TLD -04B  
reader [1 — 3] developed at our In stitu te  and on its  m odified version, the  
N H Z -204 TLD reader. The TLD readers have an EM I 9844B photom ultiplier  
tube w ith  a bi-alkali cathode whose tem perature is stabilized  b y  therm oelectro- 
nic cooling. The glow  curves can be recorded through linear or logarithm ic  
outputs on an X -Y  recorder. The ligh t integration period, and preheating and 
postannealing can be varied as can th e  heating tim e, m axim um  heating  tem 
perature and high vo ltage. The TL data were w ritten  via an interface onto a 
T eletype writer and were evaluated on a PD P-11 com puter.

To elim inate fading the light integration period was started w hen the 
tem perature of the heating tray was higher than 140 °C.

Measurements with L iF  chips

L iF  chips (diam eter 4.8 mm, thickness 0.8 m m ), produced in  Poland  
under th e  trade nam e o f  MTS-N, are used w ith K odak radiation m onitoring  
film  for personnel m onitoring at our Institu te .

The low dose detection  ab ility  o f  the LiF chips was investigated . The 
spread o f the TL outp u ts of LiF chips at different absorbed dose levels in air 
is illustrated  in  F igs. I and 2. The standard deviation  o f 20 chips irradiated
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F ig . 1. Spread of th e  T L  signals of the L iF  chips, after 60Co gam m a irradia tion  to  an  absorbed 
dose in air of 0.18 mGy. The standard  deviation  of 5%  of the TL readings is indicated.

( 60Co, 4.3 mGy)

'S 1.1 -

0.9 -  •

L______ I____ I_______ I I I I I I I
5 10 15 20 25 30 35 40 45

number of LiF TLD chips

F ig. 2. Spread of th e  T L  signals of the L iF  chips after 60Co gam m a irrad ia tion  to  an absorbed 
dose in  a ir of 4.3 mGy. The s tan d ard  deviation of the TL readings is 5% .

w ith  the sam e dose was found to he 4 — 5% above 0.2 mGy in air. The linearity  
o f  th e  LiF chips in  th e  low dose region is shown in F ig. 3.

LiF chips are to  he used also at the H ungarian nuclear pow er station at 
P a k s, where th e  personnel m ay be irradiated b y  neutrons in  an accidental si
tu a tio n . The chips are made from L iF  of natural isotopic abundance, the ther
m al neutron sen sitiv ity  o f  which can be high. This is the reason w h y  the actual 
neutron sen sitiv ity  o f the LiF chips w as studied.
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Fig. 3. TL response of the LiF chips vs the dose absorbed in  air.

Table I

Thermal neutron sensitivities of different 
LiF TLDs of natural isotopic abundance

Type of LiF 
TLD

TL response for 101# n.cm“ *

TL response of 1 Gy (,0Co) 
absorbed in air

References

2.87 Ay y a n g a r  [5]

1.39 ToCHILIN [6]

2.17 TOCHILIN [6]

4.26 D ua  [7]

3.13 M a j b o r n  [8]

1.74 W o o d le y  [9]
TLD 100 (Harshaw) 1.74 W in g a t e  [10]

1.91 S im pso n  [11]

4.65 R e d d y  [12]
2.69 W a lla ce  [13]

0.56 Sca rpa  [14]

3.22 H e n a is h  [15]
LiF 3.22 Ca m e r o n  [16]
LiF in  Teflon 2.09 ±  0.07 Sp u b n y  [17]
LiF : Mg PTL710 3.91 ±  0.35 Sp u r n y  [17]
MTS-N LiF chips 2.3 ±  0.4 Szabó  [18]
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F ig . 4. Glow curves of L iF chips a fter 60Co gam m a (a), and neu tron  irradiation (b). A fter 
neu tron  irrad ia tion  a second peak  appears around 300 °C.

Fig. 5. Energy response of the C aS 0 2 : Tm TLD pow der in 2 m m  th ick  brass or 2 m m  th ick  
polyethylene capsules used in environm ental m onitoring a t our In s titu te  and  in the environm ent 
o f the Paks N uclear Power S tation . The dotted  line is the d is tribu tion  of relative TL  signals

in  polyethylene and in  brass capsules.

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



TLD MEASUREMENTS W ITH LiF AND CaSO, : Tm 327

The L iF  chips were put into th e  therm al colum n o f the ZR-4 zero power 
reactor o f  our In stitu te , where the neutron  fluence w as m onitored b y  activation  
gold foils and sandw iched track detectors [4].

The prelim inary results show th a t the thermal neutron sen sitiv ity  of the 
LiF chips was o f the sam e order as for other natural L iF  (see Table I). For inter
medier neutrons o f 1/E spectrum w ith  an energy range of 0 .5— 104 eV, the 
sen sitiv ity  o f the L iF chips was found to  be equal to 1.5 G y/1010 n • cm -2  [18]. 
The glow  curves o f the L iF chips are show n in Fig. 4 , after 60€o  gam m a and 
neutron irradiation. A fter neutron irradiation the g low  curve of the L iF  chips 
differs from  the glow curves o f gam m a irradiation [19, 20], w hich m akes it 
possible to  differentiate betw een gam m a and neutron irradiation. D uring these 
TL m easurem ents the L iF  chips were heated  to 370 °C and the evaluation  was 
based on each of the tw o glow peaks.

T L  measurements with CaSO4; Tm

H ungarian C aS04:Tm [21] is used  for environm ental m onitoring at our 
In stitu te  and in the environm ent of th e  Paks Nuclear Pow er Station. Two cap
sules are used at every environm ental station . One is m ade of brass, th e  other 
of polyethylene, both w ith  a wall thickness o f 2 mm [22]. Theenergy dependence 
of the tw o  capsules is shown in Fig. 5 w hich also show s the distribution o f the 
relative TL signals. These parameters enable not only th e  dose but also the low  
photon energy contribution of the terrestrial radiation  to be established. 
The accuracy of our environm ental system  was te sted  in  the International 
Intercom parison o f Environm ental D osim eters held in  the U SA, 1980 (see

Table П

Results of C aS04 : Tm  TLDs a t the F if th  International Intercom parison 
of Environm ental Dosimeters, USA, 1980

Our values 
[mGy]

True values 
[mGy]

Mean of all 
dosimeters 

[mGy]

field
0.263

±0.034
0.261

±0.026
0.262

±0.063

beginning lab. 0.703 0.653 0.659
exposure ±0.066 ±0.033 ±0.176

end lab. 0.841 0.768 0.788
exposure ±0.076 ±0.038 ±0.136

estim ated tran sit 0.119
exposure ±0.016

Acta Physicc Academiae Scientiarum Hungaricae 52, 1982



3 2 8 P . P. SZABÓ

F ig . 6. R eproducib ility  of the P itm an  T L D  900 C aS04 : Dy [23 — 25], and  our TLD -04B  
C aS 0 4 : Dy powder [26] environm ental TLD  systems.

T able II). We also took  part in th e  European Intercom parison o f  the E nviron
m en ta l TLD S y stem s organized b y  Kernforschungszentrum  Karlsruhe, F R G  
[23 — 25]. Our resu lts are shown in  F ig . 6 [26].

The C aS04:Tm TLDs were exposed to  cosm ic radiation on board the  
spacecraft “ S a ly u t-6 ” . The m easured dose rates were betw een 100—300 p G y - 

• d a y - 1 [27, 28].

Dose rate independence o f C aS04:D y (or CaSOi :Tm )

The qu estion  o f dose rate dependence in th e  low  dose rate region of h ig h ly  
sta b le  TLD m aterials like D y  or T m  activated C a S 0 4 was raised recently [2 9 ]. 
T he low  dose rate independence is im portant from  the v iew poin t o f calibration  
because the calibration  of environm ental T L D s is carried ou t at a dose rate  
le v e l some m agn itu d es higher th a n  the actual dose rate at th e  environm ent. 
In  th is w ay th e  dose rate dependence, if  it proved  to be true, would mean an 
error o f 10— 15%  in  the environm ental TLD m easurem ents.

All data ava ilab le  on th is  subject in d icate that dose rate dependence  
(F ig . 7) was fou n d  on ly  when th e  C aS 04:Dy T L D s were m easured on a T L D  
reader (Teledyne 7100) which has no therm oelectric cooling around its p h o to 
m ultip lier tu b e [2 9 —33]. B e c k e r  and his co-workers found th a t a Teledyne  
T L D  reader w as unstable in a subtropical environm ent (Fig. 8 ), even i f  a h igh  
v o lta g e  stabilizer w as applied [34]. W hen the C a S 0 4:Dy T L D s were m easured  
on T L D  readers w hich  have a therm oelectrically  cooled photom ultiplier tube on
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Fig. 7. Dose rate  dependence on the Teledyne 7100 reader, and the  dose rate independence on 
a H arshaw  2000 B +  C TLD reader found by H su  and W eng  [32].
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F i g  . 8 . Instability of a Teledyne TLD reader in a subtropical country found by Be c k e r  et al [34].

the T L D -04B  reader (F ig. 9) [31], or on the H arshaw  2000B -f- C reader 
(see F ig. 7) [32], no dose rate dependence was found.

W ork is now in progress to m easure C aS04:D y T L D s on different TLD  
readers and to show th at there is no dose rate dependence in the low  dose 
rate region.

Conclusions

The Polish L iF chips used at our Institu te for personnel m onitoring can 
measure doses higher than  0.2 mGy w ith  a standard deviation  of 5% . The shape 
of the glow curve o f L iF  chips differs after gamma or neutron irradiation, so
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Fig. 9. Dose rate independence on a TLD-04B reader found by Szabó [31].

th a t  gam m a or neutron  irradiations can be distinguished. The therm al and  
interm edier neutron  sensitiv ities o f  L iF chips w ere found to  be in  agreement 
w ith  other results.

Hungarian C aS 04:Tm pow der is used for environm ental m onitoring in  
tw o  different capsules. In th is w a y  the low  photon  energy contribution o f  
terrestrial radiation  can also be estim ated . Our environm ental m onitoring TLD  
sy stem  has been satisfactorily  te s te d  in international intercom parisons.

The low  dose rate dependence o f  C aS04:D y reaffirmed b y  H suandW EN G  
[29] is questionable, and m ay be due to  the in sta b ility  of their T L D  reader.

The au thor is indeb ted  to  D r. E . P ie s c h  for perm ission to  publish Eig. 6.
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D E T E R M I N A T I O N  O F  T H E  E N E R G Y  R E S P O N S E  
O F  D O S I M E T E R S  W I T H  A  R R A G G - 

M O N O C H R O M A T IZ E D  R E A M
N. V a n a  and H. A i g i n g e r

ATOMIC INSTITUTE OF THE AUSTRIAN UNIVERSITIES 
A-1020 VIENNA, AUSTRIA

In  the energy region below 50 keY  the energy response of dosimeters is usually deter
m ined by  means of filtered  B rem sstrahlung radiation. The “ m onochrom atic”  rad iation  pro
duced by  filtering th e  continuous X -ray  spectrum  of an  X -ray  tube shows a broad energy 
d is tribu tion  for the m axim um  of the in tensity  and a considerable “ tailing”  to  low energies.

To avoid th is disadvantage we used a Bragg m onochrom ator for the energy region 
betw een 10 keV and  50 keY. The B ragg m onochrom ator, a commercially available X -ray 
spectrom eter, reflects selectively m onochrom atic X -rays from  a continuous brem sspectrum  
of a tungsten  X -ray tu b e . The angle of reflection and the energy are determ ined by  the Bragg 
condition. The energy resolution obtained was 2% . The pho ton  flux  density  a t  the place of 
the dosim eter was m easured w ith an  efficiency calibrated Ge(Li) sem iconductor detector. 
F rom  this photon flux  density  the ac tua l exposure of the dosim eter under exam ination  can be 
calculated.

1. Introduction

The determ ination of the energy response o f  all kinds o f dosim eters is one 
o f th e  m ost im portant m esurem ents in experim ental dosim etry [1]. Most o f  
these determ inations are usually  done b y  m eans o f filtered brem sstrahlung  
radiation . X -ray brem sstrahlung spectra are com m only characterized b y  the  
kilovoltage across th e  X -ray tu b e , the filtration  and the half-value layer. 
Som e laboratories also specify other quantities, such as the hom ogeneity  
coefficient (the ratio o f the first and second H V L ’s), the m ean energy, or an 
“ effective energy” (com m only defined  as the photon  energy o f a m onochrom a
tic  beam  with the identical HVL) [2].

The photoeffect as the dom inating process in the low energy region 
<  50 keY causes a strong effective atom ic num ber dependence in  the response 
function  dosim eter m aterial. The “ m onochrom atic” radiation produced b y  f i l
tering the continuous X -ray spectrum  o f an X -ray  tube shows a broad energy  
distribution  for th e  m axim um  o f  the in ten sity  and a considerable “ tailing”  
to  low  energies. A  few  exam ples are given in Figs. 1 to  3 [2].

F ig. 1 (C 4 from  [2]) shows a filtered spectrum  (12 kV tu b e, 0.4 mm  
A1 filter , hom ogeneity coefficient 95) w ith good hom ogeneity. F ig. 2 (C 5 from  
[2]) shows a filtered spectrum (14 kY, 0.11 mm A l, h. c. 87). F ig. 3 (C 69 from  
[2]) shows a filtered spectrum  (100 kY, 3 mm Al, h .c. 59), w hich can no longer 
be called a hom ogeneous spectrum . F ig. 3a (C 43 from  [2]) shows a filtered  spec
trum  (50 kV, “ m ean energy” 24.4 keY for exposure, 29.4 keV for photon flu x  
d en sity , hom ogeneity coefficient 80), which has its  “ mean energy” near the
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25 keV , used later on in  our exam ple. The inhom ogeneity  o f the spectra also 
calls for a d istinction  betw een a “ m ean energy” for the photon flu x  density  
and a “ m ean energy” for the exposure rate.

B oth  properties are a clear d isadvantage in  th e  above m entioned energy 
region  w ith  its steep  changes o f dosim etric response w ith  energy.

12 kV, 0.4 mmAl

F ig . 1. F iltered spectrum : 12 kV tube , 0.4 mm Al, hom ogeneity coefficient (h.c.) 95 [2]. 
D o tted  line: exposure ra te , solid line: flux  density.

14 kV, Oil mmAl

F ig. 2. F iltered  spectrum : 14 kV, 0.11 m m  Al, h. c. 87 [2]. D otted  line: exposure ra te ,
solid line: flux  density.
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100 kV, 3 mm At

Fig . 3a. F iltered spectrum : 100 kV, 3 m m  Al, h. c. 59 [2]. D otted  line: exposure ra te , solid
l i n e :  f l u x  d e n s i ty .

50 kV, 1.05 mmAl

energy [keVl

Fig. 3b. Filtered spectrum : 50 kV, “ m ean energy” 24.4 keV for exposure, 29.4 keV  for photon 
flux  density , h. c. 80 [2] and  the Bragg-m onochrom atized beam . D otted line: exposure ra te ,

solid line: flux  density.
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2. The B ragg-m onochrom ator facility for dosimeter 
calibration in  the energy range of 10 кеУ to  50 keV [3]

F ig. 4 shows the details o f th is facility . The X -ray  beam from X -ray  tube 
(W -anode, 10—60 kV) is geom etrically  defined b y  an aperture and Bragg- 
reflected  at an angle ■&. After the reflection the X -rays are m onochrom atic

Fig. 4. B ragg-m onoehrom ator facility for dosim eter calibration  in  the energy range of 10 keV
to  50 keV.

4

w ith  a half-w idth o f  ~  0.5 keV for the energy d istribution . Energy E  and angle 
•& are related by

n h e
и  =  arc sin .  _

2j d  Je j

or w ith  the w avelength

A =
he
I T ’

nX =  2 d  sin  ■&,

w hich is the w ell-know n Bragg condition , where n  is the order o f  diffraction  
(n — 1, 2 , 3, . . .) and d  is the spacing betw een la ttice  planes o f  atom s in the  
m onochrom ator crysta l. To avoid  higher order d iffraction (n =  2 , 3, . . .) the 
condition  eU  2 E  m ust be fu lfilled . Fig. 4 show s th e  defined place for the  
dosim eter calibration and the arrangem ent for the determ ination o f  energy and 
f lu x  density  o f the radiator at th e  dosim eter’s place.
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3. D eterm ination o f the photon flu x  density and the energy 
distribution and flux  density exposure rate relation

An efficient calibrated G e(Li)-detector w ith an 1 m m  0  aperture was 
used for the determ ination o f the energy distribution and the flu x  density . 
Fig. 5a gives the energy distribution and the calculation o f the average flu x  
density  at the dosim eneter’s place (5b) calculated by the m ethod of equal areas 
from the m easured flu x  densities at various points w ith a deviation o f ^  3 mm  
(the dosim eter actually  calibrated w as 6 m m x 6  m m x l )  from the origin. 
As can be gathered from Fig. 5b the counts/1 mm 0  and 1 min counting  
interval were I  =  23 .64x  Ю4 in the peak  area. The exposure can be obtained  
w ith

к
D  =  I f z  —  .

J e

Fig. 5. a) E nergy distribution a t th e  dosimeters’ place, b) Average flux  a t  the dosimeter’s place.
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F ig. 6. In tensity  d is tribu tion  of th e  m onochrom atized X -ray beam obtained with a film  a t
the dosimeter.

A  num erical exam ple for 25 keV  ±  0-5 keV gives: к  is the exposure rate/flu x  
d en sity  conversion factor from  S t o r m — L i e r  [4] (1R =  258 /iC/kg)

к  =  3.109 (at 25 ±  0.5 keV);
108Ph/cm z

e is the counting efficiency

e >  0.937 at 25 ±  0.5 keV;

f  is the correction for the respective areas

lem 2 X 4
= i n — ъ г  =  127-3;(О Л стрл

z is the correction tim e o f detector exposure/counting tim e

z =  60.
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The exposure in  th e  place o f the flu x  density determ ining detectors

D  =  59.9 ±  3.9 juC/kg (232 ±  15 m R ).

F ig. 6 gives a v isual im pression o f the spatial in ten sity  distribution obtain
ed w ith  an X -ray  film . The dosim eter appears as a w hite square.

4. Irradiation o f a calibrated TL-dosim eter

The dosim eter (TLD -100, 60 min, 25 keV) was exposed  and calibrated in 
a different w ay (60Co irradiation, correction o f the different sen sitiv ity  for 
25 keV radiation and eoCo radiation). According to  this calibration the follow ing  
exposure was obtained

D =  60.9 ±  3.9 /xC/kg (236 ±  15 m R ).

The result proves the proper accuracy obtainable at a very w ell defined  
photon energy.
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MEASUREMENT OF THE ENERGY RESPONSE OF 
LiF—,CaF2 — AND CaS04 TL-DOSIMETERS

]N. Y a n a , H. A i g i n g e r , W . E r a t h  an d  T. M i c h e v

ATOMIC INSTITUTE OF THE AUSTRIAN UNIVERSITIES 
A-1020 VIENNA, AUSTRIA

The m ost im portan t m aterials used in thermoluminescence dosim etry (TLD) are 1 .i I' . 
C aF2 and CaS04 w ith  various dopants. 1 .i 1 : Mg, Ti is alm ost tissue equivalent and therefore 
the m ost applied T LD -m aterial in  personnel and m edical dosimetry. C aF2 : Dy offers the 
h ighest sensitivity  of the above m entioned m aterials and  is used in environm ental and low- 
dose dosimetry. C aS 04 : Dy can easily be labor m ade and is the cheapest phosphor. As the 
effective atomic num bers of CaF2 and  C aS04 differ m arkedly  from th a t of tissue m aterial the 
response curve of b o th  materials m ust be carefully determ ined in the energy range dom inated 
by  th e  photoeffect. The energy responses of these th ree  listed phosphors were determ ined by 
m eans of a Bragg m onochrom ator, filtered  radiation from  a gold target bom barded by electrons 
from  a Van de G raaff accelerator, th e  radiation  of a 137Cs-source (662 keV) and a 60Co-source 
(1.17. 1.33 MeV). The response-energy dependence of the three dosimeters shows m axim a a t  
35 keV (LiF and C aF 2) and 40 keV (CaSO„).

1. Introduction

The m ost im portant m aterials used in  therm olum inescence dosim etry  
(TLD) are L iF, C aF 2and C aS 04 m atrix system s w ith  various dopants. LiF:M g,Ti 
is alm ost tissue equivalent and therefore the most w idely  applied TLD  
m aterial in personnel and m edical dosim etry.

CaF2:D y offers the highest sensitiv ity  o f  the above listed  m aterials and  
is used in environm ental and low -dose dosim etry.

C aS04:D y can easily be labor made and is the cheapest phosphor.
As the effective atom ic num bers of C aF2 and C aS04 differ m arkedly from  

th a t o f  tissue m aterial, the photon  energy response curve o f  both m aterials 
m ust be carefully determ ined, especially in the photoeffect dom inated low  
energy range [1, 2, 3].

2. The m ethods of sample irradiation used

2.1. Irradiation with Bragg-monochromatized X -ray  bremsstrahlung

As already m entioned a Bragg m onochrom ator can be used for the selec
tion  o f a certain energy in the energy range from  10 to 50 keV [4]. The w ell 
defined energy and the straightforward determ ination of the spectral shape 
and in tensity  are advantageous in this energy region w ith  fast changes o f  
sen sitiv ity  vs ph oton  energy. The extension o f the m ethod up to  80 keV is  
possible if  topas and quartz ( S i0 2) are used as m onochrom ator m aterials.
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2.2. Irradiation with filtered bremsstrahlung from  a gold target bombarded with 
electrons fro m  a Van de G raaff accelerator ( energy range 60—260 ke V )

F ig. 1 shows th e  experim ental arrangem ent used in  this energy range. 
The electrons accelerated in  the Van de G raaff (130 keV, 140 keV, 275 keV) are 
stopped  in  a w ater cooled Au-target. The produced brem sstrahlung is filtered.

P b -C u -A l-

Fig. 1. Irrad ia tion  of the dosimeters w ith  filtered  brem sstrahlung produced w ith  a
Van de G raaff accelerator.

The shape o f  the filtered  brem sstrahlung spectrum  and the in ten sity  o f  the 
radiation at the place o f  the dosim eter is determ ined w ith  a Ge(Li)-spectrom eter. 
A  calibrated dose ratem eter was used additionally  for the determ ination o f the 
dose rate. Table I  gives the electron energy, the filter  com binations, the 
effective energy o f the filtered radiation and the full w idth  of half m axim um  
(FW H M ) as the param eter which defines the “ hom ogeneity” o f the radiation.

2.3. Irradiation with 662 keV  photons fro m  a 137Cs source

A  collim ated beam  was used. The source — dosim eter distance was 2 m to 
provide secondary electron equilibrium  (e. eq u .)in  air at the dosim eter place. 
D ose rate determ ination  was obtained w ith  a calibrated dose-ratem eter.

Table I

Electron energy 
(keV)

Filter
combination

“Mean energy” 
photon flux 

density 
[keV]

Full width of 
half maximum

[k*V]

130 2 mm Cu 72 12
140 1.2 mm Sn 106 30

5 mm Cu
275 2 mm Pb 255 43

2.4 mm Su
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2.4 Irradiation with 1.17 and 1.3 M e V  photons (1.25 M e V ) from  
a eoCo source

In  determ ining the dosimeter response for eoCo radiation th e  following  
conditions m ust be used for all m esurem ents:

response nornnalized

Fig. 2. Response vs energy of TLD-100 (L iF  : Mg, Ti) for secondary electron equilibrium 
(e.equ.) in  air and in  a polyethylene tvrapping.

response normalized 
to60 Co

Fig. 3. Response vs energy for TLD-200 (C aF 2 : Dy), TLD-100 and  the relation  of TLD-200/
TLD-100-response for e.equ. in  air.
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response normalized 
to »C o

Fig. 4. Response vs energy for TLD-200, TLD-100 and th e  relation of TLD-200/TLD-100- 
response for e.equ. in a polyethylene wrapping.

Fig. 5. Response vs energy for a labor m ade CaS04 : D y (0.1% ) in a sm all “plexiglass” -box
(open circle) and  in a gelatine capsule.

— the d istance from the 60Co source m ust be large enough to  obtain e. equ.
— same m aterial and th ickness for the dosim eter wrapping to obtain  

e. equ. in  th e  material.
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3. R esults

3.1. Results fo r  TLD-100 (L iF )  and TLD-200 (C a F 2)

Fig. 2 show s th e  energy  dependence o f th e  response o f T L D -100 in  th e  
case o f seco n d ary  elec tron  eq u ilib riu m  in  a ir  an d  in  a p o ly e th y len e  w rapp ing . 
T he response is no rm alized  to  60Co response.

F igs. 3 a n d  4 show  th e  response  vs energy  fo r TLD -100 a n d  TL D -200 and  
th e  re la tio n  o f TL D -200/T L D -100-response.

3.2. Results fo r  labor made CaSO i :Dy (0.1°/o)

Fig. 5 show s th e  energy  dependence o f  C a S 0 4 o b ta in e d  w ith  B ragg- 
m o n o ch ro m atized  ra d ia tio n  fo r C a S 0 4 pow der in  a sm all “ p lex ig lass”  box  and  
in  a gelatine capsu le .
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DOSISMESSUNGEN IM UNTERRICHTSREAKTOR 
DER TU -  BUDAPEST 

NACH DER REKONSTRUKTION

E .  V l R Á G H

UNTERRICHTSREAKTOR DER TECHNISCHEN UNIVERSITÄT 
1521 BUDAPEST, UNGARN

D er U nterrich tsreak tor der TU — B udapest wurde zwischen 1979 — 81 rekonstru iert 
und  die R eaktorleistung au f 100 kW  erhöht. Diese A rbeit en th ä lt die w ichtigsten Messergeb
nisse des gemischten R eaktor-Strahlenfeldes.

E in le itu n g

D er U n te rr ic h ts re a k to r  der T U — B u d ap est is t se it J u n i  1971 in  B etrieb . 
D ie M ax im alle istung  des R eak to rs  b e tru g  anfangs 10 kW . Zw ischen 1979—81 
w urde  d er R e a k to r  re k o n s tru ie r t u n d  auch  die R eak to rle is tu n g  a u f  100 kW  
e rh ö h t. A u f G rund  d ieser e rh ö h ten  L eis tu n g sfäh ig k e it w erden  in  d ieser A rb e it 
einige M essergebnisse vorgeleg t.

D er U n te rr ic h ts re ak to r  in  B udapest

D e r U n te rr ic h ts re a k to r  der T U — B u d ap est lieg t in  d er S ta d tm itte  neben  
d er D o n au , un w eit d e r  F re ih e itsb rü ck e . D as R eak to rg eb äu d e  is t e in  h a lb 
kuge lfö rm iger B au  (A bb. 1) in  dessen  M itte  der R e a k to r  m it b io log ischer A b
sch irm u n g  u n te rg e b ra c h t is t. A bb. 2 zeig t den  G run d riss  des R e a k to rs . I n  der 
S p a ltzo n e  b e finden  sich  die B ren n s to ffk asse tten , E K -1 0  B ren n sto ffe lem en te  
aus d er U dS S R  e n th a lte n d , die m it 10%  235U an g ere ich ert w urden . D as M odera
to rm a te r ia l  im  R e a k to r  b e s te h t aus G ra p h it u n d  W asser. D er R e a k to r  h a t  5 
h o rizo n ta le  K an ä le , 1 sog. B e s tra h lu n g s tu n n e l u n d  23 sen k rech te  K an ä le  
(A bb. 3). Z u r sen k rech ten  A b sch irm ung  b e fin d e t sich ü b e r der S p a ltzo n e  eine 
W assersch ich t von  4 .80  m . Tabelle I  zeig t die w ich tig s ten  A ngaben  des R e a k 
to rs .

S trah lu n g sm essg erä te  und  ih re  K a lib rie ru n g

B ei den  D osism essungen  w u rd e n  versch iedene S trah lu n g sm essg erä te  
v e rw en d e t:

— V A -J-18 G am m adosisle istungsm essgerä t (D D R ) m it der V A -K -253 
Io n isa tio n sk am m er;

— V A -J-15 G am m adosisle istungsm essgerä t (D D R );
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Abb. 1. Das R eaktorgebäude. 1 — R eaktorhalle; 2 — Reaktorblock; 3 — H orizontalkanal; 4 — N orm albetonab
schirmung; 5 — Schwerbetonabschirm ung; 6 — R eak to rtank ; 7 — Y ersuchsschacht; 8 — Plexiglasschutz; 9 — 
V ertikalkanäle; 10 — Sicherheits- und Regelungstäube; 11 — Aktive Zone; 12 — W assertank; 13 — B estrahlungs
tunnel; 14 — Schwerbetonblock für Zusatzabschirm ung; 15 — Kellerräum e; 16 — Technologische Räum e; 17 — In 

nerer R undkorridor.
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Abb. 2. Der Grundriss des Reaktors. 1 — R eaktorbrücke; 2 — Sicherheits- und  Regelungs
stäube; 2 — Motor; 4 — Aufhängung der Bleiabschirmung; 5 — V ertikalkanäle; 6 — Bleiab
schirm ung während des R eaktorbetriebs; 7 — N orm albeton; 8 — Schwerbeton; 9 — Schwer
betonblock für Zusatzabschirm ung; 10 — Aktive Zone; 11 — 7 cm Bleiabschirm ung bei der 

Öffnung des Tunnels; 12 — Bestrahlungstunnel.

— R U P -I. U n iv e rsa lrad io m e te r  m it einer G M -Sonde fü r die G am m adosis
le istungsm essung ;

— R U ST S trah lu n g sm essg e rä t (Polen) m it e iner SSNT-2 Sonde, die 
ein B o n n erzäh le r fü r N eu tronendosisle istungsm essungen  is t;

— L iF  und C aF ^ T L -D e tek to ren u n d  d asT L -A u sw erteg erä t V IC T O R E E N  
2800 (U S A )."

B ei den M essungen  w urden  die M essergebnisse in  Ä q u iv a len td o sis  (Sv) 
angegeben , wobei in  d en  R echnungen  der Z usam m enhang  100

100 R ~  1 G y — 1 Sv
b e rü ck s ich tig t ist.

B ei der K a lib rie ru n g  der D osism essgeräte  w u rd en  folgende S tra h lu n g s
que llen  verw endet:

— 1:i7Cs G am m astrah lu n g sq u e lle  m it 954 M B q (25,8 mCi) A k tiv itä t;
— P u-B e N eu tro n en q u elle  m it 2.25 • 106 s -1  Q uellstärke .
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Abb. 3. Die aktive Zone (nach der R ekonstruktion). 1 — Brennstoffelem ente; 2 — Graphit 
3 — H orizontalkanäle; 4 — B estrahlungstunnel; 5 — 7 cm Bleischutz.

Tabelle I

Die wichtigsten D aten des U nterrichtsreaktors 
nach der Rekonstruktion

Reaktorleistung (thermisch)
Typ der Brennstoffelemente 
Kritische Masse in  der Spaltzone (min.) 
E ingebauter B rennstoff 
R eaktivitätsm axim um  
Neutronenfluss (thermisch bei 100 kW) 
Horizontale K anäle 
Senkrechte K anäle 
Bestrahlungstunnel 
Abschirmung des Reaktors:

in  seitlicher R ichtung

in senkrechter R ichtung

100 kW 
W R S-E K -10  

2470 g 235U 
2952 g 236U 

170 C
m ax. 2.7 • 1012 cm -2 s -1 

5
23
1

2 m Beton
(1,1 m  Schwerbeton -f- 
0,9 m  Normalbeton) 
4,8 m  Leichtwasser
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D osism essungen

E s w erden  die w ich tig sten  M essergebnisse d er N eu tro n en - u n d  G am m a
dosism essungen an  versch iedenen  S te llen  des R eak to rs  zusam m engefasst.

Viele M essungen w u rd en  bei g eö ffn e ten  H o rizo n ta lk an ä len  d u rc h g e fü h rt. 
B e id e n  M essungen w u rd e  die V A -J-18 , V A-K-253 K o m b in a tio n  an g ew en d et. 
Die G am m ad o sis le is tu n g en  hei geö ffne ten  H o rizo n ta lk an ä len  sind  in  T abe lle  I I  
zusam m engefasst. T abe lle  I I I  ze ig t d en  Z u sam m en h an g  zw ischen R e a k to r
le is tu n g  u n d  G am m adosisle istung  be i H o riz o n ta lk a n a l I I .

D er B estrah lu n g stu n n e l is t po ten z ie ll die g e fäh rlichste  Stelle d e r R e a k to r
halle , w eil die äussere S trah len b e lastu n g sm ö g lich k e it nach dem  R e a k to rb e tr ie b

Tabelle II

Gammadosisleistung bei 100 kW  im Prim ärbündel der 
Horizontalkanäle (VA-J-18)

Horizontalkanal I. II. III.* IV. V.

Gammadosisleistung [Sv/h] 16,6 18,6 1,4 3,8 14,8

* In  diesem Kanal befindet sich eine Bi-Abschirmung.

Tabelle III

Zusammenhang R eaktorleistung—Gammadosisleistung im  Primärbündel 
des Horizontalkanals II

Reaktorleistung [kW] 1 10 20 40 100

Gammadosisleistung [Sv/h] 0,18 1,86 3,78 6,72 18,6

Tabelle IV

Dosisleistungswerte in der Nähe des Bestrahlungstunnels bei 50 kW

Messtelle А В С D E 0 C
E • • В

D n +  D y  [//Sv/h] 99 8 10 3 8
r  "• Л
D А 0
E C

Tabelle V

Dosisleistungswerte auf dem oberen Teil des R eaktors bei 100 kW

Messtelle А В С D E F

D n +  D y  [uSv/h] 129 141 136 133 151 8,5

7* A d a  Physica Academiae Scientiarum Hungaricae 52, 1982



3 5 2 E. VIRÁGH

a n  d e r  Ö ffnung des B e s tra h lu n g s tu n n e ls  re la tiv  h o ch  ist, wenn P erso n en  in  der 
U m g eb u n g  des T u n n e ls  n ich t v o rs ich tig  sind. A us S icherh e itsg rü n d en  w urde 
e in e  bew egliche A b sch irm u n g sw an d  aus 7 cm  B lei in  den R e a k to r ta n k  einge
b a u t ,  die bei d er T u n n elö ffn u n g  zw ischen  der S p a ltzo n e  und  dem  B estrah lu n g s
tu n n e l  h e ru n te r la s sb a r  is t. Die 7 cm  B le iab sch irm u n g  red u z ie rt die G am m ado
sis le is tu n g  n ach  u n se re n  M essungen m it einem  F a k to r  20—25.

D er B e s tra h lu n g s tu n n e l is t z u r  Zeit m it G ra p h it als th e rm isch e  Säule 
au sg ek le id e t. V or dem  B estrah lu n g stu n n e l b e f in d e t sich ein 70 cm s ta rk e r 
B e to n sc h u tz . D ie G am m a- u n d  N eu tro n en d o sis le is tu n g en  v o r d e r  biologischen 
A b sch irm u n g  s in d  in  Tabelle IV  zusam m engefasst.

A bsch liessend  w erden  die M essergebnisse ü b e r  dem  4.80 m  h o h en  W asser
s c h u tz  der S p a ltzo n e  ausfü h rlich  darge leg t (siehe T abelle V).

Viele M essungen  w urden  n o ch  in  versch ied en en  S tellen des R e a k to rg e b ä u 
d es, z .B . in  L a b o ra to rie n , bei d en  tech ischen  A nlagen , u .s.w . d u rch g efü h rt, 
d e re n  E rgebn isse  h ie r  jedoch  n ic h t spezifiz iert w erden .

Diskussion

D ie g e fäh rlich s ten  S tellen  im  R eak to rg eb äu d e  w äh ren d  des R e a k to r
b e tr ie b s  sind  die R eak to rh a lle  m it den H o rizo n ta lk an ä len  u n d  dem  B e s tra h 
lu n g s tu n n e l, die R e a k to rb rü c k e  u n d  die tech n isch en  R äum e im  K eller. N ach  
E rm itt lu n g  d ieser M essergebnisse w urden  im  In te re sse  des P e rso n a ls  und  der 
S tu d e n te n  neue  V o rsch riften  fü r  den  100 k W  R e a k to rb e tr ie b  herausgegeben . 
E in ig e  w ich tigere  P u n k te  der n eu e n  S trah len sch u tz  V orschrift s ind :

1. W äh ren d  des R eak to rb e tr ieb es  m uss u n te r  dem  B e trieb p e rso n a l au ch  
e in  S tra h le n sc h u tz fa ch m a n n  (M esstechniker) anw esend  sein.

2. D e rV e rsu c h s le ite rh a t e ine  sogenann te  “ V ersu ch serlau b n is”  auszufü llen  
u n d  sie vom  te c h n isc h e n  V ized irek to r und  dem  L e ite r  der S trah len sch u tzg ru p p e  
g enehm igen  zu  lassen . A uf d er V ersu ch serlau b n is  is t auch d e r A bschirm ungs- 
p la n  angegeben .

3. Bei den  V ersuchen  a u f  d e r  R e a k to rb rü c k e , in  der R e a k to rh a lle  u n d  bei 
d e r  A rbeit in  d en  tech n isch en  R ä u m e n  ist die A nw esenheit des M esstechnikers 
n o tw en d ig . V on diesem  ist v o r B eg inn  des V ersuches die D osisle istung  an  allen  
A rb e itsp lä tz e n  zu  e rm itte ln .

LITERATUR

E. V i r á g h , Dosismessungen bei erhöhter Leistung (100 kW). Reilage 1 der Genehmigungs
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LITHIUM DRIFTED BERYLLIUM OXIDE HIGH  
SENSITIVITY THERMOLUMINESCENT DOSIMETER

S. Makra

NATIONAL ONCOLOGICAL INSTITUTE 
1122 BUDAPEST, HUNGARY

A new BeO : Li detector sensitized by a novel method is described. The glow curve of 
the detectors shows two peaks, the ratio of peak heights depends on dose. The light output 
per unit dose slightly exceeds that of lithium fluorides. Reproducibility is 2% for doses 
higher than 3 mGy, detection limit is 50 //Gy, exceeding by two — three orders of magnitude 
the values obtained for commercial BeO detectors. Response shows less than 1 5% change
with photon energy. Fading is lower than 2% per month.

B ery llium  ox ide  (BeO) T L  dosim eters  were used  b y  th e  a u th o r  an d  his 
co-w orkers in th e  p a s t for gam m a an d  m ixed n e u tro n -g am m a  ra d ia tio n  dosi
m e try  [1], [2]. In  sp ite  of several ad v a n ta g e s  (precision , low n e u tro n  response, 
etc .) p o r se n s itiv ity  re s tr ic te d  th e ir  fie ld  of ap p lic a tio n  to  n u c lea r acc id en t 
an d  rad iob io log ica l d o s im etry  [3], [4].

T he p resen t p a p e r  deals w ith  a new  B eO :L i d e te c to r , sensitized  b y  a novel 
lith iu m  diffusion tech n iq u e , developed  b y  B oros fo r T S E E  d e tec to rs  [5], [6]. 
T he 8 m m  d ia x  0 .2 5 m m th ic k B e O d isk s ,p ro d u c e d b y C o n so lid a te d B e ry lliu m C o . 
(M ilfordhaven , E n g lan d ) an d  sensitized  b y  th e  B oros m ethod  h av e  th e  
fo llow ing T L  p ro p ertie s .

T h e  glow cu rve  show s tw o p eak s, a t te m p e ra tu re s  of a p p ro x im a te ly  
250 °C an d  380 °C, resp ec tiv e ly . T h e  ra tio  of p eak  h e ig h ts  depends on dose, 
as i t  c an  be seen from  th e  set o f glow curves of F ig . 1. T he d e tec tio n  lim it is o f  
th e  o rd e r o f 50 pG y (5 m rad).

T he lig h t o u tp u t  p er u n it tissu e  dose slig h tly  exceeds th a t  o f  a lith iu m  
flu o rid e  chip  o f 4 .6  m m  d ia , w hen  th e  dosim eters are  read  b y  a T L D -04B  
re a d e r [7].

T he trib o lu m in escen ce  of th e  dosim eters in  q u es tio n  is a m a jo r  effect 
w hich  de te rm in es th e  m in im um  d e te c ta b le  dose. T he rep ro d u c ib ility  o f  read in g s 
of a n  u n ir ra d ia te d  d e te c to r  is cr0 =  2 — 3 /tG y e q u iv a len t if  th e  d e te c to r  is n o t 
rem o v ed  from  th e  h e a te r  p lan ch e t b e tw een  consecu tive read ings. B em o v in g  th e  
d e te c to r  from  th e  h e a tin g  p la n c h e t a f te r  read -o u t w ith  a m e ta l tw eeze r an d  
p u t t in g  i t  b ack  a g a in  fo r th e  n e x t  read in g , er0 reaches 20 /tG y e q u iv a le n t, 
c lea rly  show ing th e  effect o f tr ibo lum inescence . S c ra tch in g  th e  d e te c to r  surface 
w ith  a stee l la b o ra to ry  tw eezer increases th e  tr0 o f  th e  tr ib o lu m in escen t signal 
to  40 — 80 ЦG y e q u iv a le n t (Table I).

V alues fo r tr ib o lu m in escen t e ffec t w ere o b ta in e d  b y  m easu rin g  th e  T L  
signal be tw een  te m p e ra tu re s  o f 160 °C an d  400 °C. C om paring  th e  trib o lu m in es-
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Table I

Tribohiminescent signal induced by handling

H andling method
Tribohiminescent

signal
//G y equivalent

S tandard  deviation 
of tribolum inescent 

signal,
//Gy equivalent

untouched ~  60 2 -  3
grasped with steel tweezer ~100 15 -2 0
scratched 5 times with a steel tweezer ^160 4 0 -8 0

F i g .  1 . Glow curves of BeO : Li detectors, irradiated with different doses. Heating parameters 
of read-out: 12 °C/s heating rate, 420 °C maximum temperature. The right hand glow curve

was divided by 40.

F i g .  2 .  Tribohiminescent glow-curve of a virgin detector and that of a detector previously 
irradiated with 1 Gy tissue dose of thermal neutrons and read out several times. Tribolumin- 

escent signal was induced in both cases by tweezer handling.
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m(iy
equiv. pulses

F i g .  3. Thermal effects on background counts of unirradiated detectors. Parameter is the 
heating rate. Counts were accumulated between 120 °C and 300 °C temperature.
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F i g .  4 . Fading of BaO : Li detectors at elevated temperature. For comparison the fading of 
X.iF hot pressed chips (produced at Nuclear Research Inst. Cracow, Poland) is also plotted.

c e n t  glow -curves o f  no p re irra d ia tio n  (Fig. 2) w ith  those  o f in d u ced  b y  gam m a 
ra d ia tio n  it  is e v id e n t th a t  a la rg e  p a r t  o f th e  trib o lu m in escen t signal can  be 
ex c lu d ed  b y  p ro p e r d e tec tio n  w indow  se ttin g . T he tw o -p eak ed  glow curve  in  
F ig . 2 shows th a t  n e u tro n  ir ra d ia tio n  increases trib o lu m in escen t sen s itiv ity . 
In c re a se d  trib o lu m in escen t s e n s itiv ity  is n o t red u ced  b y  re p e a te d  re a d -o u t 
cycles.

In  o rder to  in v es tig a te  possib le  h ea tin g  ra te  effects th e  fo llow ing m easu 
re m e n t was ca rried  o u t: 1) U n irra d ia te d  d e te c to rs  w ere re a d  w ith  a lin ea rly  
in c reasin g  h e a tin g  p ro file  fo llow ed b y  c o n s ta n t h ea tin g  a t  a te m p e ra tu re  o f
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380 °C fo r  5 s, 2) a second  read in g  cycle w as s ta r te d  befo re  th e  d e te c to r  cooled 
dow n to  room  te m p e ra tu re .

C oun ts o b ta in e d  d u rin g  th e  2 n d  re a d -o u t are p lo tte d  aga in st s t a r t  te m 
p e ra tu re  o f th a t  re a d -o u t in  F ig . 3. R esu lts  in d ica te  t h a t  b ack g ro u n d  coun ts 
in c re a se , i f  a longer cooling  tim e  is a llow ed. W ith  th e  increase o f h e a tin g  ra te  
th e  b ack g ro u n d  also increases. T hese h e a tin g  ra te  effects are  p ro b ab ly  due to  
th e  th e rm a l stress o f th e  ceram ic disk .

F a d in g  of th e  ir ra d ia te d  d e tec to rs  s to red  in  d a rk n ess  a t  room  te m p e ra tu re  
w as fo u n d  to  be less th a n  2 %  p e r m o n th . R esu lts  o f fad in g  m esu rem en ts  a t  an 
e le v a te d  te m p e ra tu re  a re  show n in  F ig . 4.

T h e  g am m a-en erg y  dependence  o f th e  d e tec to rs  is v e ry  fav o u ra b le , 
re sp o n se  below  80 keV  slig h tly  decreases to  a v a lu e  o f  0.85 a t  30 keV  if  th e  
re sp o n se  1.25 MeV is ta k e n  to  be u n i ty  [8].

S u m m ariz in g  o u r fin d in g s i t  can  be s ta te d  th a t  B eO :L i d e tec to rs  can  be 
u sed  as v ir tu a lly  en e rg y -in d e p en d e n t d e tec to rs  fo r X  a n d  gam m a ra d ia tio n . 
T h e  d e te c tio n  lim it is ~  50 G y, i f  som e p recau tio n s  are  ta k e n : a h e a tin g  ra te  
n o t  exceed ing  10 °C/s a n d  th e  use o f  p la s tic  co a ted  tw eezer.

R e p ro d u c ib ility  is ex ce llen t, ^  2 %  s.d. fo r doses h igher th a n  3 m G y.

The author is indebted to Dr. L. B o r o s  for delivering the detectors and for discussions.
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NEUTRON SENSITIVITY OF SSNTD

L . M e d v e c z k y

INSTITUTE OF NUCLEAR RESEARCH OF THE HUNGARIAN ACADEMY OF SCIENCES 
4001 DEBRECEN, HUNGARY

Various types of solid state nuclear track detectors (SSNTDs) with and without con
verter radiators were irradiated with neutrons of different energy spectra in order to obtain 
information on their neutron sensitivity in beam dosimetry. Track revealing was performed 
by chemical etching. A manual track counting technique was chosen except for the case of 
thin plastic foils, where also automatic spark counting was used.

1. Introduction

T he grow ing n u m b er o f n e u tro n  p ro d u c in g  facilities increases th e  im 
p o rta n c e  of n e u tro n  dosim etry . V arious m e th o d s  are kn o w n  fo r th e  m easu re 
m en t o f n eu tro n s , h u t only few  o f th em  a re  su itab le  fo r ra d ia tio n -p ro te c tio n  
p u rposes. A m ong these  are th e  so lid  s ta te  n u c le a r  tra c k  d e tec to rs  (SSNTDs),. 
w h ich  are also com m only  used  as p e rsonne l n eu tro n  d osim eters [1]. T h e  
SSN TD s are  ch a rac te rized  b y  a n u m b e r o f  ad v an tag eo u s  fea tu re s . T h e y  are  
sm all in  vo lum e an d  generally  in ex p en siv e . SSN T D s have th e  sam e se n s itiv ity  
to  m a n y  orders o f m ag n itu d e  o f  n e u tro n  in te n s i ty  an d  o ffer long periods o f  
in te g ra tio n , p ra c tic a lly  w ith o u t fad in g . T h e y  are p ra c tic a lly  in sensitive  to  
e lec tro m ag n etic  ra d ia tio n  and  l ig h tly  ion izing  charged  p a rtic le s . A t th e  sam e 
tim e  SSN TD s do also have  d isad v an tag es , s im ila rly  to  th e  o th e r  ty p es o f n e u 
tro n  dosim eters. T he sen s itiv ity  o f  SSN TD s depends on th e  en erg y  of th e  n e u 
tro n s ; th e  dose va lu es  from  dosim eters  using SSN TD  can n o t be o b ta in ed  d ire c t
ly ; th e  tra c k  e v a lu a tio n  can he a u to m a te d  o n ly  w ith in  re s tr ic te d  lim its.

F o r th e  d e te rm in a tio n  o f n e u tro n  doses one has to  kno w  th e  n e u tro n  
f lu x  d en sity , th e  energy  sp ec tru m  o f  n eu tro n s  a n d  the  n e u tro n  sen s itiv ity  o f  th e  
d e te c to r . In  th e  p re se n t s tu d y  v a rio u s  ty p es o f  solid s ta te  n u c le a r  tra c k  d e te c 
to rs  w ith  and  w ith o u t co n v erte r ra d ia to rs  h a v e  been ir ra d ia te d  w ith  n e u tro n s  
o f  k n o w n  energy  sp ec tra  an d  k n o w n  n e u tro n  f lu x  densities, a n d  d a ta  o f  th e  
n e u tro n  sen sitiv ities  o f several chem ica lly  e tc h e d  d e tec to rs are  com piled.

2. Experim ental conditions

T he d e tec tio n  o f  n eu tro n s w ith  SSN TD s c a n  be rea lized  w ith  or w ith o u t 
e x te rn a l co n v e rte r  ra d ia to rs . T he ra d ia to rs  can  be  fissile m a te r ia ls  or e lem en ts 
w h ich  p roduce  ch arg ed  partic les th ro u g h  n u c le a r  reac tio n s. I f  no e x te rn a l 
r a d ia to r  is ap p lied , charged  p a rtic le s  a re  p ro d u c e d  from  n u c le a r  reactions a n d  
reco il processes o rig in a tin g  in  th e  d e te c to r  o r  in  m ateria ls  in  its  im m e d ia te  
v ic in ity  [2]. A ll th e se  possib ilities w ere  s tu d ie d  b y  th e  a u th o r.
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Table I
Types of SSNTDs studied and their etching conditions

D etector
Thickness (/0)

t"ml Etching  conditions

Cellulose nitrate KODAK LR115 I 
(Kodak-Pathé, France) 6

Cellulose nitrate KODAK LR115 II 
(Kodak-Pathé, France) 12 2.5 N NaOH, 60 °C, 90-140 min

Cellulose nitrate KODAK LR115 IB 
(Kodak-Pathé, France) 6

Cellulose nitrate KODAK LR115 IIB 
(Kodak-Pathé, France) 12

Cellulose nitrate KODAK LR115 II 
stripable (Kodak-Pathé, France) 12 2.5 N NaOH, 60 °C, 120 min

Cellulose nitrate KODAK CA 80-15 
(Kodak-Pathé, France) 100 2.5 N NaOH, 60 °C, 15 min

Cellulose nitrate KODAK CA 80-15 IB 
(Kodak-Pathé, France) 100 2.5 N NaOH, 60 °C, 15 min

Polycarbonate LEXAN (General 
Electric, USA) 250 4.24 N KOH, 60 °C, 45 min

Polycarbonate MAKROFOL E If irradiated without
(Bayer, FRG) 200 radiator: PEW (15 g  KOH +  40 g

Polycarbonate MAKROFOL KG 
(Bayer, FRG) 14

C2H5OH -1- 45 g II ,0), 70 °C, 
20 min

6.9 N KOH, 60 °C, 90 min
Polyethylene terephthalate MELINEX 0  

(ICI, UK) 100 6.9 N KOH, 60 °C, 45 min

Muscovite mica 100-300 40% HF, 22 °C, 150-600 min

T he ty p e s  o f  SSN TD s used , an d  th e  chem ical e tch in g  cond itions a d o p te d  
a re  p re sen ted  in  T ab le  I .  (N o tab le  re su lts  w ere  o b ta in ed  also  b y  e lectrochem ical 
e tc h in g  fo r n e u tro n  d e te c tio n  a t  th is  I n s t i tu te ,  e.g. [3, 4 ].) The L R  115 ty p e  
cellu lose n i t r a te  d e tec to rs  w ere e tch ed  s tepw ise . Before a n d  a fte r  each p h ase  of 
e tc h in g  th e  th ick n ess  o f  th e  foils w as m easu red  w ith  a  352/403 ty p e  T E S A  
m ad e  in s tru m e n t. T he accu racy  o f th ic k n e ss  m easu rem en ts  was b e t te r  th a n  

0.1 fim.
T he tra c k s  revealed  w ere coun ted  m a n u a lly  using  a p ro jec tio n  m icroscope 

w ith  a m ag n ifica tio n  o f  500 X fo r all d e te c to rs  excep t M akrofo l K G  a n d  L R  115 
s tr ip p in g  film , w here a u to m a tic  sp a rk  c o u n tin g  w as u sed . In  th e  L R  ty p e  
d e te c to rs  in  v isu a l e v a lu a tio n  on ly  th e  e tc h e d  th ro u g h  tra c k s  (holes) w ith  
d iam e te rs  o f  ]>  2 fim  w ere accep ted  fo r co u n tin g .

T he ir ra d ia tio n  o f  th e  d e tec to rs  w as perfo rm ed , in  ev e ry  case, p e rp e n d i
c u la r ly  to  th e ir  su rface . T he d e tec to rs  w ere ir ra d ia te d  in  free a ir a t  th e  n e u tro n  
g e n e ra to r  o f  I n s t i tu te  o f  N u c lea r R esearch , D ebrecen , a n d  also in  th e  bio logical 
ir ra d ia tio n  fa c ility  [5], b u ilt  in to  a h o riz o n ta l ch an n e l o f  a W W R -SM  ty p e  
re a c to r  a t  th e  C en tra l R esea rch  I n s t i tu te  fo r P hysics, B u d ap es t. T he n e u tro n  
b e a m  o f th e  re a c to r  w as f il te re d  b y  1 cm  B 4C an d  70 o r 145 m m  Bi [6]. I n  case 
o f  145 B i a 165 m m  p o ly e th y len e  f i l te r  w as also used  in  p a r t  o f th e  ir ra d ia tio n .
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L R  115 ty p e  cellulose n i t r a te  d e tec to rs  w ere  ir ra d ia te d  also  in  th e  w a te r  
t a n k  o f th e  A P S A R A  sw im m ing  pool re a c to r  a t  B h ab h a  A tom ic  R esea rch  
C en tre , B o m b ay  in  d ifferen t po sitio n s w ith  a n d  w ith o u t an  a lu m in iu m  f i l te r  
in  o rd e r to  o b ta in  fo u r d iffe ren t n e u tro n  en e rg y  sp ec tra  [7].

R eference n e u tro n  flu x  d en sities a t  th e  ir ra d ia tio n  positions w ere m e a su r
ed  w ith  a c tiv a tio n  d e tec to rs (go ld , su lphur), c a lib ra te d  fission  tr a c k  d e tec to rs . 
In  th e  reac to r  ex p erim en ts  also B o n n er spheres w ere s im u ltan eo u sly  ir ra d ia te d  
[6, 8].

As fissile co n v e rte r  ra d ia to rs , th ick  u ra n iu m  m eta l a n d  th ic k  T h-232 , 
as a lfa  p ro d u c in g  rad ia to rs  n a tu ra l  boron  c o n v e rte r  (K o d ak  B N 1) or В ty p e  
K o d a k  cellulose n i t r a te  were a p p lied . These ty p e s  of d e tec to rs h av e  on one side 
a rem o v ab le  l i th iu m  te tra b o ra te  co n v erte r screen . In  all ex p e rim en ts  also 
u n ir ra d ia te d  d e te c to rs  were rev ea led  and  th e  b ack g ro u n d  tr a c k  densities w ere 
e v a lu a te d  u n d e r id en tica l co n d itio n s. (F u r th e r  d a ta  of e x p e rim en ta l cond itions 
can  be found  in  th e  papers re fe rred  to , excep t d a ta  of ex p erim en ts  w ith  В an d  
L i2B 40 7 ra d ia to rs , w hich  will be p u b lish ed  elsew here a t  a la te r  d a te .)

3. Experim ental results

T he n e u tro n  sen s itiv ity  in  case of SSN TD s m eans th e  tr a c k  d en sity  p ro 
d u c e d  b y  one n e u tro n . I f  SSN TD s covered w ith  th ic k  fissile e x te rn a l ra d ia to rs  
a re  u sed  th e  n e u tro n  flu x  densities (Ф, c n i^ 2 s“ 1) can  be ca lcu la ted  [9] from

1.16 X 10 ~5.<r.i

Table II
Neutron sensitivities of detectors with fissile radiators.

(Data obtained from spark couting evaluation are marked with asterisk)

Type of detector

N eutron  sensitivities

Average energy of the  neutron spectrum  [MeV] N eutron  energy [MeV]

1.44 1.45 1.7 2.4 14

Mica -f- U 8.6 x 1 0 -« 3.5x10-«
MELINEX 0  +  U 8.6 x 1 0 -« 3.5X10-«
MELINEX 0  +  U *1.7X10-«
MAKROFOL E +  U 2.6X10-«
MAKROFOL KG +  U 3 .3 x 1 0 -' *1 .2x10-«

Mica +  Th 6 .3 x 1 0 -’ 5.8x10-«
MELINEX 0  +  Th 4.7X10-«
MELINEX 0  +  Th *3 x i o - «
MAKROFOL E +  Th 5 .3 x 1 0 -’ 4 .9X 10-’ 5.1x10"«
MAKROFOL KG+Th *4.2x10-’ *3 .3x10-’ *2.3x10-«
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Table II I

N eutron sensitivities of detectors w ith non-fissile radiators

N eutron sensitivities

Type of detector
Average energy of the 

neutron spectrum 
[MeV]

N eutron energy 
[MeV]

1.44 1.7 14

LR 115 IB 1 .5x10- 5 2.8 X l0 “5
LR 115 I1B 2.8 X 10- 5 CO X о 1 tn

CA 8 0 -1 5  IB 2 .4x10 - 4 5.2 X 10-5
LR115 II +  Li2B40 , 2 X10-5 3.4x 10~5
LR115 II -f  В to X о 1 2.5 X 10-5
MAKROFOI. E +  I,i2B40 , 4.4 X 10“ 4
MAKROFOL E +  B 1.3X 10~3

w here  T j  is th e  fission  tra c k  d e n s ity  ( tra c k  cm -2) on  th e  SSN TD , a is th e  ave
rag e  fission  cross sec tio n  (cm -24) [10] ca lcu la ted  in  re a c to r  ex p erim en ts  on the  
basis  o f th e  n e u tro n  sp ec tra  [8], t is th e  tim e o f ir ra d ia tio n  (s). I f  Ф, a , t a re  
k n o w n , one can  ca lcu la te  n e u tro n  se n s itiv ity  from  th e  m easu red  tr a c k  den sity . 
T h e  re su lts  o f  o u r m easu rem en ts  are  p re se n te d  in  T ab le  I I .  T he n e u tro n  sensi
t iv i t ie s  o f  d e te c to rs  w ith  non-fissile  ra d ia to rs  are  m easu rab le  in  a s im ila r  w ay . 
T h e  re su lts  can  be fo u n d  in  T ab le  I I I .

T he s e n s it iv ity  o f L R  115 ty p e  reco il d e tec to rs  dep en d s o n n e u tro n  energy  
(E n, MeV) a n d  th e  m easu red  th ic k n e ss  of th e  foil b efo re  (i0, pm ) a n d  a fte r  
(l, p m ) e tch in g  a n d  i t  can  be g iven [11, 12] b y  th e  exp ression

S(E ) =  (ml +  cl0)
' K
E n

w h ere  m  =  — 1.7 • 10~8 an d  c =  8.115 -1 0  9, к w as fo u n d  to  be 2 .25 , b u t it 
w as m od ified  la te r  [13] to  к =  2 .2, E a — 1 MeV.

Table

N eutron sensitivities of LR115 type cellulose nitrate

Type of detector

N eutron

Average energy of the

0.832 0.835 0.909 1.42

LR115 I min
max

LR115 II min 1.9X10-7 2 .1 x 1 0 -’ 1.5X10-» 3.2x10-»
m ax 2.1 x i o - 7 2.2x 10-7 2.1x10-» 4 .7 x 1 0 - ’
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T hen , fo r a given n e u tro n  sp ec tru m  Ф(Е):

S =
P ’S(E) Ф(Е) dE

J £,______________

| Ег Ф(Е) dE

w h ere  E1 an d  E., are th e  lim its  of the  n e u tro n  energy ra n g e  w here f lu x  d en sity  
is to  be d e te rm in ed . T he n e u tro n  flux  d en sitie s  for a g iv en  residual la y e r  th ic k 
ness (l) can  be o b ta in ed  fro m  th e  averaged  sen s itiv ity  (S) a n d  from  th e  m easu red  
hole densities (T{, holes ■ c m '2) by  the  fo rm u la

Фсы =  Tr s - i - t

T h e  se n s itiv ity  values m easu red  a t v a rio u s  n eu tro n  e n e rg y  spectra  can  be  seen 
in  T ab le  IV .

T he sen sitiv ities o f  d e tec to rs  w ith o u t ra d ia to r  can  be  ca lcu la ted  fro m  the  
m easu red  tr a c k  an d  f lu x  d e n s ity  values. T hese  values a re  va lid  only fo r  a well 
d e fin ed  tra c k  revea ling  process (Table I) . T h e  m easured  sensitiv ities ca n  be  seen 
in  T ab le  У.

Table V

N eutron sensitivities of detectors without rad ia to r

Type of detector

N eutron sensitivities

A verage energy of the neu tron  spectrum Neutron energy MeV

1.44 1.45 1.7 2.4 14

CA 80 -15 2.3 X  10-5 1.4x 10~5 2 .6 x l0 " ä 4.5 X  10~5
LEXAN 8.6 X  10“5
MAKROFOL E 4.1 X lO“ 6 5 x lO -5 4.9x 10-5 8.4 X  10~5
MELINEX О 0.9 x lO " 5

1У

detectors w ithout external rad iator

sensitivities

neu tron  spectrum  [MeVJ N eu tron  energy [MeV]

1.44 1.45 1.7 2.4 14

2.3X 10~7 
6.9 X 10“7

1.4 X 10-7 
2 X lO -7

0.5 X  io ~ 5 
1 x lO - 5

1.8 X 10~7 
6.9x 10-7

1.3 X  10~7 
4.1 X  10~7

1.6 + 1 0 - 7 

6.9x 1 0 “ 7

2 X lO - 7 
7 XlO“7

0.5 X 10~5 
3 XlO“5
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V .  E N V I R O N M E N T A L  M O N I T O R I N G

C HA IRM EN: H. A IG IN G E R , L. M EDVECZKY

U M G E B U N G S Ü B E R W A C H U N G  B E Z Ü G L I C H  
Ä U S S E R E R  S T R A H L U N G  -  G E R Ä T E  

U N D  M E S S R E S U L T A T E

E .  T SC H IR F  u n d  N . V A N A

A TOM INSTITUT D E R  Ö ST E R R E IC H ISC H E N  U N IV ERSITÄ TEN  
A-1020 W IE N , Ö ST E R R E IC H

Zwei verschiedene M ethoden werden für die Messung des Strahlungsfeldes in  der 
Umgebung des T R IG A -R eaktors des A tom institu ts der Ö sterreichischen U niversitäten  ab 
geschrieben. Die Dosismessungen wurden m it GM -Zähiröhren (Typ BZ-120) bzw. m it T L- 
D etektoren (C aF2 : Dy und UiF : Mg,Ti) durchgeführt. Die Messergebnisse sind fü r den  
Z eitabschnitt 1979 April — 1981 A ugust zusam m engefasst.

1. A n fo rd e ru n g en  a n  die M esse in rich tu n g en

In  d e r U m gebung  des F o rsch u n g sreak to rs  T R IG A  M ark  I I  b e s te h t die 
M öglichkeit, dass bei S tra h lro h rv e rsu c h e n  eine E rh ö h u n g  des Pegels d e r  U m 
w e lts tra h lu n g  auch  au sse rh a lb  der R e a k to rh a lle  a u f tr i t t .  E s  is t d ah er fü r  die 
S icherheit v o n  P erso n en , die sich am  R a n d  des In s titu tsg e lä n d e s  a u fh a lte n , 
w ich tig , die a u f tre te n d e  S tra h lu n g  d a u e rn d  zu  reg is trie ren . In  d ieser A rb e it 
sollen die M ethoden  u n d  R e su lta te  bei d e r K on tro lle  v o n  P h o to n e n s tra h lu n g  
a u f  dem  G elände des A to m in s titu ts  b e sch rieb en  w erden.

Die einzelnen, an  d en  M esstellen a u ftre te n d e n  S trah lu n g sk o m p o n e n te n  
sind  in  d e r A bb. 1 sch em atisch  d a rg e s te llt. Zu b e rü ck sich tig en  sind  d a b e i:

1.1. Die natürliche Umweltstrahlung

Diese w ird  üb licherw eise  in  zwei K o m p o n en ten  u n te r te i l t :
1.1.1. Die terrestrische Strahlung. Sie b e s te h t in  d e r H a u p tsach e  au s d e r  

G am m astrah lu n g  von  N u k lid en  d er 238U u n d  232Th Serie sowie von 40K . Ih re  
D osisle istung  sch w an k t in  Ö sterre ich  e n tsp rech en d  dem  geologischen A u fb a u  
des U n te rg ru n d es  zw ischen  w eniger als 20 n S v /h  und  0,4 ц S v /h  [1]. Im  B ere ich  
des A to m in s titu ts  is t m it einem  m ittle re n  W e r t  von  e tw a 50 nS v /h  zu re c h n e n .

D as E n e rg ie sp e k tru m  der te rre s tr isc h e n  S trah lu n g  re ic h t von  e tw a 80 keV  
bis ü b e r 2.0  MeV; besondere  B ed eu tu n g  h a b e n  E n erg ien  ü b e r 0.1 MeV. D ie 
te rre s tr isc h e  K o m p o n en te  zeig t n u r  geringe zeitliche S chw ankungen , die v o n  
m eteoro log ischen  E in flü ssen  ab h än g ig  s in d . So is t bei E in se tz e n  v o n  R e g e n  
m eist e in  deu tliches A n ste ig en  des S trah len p eg e ls  zu b e o b ach ten . A n d e re rse its
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Reaktorphotonen (einige 10 nGy/h)J----

kosmische
Komponente (Myonen) 

(3 S h S v )

in r nSv \ natürliche V9 '  h '  Umweltstrahlung
i

(50-2SV)
terrestrische 

Komponente (Photonen)

Abii. 1. An der Sonde der Messtelle auftretende Strahlungskom ponenten und  ihre Dosisleistung
in der U m gebung des A tom institutes.

w ird  du rch  die A nw esenheit e iner S chneedecke die te rre s tr isc h e  S tra h lu n g  
m erk lich  gesch w äch t. Die versch ied en en  m eteoro log ischen  E inflüsse bed in g en  
e inen  k le inen , a b e r  s ig n ifik an ten  Jah re sg a n g , w obei im  S o m m er die M axim a 
u n d  im  W in te r  die M inim a d e r D osisle istung  gem essen w erden .

In  den  J a h re n  1959 bis 1962 k o n n te n  lange an d au e rn d e  E rh ö h u n g en  der 
te rre s tr isc h e n  S trah len k o n ip o n en te  fe s tg e s te llt w erden, die d u rch  den fa ll-o u t 
d e r  K ern w affen v ersu ch e  h erv o rg eru fen  w o rd en  w aren. Seit einigen J a h re n  ist 
diese zu sä tz lich e  S trah lu n g  w ied er sow eit abgek lungen , dass p rak tisch  n o rm ale  
V erh ä ltn isse  he rrsch en .

1.1.2. Kosmische Strahlung. Die b io log isch  re lev an te  W irkung  d er die 
E rd o b e rflä ch e  tre ffen d en  kosm ischen  S tra h lu n g  b e ru h t h au p tsäch lich  a u f  
h o ch en e rg e tisch en  M yonen (E  > 1 0  MeV), zu  einem  k le in e ren  Teil au ch  a u f  
N eu tro n en - u n d  P h o to n e n s tra h lu n g .

Das D o sis le is tu n g säq u iv a len t h ä n g t v o n  d er Seehöhe u n d  der g eo g rap h i
schen  B re ite  a b ; es b e trä g t im  B ereich des A to m in s titu ts  (160 m SH ) e tw a  
35 nS v /h  [2]. S ch w ankungen , zum  B eispiel d u rch  die S o nnenfleckenperiode , 
ve rb le ib en  in  d iesen  tiefen  L u ftsch ich ten  u n te r  %  10%  [2].

1.2. Zusätzliche Strahlung durch E inw irkung des Reaktors

D er in  d e r  R eak to rh a lle  in s ta llie r te  T R IG A  M ark I I -R e a k to r  m it e iner 
H ö c h s tle is tu n g  v o n  250 k W  v e ru rsa c h t bei d e r  D u rch fü h ru n g  von S tra h lro h r 
v e rsu ch en  a u c h  ausserhalb  des G ebäudes geringe V erän d eru n g en  der U m g e
b u n g ss tra h lu n g . D ie aus dem  R e a k to r  a u s tre te n d e  P h o to n e n s tra h lu n g  b e s te h t 
h a u p tsä c h lic h  aus der beim  S paltp rozess e n ts te h e n d e n  p ro m p te n  G a m m a s tra h 
lu n g , deren  S p e k tru m  beim  D u rch g an g  d u rc h  A b sch irm m ateria lien  v e rä n d e r t  
w ird . Die m itt le re  E nerg ie d ieser S trah lu n g  lieg t im  B ere ich  v o n  1 bis 2 MeV. 
E in  gew isser B e itra g  w ird  ausserdem  v o n  (n , y )-E in fan g reak tio n en  geliefert, 
w obei einige h o chenerge tische  L inien  (E  b is ü b e r 10 MeV) zu  b erücksich tigen  
s in d .

Acta Physica Academiae Scienliarum Hungaricae 52, 1982



UM GEBUNGSÜBERW ACHUNG BEZÜG LICH  Ä U SSER ER  STR A H LU N G 365

1.3. Anforderungen an das Messystem

Die M essein rich tung  soll im stan d e  se in , die k le inen  S ch w an k u n g en  d e r 
n a tü rlic h e n  S tra h lu n g  im  B ere ich  von  i  Ю n S v /h  noch  n achzuw eisen . Sie soll 
a u f  P h o to n e n  m it E nerg ien  v o n  e tw a  0.1 M eV a n  m öglichst e n e rg ieu n ab h än g ig  
ansp rechen  u n d  en tw ed e r die D osisle istung  in  b e s tim m te n  In te rv a lle n  re g i
s trie ren  oder die ak k u m u lie rte  Dosis anzeigen.

2. D e tek to ren  fü r  die U m g eb u n g sstrah lu n g
»

A us d en  zah lre ichen  fü r  diesen M esszw eck geeigneten  M öglichkeiten  h a 
ben  die A u to ren  zwei S ystem e ausgew äh lt, d ie fü r  D au erm essu n g en  im  F re ie n  
ta u g lic h  sind  u n d  neben  au sre ich en d en  rad io m e trisch en  E ig en sch a ften  a u c h  
re la tiv  e in fach  rea lis ie rb a r s ind :

Z ur M essung der D osisle istung  w urde ein  hochem pfind liches G eiger— 
M ülle r-Z äh lroh r m it a u to m a tisc h e r  R eg is trie re in rich tu n g  vorgesehen ; zu r 
E rm ittlu n g  d er ak k u m u lie rte n  D osis an  b e s tim m te n  M esstellen  w urden  T h e r- 
m o lum ineszenz-D osim eter v erw en d e t.

2.1. M essung der Umweltstrahlung m it einem GM-Zählrohr

Die v o n  einem  Z äh lro h r abgegebene Im p u ls ra te  se tz t s ich  aus drei K o m 
p o n en ten  zusam m en :

Iges —  I e d-  l y  ~b fkosm,

wo f ges die G esam tim p u lsra te  (s~]), I e die E ig en im p u lsra te  des Z äh lroh res 
(s_1), I 7 die Im p u ls ra te  d u rch  te rres trisch e  u n d  künstlich e  G a m m a stra h lu n g  
(s-1 ) u n d  Jk0smdie Im p u ls ra te  d u rch  die kosm ische S trah lu n g  (s -1 ) b eze ichnet.

B ei d er K a lib rie ru n g  v o n  Z äh lroh ren , m it denen  seh r k le ine  D osisleis
tu n g e n  gem essen w erden  sollen , b e s te h t die S chw ierigkeit, d ass  die E ig en im 
p u ls ra te  I e u n d  das A nsp rechverm ögen  a u f  die kosm ische S tra h lu n g  z u n ä c h s t 
n ic h t b e k a n n t sin d , w äh ren d  das A nsp rechverm ögen  a u f  G a m m astrah lu n g  
re la tiv  e in fach  e rm itte lt  w erd en  k an n . D u rch  M essungen m it dem  Z äh lro h r 
ü b e r W asserfläch en  in  u n te rsch ied lich er Seehöhe, ü b e r den en  die te rre s tr isc h e  
K o m p o n en te  v e rn ach lässig t w erden  k an n , is t I e u n d  Jkosm b e s tim m b a r, d a  die 
H ö h en ab h än g ig k e it der kosm ischen  S trah lu n g sd o sis le is tu n g  g u t b e k a n n t is t .

E in e  w eitere  M öglichkeit zu r K a lib rie ru n g  v o n  Z äh lro h ren  fü r  die U m 
w e lts tra h lu n g  sin d  V erg leichsm essungen  m it e in e r  als Q u a s i-S e k u n d ä rs ta n d a rd  
d ienenden  Io n isa tio n sk am m er in  G ebieten  m it versch iedenen  P egeln  fü r  die 
U m w elts trah lu n g , w obei au ch  m öglichst un te rsch ied lich e  H ö h en lag en  e in b e 
zogen w erden  so llten . A bb. 2 ze ig t V ergleichsm essungen des h ie r  v e rw en d e ten  
Z äh lrohres BZ 120 m it e iner H o ch d ru ck -Io n isa tio n sk am m er d e r  T y p e  R SS 111
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Abb. 2. Vergleichsmessungen zwischen der H ochdruckionisationskam m er RSS 111 und einem 
Zählrohr BZ 120 bei unterschiedlichen Pegeln natürlicher Strahlung.
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Abb. 3. Messung der Gammadosisleistung in  der Umgebung der R eaktorhalle bei B etrieb des 
T R IG A  m it einer D ruckionisationskam m er RSS 111 und  einem  Zählrohr BZ 120.

bei n a tü r lic h e r  S tra h lu n g , A bb. 3 im  B ereich  d er S trah lu n g  des T R IG A - 
R e a k to rs .

D as  M essverfahren  b e ru h t a u f  d e r R eg is trie ru n g  d er jew eils b is zu r 
A u fsu m m ieru n g  von  104 Im p u lsen  v e rg an g en en  Z eit. D ieses V erfah ren  sich e rt 
eine v o n  d e r Im p u ls ra te  unab h än g ig e  s ta tis tisc h e  S ch w an k u n g  des M essw ertes.

W e ite re  D a ten  fü r  das Z äh lro h r BZ 120 s in d : E ig en zäh lra te  =  
100 Im p /m in ; E m p fin d lic h k e it fü r die n a tü r lic h e  U m w elts trah lu n g  (te rre s tr isc h e

, , . , T<r . 2760 Im p /m in  Г 24 Im p /m in
u n d  kosm ische  K o m p o n en te ) = --------—— ------- • -------- ----------  •

/Æ-y/h L J u R /h .
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2.2. Thermolumineszenz-Dosimeter zur M essung der Dosis der Umweltstrahlung

B estim m te  F e s tk ö rp e r  k ö n n en  n a c h  A nregung  m it ion is ie ren d er S tra h 
lu n g  einen  Teil d e r A nregungsenerg ie  speichern . D u rch  Z u fu h r w e ite re r  E nerg ie  
k a n n  n ach  d er A nregung  diese gespeicherte  E nerg ie  als L ich t fre ig ese tz t w er
den . E rfo lg t diese nochm alige A n reg u n g  du rch  W ärm ezu fu h r, so sp r ic h t m an  
v o n  T herm olum ineszenz. Bei den in  d er T herm olum ineszenz-D osim etrie  v e r
w en d e ten  P h o sp h o ren  is t die e m ittie r te  L ic h tin te n s itä t  p ro p o rtio n a l d er bei 
d er A nregung  ab so rb ie rten  D osis. T herm olum ineszenz-D osim eter (TLD ) 
w erd en  h eu te  in  d e r P e rso n en d o sim etrie , in d er m ed izin ischen  u n d  in  der 
U m w eltd o sim etrie  e ingesetz t.

2.2.1. TLD -System . Z ur M essung d e r U m w eltdosis w urden  zwei P h o sp h o 
re, näm lich  L iF :M g,T i (TLD -100, F irm a  H arshaw ) u n d  C aF 2:D y (T L D -200, 
F irm a  H arsh aw ) v e rw en d e t. D ie A u sw ertu n g  der T L D ’s erfo lg te m it e in e r  m odi
f iz ie rte n , p ro g ram m ie rb a ren  EG  & G -A nlage, b e s teh en d  aus 2025A R e a d o u t, 
2020A  U niversa l R e a d  H e a d  u n d  1020A P ro g ram m er. D ie K a lib rie ru n g  d er

D o sim ete r (chips —” x  — ” x 0 .3 5 )  erfo lg te  im  S trah lu n g sfe ld  einer 3.11 G B q 
4 4

60Co-Q uelle. D ie m it dem  v e rw en d e ten  T L D -S y stem  erre ich te  u n te re  N ach 
w eisgrenze lag  fü r  T L D -100 bei 8.7 n G y  u n d  fü r T L D -200  bei 0.6 /iG y.

2.2.2. Durchführung der Messungen. V or dem  B eg inn  der e ig en tlichen  
M essung — dem  A n b rin g en  der D o sim ete r an  den e n tsp rech en d en  M esstellen  
(TL-A , T L -B ), A bb . 4 , im  G elände des A to m in s titu ts  — w urde ein  T eil der 
ge re in ig ten  u n d  au sg eh e iz ten  D o sim eter m it einer d e fin ie rten  Dosis b e s tra h lt. 
D ie B e s tra h lu n g  erfo lg te  in  v e rsc h ra u b te n , l ic h td ic h te n  K u n s ts to ffb e h ä lte rn , 
die au ch  fü r  die M essungen  im  G elände v erw endet w u rd en . In  diesen K ap se ln  
(H öhe 92 m m , D u rch m esse r 35 m m , W a n d s tä rk e  1.8 m m ) w u rd en  10 D o sim ete r 
in  2 R e ih en  zu 5 S tü c k  in  S ch au m sto ff g e b e tte t e in g eb rach t.

N ach  der B e s tra h lu n g  w u rd en  5 d e r b e s tra h lte n  D o sim eter aus d e r  K apse l 
en tn o m m en  u n d  d u rch  5 ausgeheizte , u n h e s tra h lte  e rse tz t , w obei die A n o rd 
n u n g  so w ar, dass im m er neb en  einem  u n b e s tra h lte n  e in  b e s trah lte s  D o sim ete r 
lag . A nsch liessend  w u rd en  die K ap se ln  an  die M esstellen g eb rach t u n d  a n  einem  
B a m b u ss ta b  1 m  ü b e r  dem  E rd b o d en  beziehungsw eise an  dem  G M -Z ählrohr 
(TL-A ) b e festig t.

N u n  w urde  so fo rt d er L eerw ert (LW ) der u n b e s tra h lte n  D o sim ete r be
s tim m t u n d  die b e s tra h lte n  D osim eter ausg ew erte t. D a ra u s  k o n n te  fü r  jed e  
K ap se l e in  K a lib rie ru n g sfa k to r K j  b e s tim m t w erden:

K f
I q - L W

Do

Im p
m G y

wo I 0 d ie Im p u lse  d e r T L  d er m it der d e fin ie rten  D osis D 0 b e s tra h lte n  D o sim ete r 
b eze ich n et.
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3. M essergebnisse

D ie Skizze in  A bb . 4 zeig t die A n o rd n u n g  d er einzelnen  M esstellen a u f  
d e m  G elände des A to m in s titu ts . D as G M -Z ählrohr u n d  die Sonde T L -A  w urden  
a n  d e r  Stelle d e r h ö c h s te n  S tra h le n b e la s tu n g  in  d e r  U m gebung d e r R eak to rh a lle  
in s ta ll ie r t ,  w ä h re n d  die Sonde T L -B  in  einem  G eb ie t m it n u r  n a tü r lic h e r  S tra h 
lu n g  zu r A u fs te llu n g  kam .

K l e i n g ä r t e n

и

A b b .  5 .  Monatsmittelwerte für die natürliche Umweltstrahlung (bei abgeschaltetem Reaktor) 
auf dem Gelände des Atominstitutes der Österr. Universitäten.
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3.1. Messresultate mit dem Zählrohr

Zu S tu d ie n  ü b er ze itab h än g ig e  V erän d eru n g en  d e r  n a tü rlic h e n  U m w elt
s tra h lu n g  w u rd e n  m ittle re  M essw erte v o n  T agen  herangezogen , an  d en en  d e r 
R e a k to r  n ic h t in  B etrieb  s ta n d . In  A bb . 5 is t deu tlich  d e r jäh rlich e  G ang  fü r  
die D osisle istung  zu e rk en n en , die im  S o m m er ein M ax im um  und  im  W in te r  
ein  M inim um  aufw eist. D ieser E ffek t is t  be i M essungen, die in  G eb ie ten  m it 
lan g  a n d a u e rn d e n  Schneelagen  (A lpen, S kand inav ien ) d u rch g e fü h rt w u rd en , 
noch  w esen tlich  d eu tlich e r ausg ep räg t. E r  d ü rfte  e inerse its  au f die h äu fig en  
R egenfälle  im  Som m er zu rü ck zu fü h ren  se in , bei denen  d u rc h  A usw aschungs
effek te  im m er w ieder ra d io a k tiv e  F o lg ep ro d u k te  des R a d o n  a u f  die E rd o b e r
fläche  tra n s p o r t ie r t  w erden . Im  W in te r  w irk t die S chneedecke ab sch irm en d , 
ausserdem  k ö n n te  die D iffusion  von  R a d o n  in  den o b ers ten  E rd sch ich ten  d u rch  
F ro s te in  W irkung b eh in d e rt w erden . B ei e inem  J a h re s m itte l  von  70.64 bezie
hungsw eise 70.56 nG y/h  fü r  1979 b e tru g  1980 die S om m ersp itze  73.17 ( +  3 ,6% ) 
beziehungsw eise 73.34 n G y /h  (-f- 3 .9 % ). D as w in te rliche  M inim um  b e tru g  
1979/1980 67.6 n G y/h  ( -  4 .2 % ) u n d  1980/81 67.86 n G y/h  ( -  3 .7% ).

A bb . 6 zeig t den ty p isc h e n  V erlau f d er D osisle istung  bei E in se tzen  v o n  
R egen . N ach  einer lan g en  S ch ö n w ette rp e rio d e  se tzte  am  19. Ju li  1981 z u n äch s t 
le ich te r R eg en  ein, der e in  geringfügiges A nsteigen  des S trah lungspege ls um  
e tw a  10.4 n G y /h  bew irk te . D e r um  den M itta g  dieses T ages a u ftre ten d e  s ta rk e  
R egenfall e rh ö h te  die D osisle istung  in n e rh a lb  von e tw as m eh r als 4 S tu n d e n  
u m  40.9 n G y /h  (-f- 45% ). N ach  dem  A usw aschen  der A tm o sp h ä re  k lin g t je d o c h  
die a u f d er E rd o b erfläch e  abgelagerte  R a d io a k tiv tä t  w egen  der k u rzen  H a lb 
w ertsze iten  d er R ad o n fo lg ep ro d u k te  re la t iv  rasch  w ieder a b ; n ach  ein igen S tu n 
d en  is t d e r u rsp rü n g lich e  W e rt w ieder e rre ic h t.

Bei d e r  A usw ertung  v o n  M essungen d er U m g eb u n g sstrah lu n g  is t  d a h e r  
die K o rre la tio n  zu  m eteoro logischen  D a te n  überaus w ich tig , um  n a tü r lic h e

19. Juli 1981

Abb. 6. Typischer V erlauf der Dosisleistung der natürlichen  U m w eltstrahlung an einem  Tag
m it starken Niederschlägen.
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Abb. 7. Dosisleistung an der Zählrohrmesstelle an  einem  Tag m it R eaktorbetrieb .

Tabelle I
N atürliche Strahlungdosis und  B eitrag von R eaktorphotonen (l,u R  =  8,7nGy)

J a h r

M ittlere
Dosisleistung

(gesamt)

M ittlere 
Dosisleistung 
(nat. Strahlg.)

Beitrag 
des Reaktors

nG y/h nG y/h nG y/h ííG y/a

1979 80.0 71.3 8.7 76.2
1980 78.3 70.5 7.8 68.6

V orgänge v o n  d en  E ffek ten  k ü n s tlic h e r S trah len q u e llen  u n te rsch e id en  zu  
k ö n n en .

A bb. 7 ze ig t den  V e rla u f d e r D o sis le istung  an  d er Z äh lroh rsonde b e i 
B e tr ieb  des R e a k to rs . Die H ö h e  der zu sä tz lich en  S trah len b e la s tu n g  h ä n g t 
n a tü r lic h  v o n  d e r R ea k to rle is tu n g  u n d  den  ex p e rim en te llen  B ed ingungen  ab . 
D ie T abelle  g ib t e inen  Ü b erlick  ü b e r  die d u rc h  den R e a k to r  b ew irk ten  j ä h r 
lich en  D osiserhöhungen  an  d e r M esstelle.

3.2. Messresultate mit den TL-Dosimetern

N ach  B eend igung  d er M essperiode w u rd e n  die D o sim e te r au sg ew erte t • 
D a  w äh ren d  d e r M essperiode die K ap se ln  u n d  dam it au c h  die D o sim eter 
u n te rsc h ie d lic h e r S o n n en b estrah lu n g  u n d  versch ieden  h o h en  T e m p e ra tu ren  
au sg ese tz t w a ren , m usste  eine F a d in g k o rre k tu r  d u rc h g e fü h rt w erden. D e r  
F a d in g fa k to r  e rg ab  sich zu:

wo I 0 die T L -Im p u lse  d er m it D 0 b e s tra h lte n  D osim eter, I  d ie T L -Im pu lse  d e r  
b e s tra h lte n  D o sim ete r n ach  d e r  M essperiode, I u die T L -Im p u lse  der u n b e- 
s tra h lte n  D o sim ete r n ach  d er M essperiode, u n d  L W  den L ee rw ert der D o sim ete r 
b eze ichnet.
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Tabelle П
Messergebnisse der TL-Dosim eter und  Vergleich m it dem  Z ählrohr in  nG y/h (1/«R =  8,7 nGy)

TLD-200 TLD-100 Zählrohr

TL-A TL-B TL-A TL-B (am O rt TL-A)

81-05-15
81-05-25

78.8 ±  13% 83.5 ±  12% 78.3 ±  50% — 76.6

81-06-02
81-06-15

82.1 ±  21% 78.7 ±  23%
80.7 ±  27 X

101.8 ±  40% 69.2 ±  40% 79.2

81-06-19
81-07-06

88.9 ±  30% 
] .5 mmCu

75.3 ±  25%

89.6 ±  25% 
1.5 mmCu 

61.8 ±  23%

74.8

Die m ittle re  D osisle istung  e rg ib t sich n u n  zu:

K jT

T  b e d e u te t die D a u e r  der M essperiode in  S tu n d en . M ittle re  D osisle istung  in  
n G y /h  =  Î).

D ie D au er d e r  B estrah lu n g sp erio d en  lag  zw ischen 240 h  u n d  410 h , die 
G esam tdosis  zw ischen  17 /tG y u n d  3,5 /tG y. D a die u n te re  N achw eisgrenze 
v o n  T L D -100 bei 1,7 fiGy liegt, t r e te n  bei d er B estim m u n g  d er U m w eltdosis in  
so k u rz e n  Z e iträu m en  grosse F e h le r  auf. E in e  V erw endung  dieses D osim eter- 
ty p e s  bei E xpositio n sze iten  v o n  u n te r  drei M onaten  e rsch e in t d a h e r n ich t 
sinnvo ll.

4. D isk u ssio n  der E rgebn isse

D ie E rgebn isse  m it den T L D ’s zeigen z u n ä c h s t einen e tw as h ö h eren  W ert 
als bei den  M essungen  m it dem  Z äh lro h r. D ies w urde  teilw eise a u f  die s ta rk e  
E n e rg ieab h än g ig k e it der T L D -200 zu rü ck g e fü h rt. So ze ig ten  M essungen, be i 
denen  die K apsel m it einer 1.5 m m  s ta rk e n  C u-Folie ab g esch irm t w aren , einen 
bis zu 30%  geringeren  W ert. D a d ie  E m p fin d lich k e it von  T L D -200 fü r  Q u an ten  
<7 100 keV  bis zu einem  F a k to r  12 grösser w ird  als fü r Q u an ten  d er E nerg ie  von
1.2 MeV [3] (m it d iese r P h o to n en en erg ie  erfo lg te die K a lib rie ru n g ), k a n n  bere its  
e in  A n te il von  2 .5 %  an  n iederenerge tischen  Q u a n te n  eine E rh ö h u n g  d er m it 
T L D -200  gem essenen Dosis bis z u  30%  zur Folge h ab en . D as V erh ä ltn is  d er 
D osisw erte  m it u n d  ohne C u-A bsch irm ung  lä ss t ausserdem  e rk en n en , dass am  
O rt T L -A  ein S p e k tru m  m it w en ig e r n iederenerge tischem  A n te il (G am m a
s tra h lu n g  des R e a k to rs )  herrsch t.

E s k an n  gezeig t w erden, d a ss  im  R ah m en  d er fü r die M essaufgabe gefor
d e rte n  G en au igke it die beiden V e rfa h ren  ü b ere in stim m en .
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ENVIRONMENTAL MONITORING SYSTEM 
AT THE PAKS NUCLEAR POWER STATION

I .  F e h é r , S. D e m e  and A . A n d r á s i
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The environm ental monitoring system  of the Paks N uclear Power S tation  (H ungary) 
has been  designed w ith  a dual aim:

in  normal operation: to  check th a t  th e  population’s burden  does not exceed th e  prescrib
ed dose lim it;

under accidental conditions: to  prov ide rapid  inform ation on the expected rad iation  
burden of the population  so th a t necessary steps can be taken.

F o r assessing environm ental doses th e  following parts  of the m onitoring system  are
used

— telemetric s ta tio n s  to determ ine the  tim e integral of 131I concentration in  air and 
the gamma dose ra te ;

— sampling s ta tions and devices for sam ple m easurem ent;
— mobile laboratories;
— a m eteorological tower.
The main principles and structure of the environm ental monitoring system  are dis

cussed.

Introduction

I n  th e  n ex t fu tu re  nuclear p o w er is due to  c o n tr ib u te  in  a su b s ta n tia l  
m easu re  to  th e  su p p ly  o f e lectrical en e rg y  in  H u n g a ry ; th e  f irs t 440 M W e 
block o f  th e  P aks N u c le a r  Pow er S ta t io n  is n ear co m p le tio n , th ree  o th e rs  are  to  
follow. E n v iro n m e n ta l m onito ring  is one o f  th e  p re req u is ite s  of th e  safe  o p e ra 
tio n  o f  a nuclear p o w er p lan t. T he C en tra l R esearch  I n s t i tu te  for P h y sic s  has 
been com m issioned to  develop an d  to  im p lem en t th e  en v iro n m en ta l m o n ito rin g  
sy stem  o f th e  P aks N u c lea r  Pow er S ta tio n . The con cep tio n  and  m ain  e lem en ts  
of th e  m o n ito ring  sy s te m  will be rev iew ed  in  th e  follow ing.

Aim and basic methods o f  environm ental m onitoring

T h e  e n v iro n m e n ta l m onito ring  sy s te m  o f th e  P a k s  N uclear P ow er S ta tio n  
has b een  designed w ith  a tw ofold a im :

in  the case o f normal operation to  keep  th e  ra d ia tio n  b u rd en  of th e  p o p u la 
tio n  due  to  th e  pow er s ta tio n  below  th e  dose lim it p resc rib ed  by  th e  c o m p e te n t 
a u th o r ity ;

under accidental conditions to  p ro v id e  rap id  in fo rm a tio n  on th e  ex p ec ted  
ra d ia tio n  b u rd en  o f th e  p o p u la tio n  in  o rd e r th a t  th e  co m p eten t a u th o r i ty  
shou ld  be  able to  ta k e  th e  necessary  m easu res.
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T o achieve th is  d u a l aim  tw o  p a ra lle l basic  m e th o d s  are u sed :
— th e  e x te rn a l  ra d ia tio n  b u rd e n  and  th e  rad io ac tiv e  c o n ta m in a tio n  are 

c o m p u te d  b y  use o f  a norm al o p e ra tio n  d iffu sion  m odel u tiliz in g  m easured  
v a lu e s  o f  rad io iso to p e  release a n d  local m eteoro log ica l d a ta ,

— th e  e x te rn a l  ra d ia tio n  dose a n d  th e  ra d io a c tiv e  co n ta m in a tio n  o f th e  
e n v iro n m e n t a re  e v a lu a te d  p a r t ly  fro m  te lem e tric  d a ta , p a r t ly  b y  th e  lab o ra 
to r y  analysis o f  e n v iro n m en ta l sam ples.

T h e  f irs t m e th o d  is su itab le  fo r  th e  d e te rm in a tio n  of th e  en v iro n m en ta l 
b u rd e n  due to  a c t iv i ty  release d u rin g  no rm al o p e ra tio n  w hen  th e  expected  
v a lu e  o f  th e  fie ld  dose an d  of th e  e n v iro n m e n ta l c o n ta m in a tio n  is n e a r  or below  
th e  d e tec tio n  lim it  o f  d irec t m easu rem en ts . T he re su lts  o f m easu rem en ts  b y  th e  
se c o n d  m eth o d  e i th e r  d irec tly  c o n firm  th e  co rrec tn ess  of th e  v a lu es  m easured  
b y  th e  f irs t m e th o d , o r th e y  fu rn ish  d irec t d a ta  on  th e  p o p u la tio n  b u rd en  to  be 
e x p e c te d  in  th e  case  o f an y  a c c id en t.

T he second  m e th o d  is o f  specia l im p o rta n c e  in  th e  case o f acc iden tal 
a c t iv i ty  release w h e n  th e  a c tiv ity  o f  th e  rad io iso to p es released  in to  th e  en v iron 
m e n t can n o t be m easu red . In  th is  case th e  a c c id e n ta l diffusion m odel has to  be 
f i t t e d  to  th e  d a ta  o f  te lem etric  e n v iro n m e n ta l m easu rem en ts  in  o rd e r to  d e te r
m in e  th e  ex p ec ted  ra d ia tio n  b u rd e n  o f th e  p o p u la tio n  in  th e  concerned  a rea . 
U n d e r  acc id en ta l cond itions q u ic k  resu lts  a re  o b ta in e d  from  sam p le  m easu re
m e n ts  by  m obile lab o ra to rie s .

T he e n v iro n m e n ta l m o n ito rin g  system  is schem atica lly  show n in F ig 1.

Fig. 1. Scheme of th e  environm ental monitoring system .
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Main m odules of the environm ental m onitoring system

Measurements o f activity release

In  th e  case o f  n o rm a l o p e ra tio n  as w ell as un d er acc id en ta l co n d itio n s  
a c t iv i ty  from  th e  P a k s  N uclear P o w er S ta tio n  can  be re leased  p ra c tic a lly  on ly  
in to  th e  a tm o sp h ere . F o r  th is  reaso n  p r im a rily  th e  e n v iro n m e n ta l a tm o sp h e re  
is covered  b y  a c tiv ity  re lease m easu rem en ts . T he release o f  rad io ac tiv e  nob le  
gas, rad io iod ine , rad ioaeroso ls in c lu d in g  89Sr, 90S r is c o n tin u o u sly  m easu red  b y  
th e  use o f th e  Soviet K A L IN A  a p p a ra tu s  w h ich  is com ple ted  b y  th e  h igh  sen s i
t iv i ty  noble  gas c o n cen tra tio n  m e te r  (B u d a p e s t T echnical U n iv e rs ity  p ro d u c t)  
an d  b y  th e  con tin u o u s 131I  m o n ito r (C en tra l R esearch  In s t i tu te  for P h y sics  
p ro d u c t) .

T he rad io ac tiv e  c o n ta m in a tio n  o f cooling  w a te r  is due  to  be p re v e n te d  b y  
a m u ltip le  sa fe ty  sy s tem . To ensure th e  q u a li ty  of th e  w a te r  o f th e  D an u b e , 
a w a te r m o n ito r  system  is being b u ilt . T he sy s tem  is com posed  of a co n tin u o u s 
g ross-gam m a c o n c e n tra tio n  m eter, a c o n tin u o u s  w a te r sa m p le r  an d  o f  re m o te  
con tro lled  a u to m a tic  w a te r  sam pler u n its . Cold w ater, h o t  w a te r  an d  sew age 
are  m o n ito red  b y  th e  sy stem .

Meteorological tower

The m ost im p o r ta n t local m eteo ro log ica l d a ta  for d iffu sion  ca lcu la tio n  are  
o b ta in ed  from  w ind  d irec tio n , w ind speed  a n d  th e rm o m e te r  probes on th e  20, 
50 an d  120 m e te r  levels o f  th e  120 m  h igh  m eteoro logical to w e r  as well as on  th e  
2 m h igh fie ld  s ta tio n . A t th e  fie ld  s ta t io n  com plem en ting  m eteoro logical d a ta  
are  fu rn ish ed  b y  ra d ia tio n  eq u ilib rium , a tm o sp h eric  h u m id ity  m easu rin g  
in s tru m e n ts  a n d  a p re c ip ita tio n  m eter. T he m eteoro logical s ta t io n  is in c o rp o ra t
ed  in  th e  n a tio n a l n e tw o rk  o f wireless an d  te le x  co m m unica tion .

D iffusion models

F o r th e  no rm al o p e ra tio n  d iffusion  m odel th e  A IR E M  [1] while fo r th e  
acc iden tal diffusion m odel th e  ACRA I I  [2] co m p u te r  codes h a v e  been a d a p te d . 
T he e x te rn a l effective d o se-eq u iv a len t is c a lc u la ted  b y  use  o f th e  P O K E R - 
CAM P p ro g ram  [3] developed  a t  o u r I n s t i tu te .

M easuring and sampling stations

The so-called “ A ” -ty p e  s ta tio n s  are  b u il t  on a circle o f 1.5 km  ra d iu s  
a ro u n d  th e  n u c lea r pow er p la n t  in  th e  d irec tio n  o f  se ttlem en ts . T h e  gam m a dose 
ra te  an d  tim e  in teg ra l o f  131I  c o n cen tra tio n  are  co n tin u o u sly  m easured  b y  th e
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7 “ A ”  s ta tio n s , w hich  are co n n ec ted  by  cab le  to  th e  ra d ia tio n  p ro tec tio n  c o n tro l 
ro o m  of th e  n u c le a r  pow er p la n t .  The te le m e tr ic  and  d a ta  acqu isition  sy s tem  
in s ta lle d  in  th e  co n tro l room  is connected  to  th e  “ A ”  s ta tio n s , th e  re lease  
m e te rs  a n d  to  th e  sensors o f  re le v a n t m eteoro log ica l d a ta . T h e  te lem etric  a n d  
d a ta  acq u is itio n  system  is described  in  m ore  d e ta il in  a n o th e r  paper o f th is  
issue  [4].

C o n tinuous aerosol, la rg e  volum e aeroso l an d  rad io io d in e  sam plers a re  
o p e ra tin g  o n  th e  “ A ”  s ta tio n s  a n d  on a “ B ” -ty p e  s ta tio n  m o u n ted  a t  26 k m  
d is tan ce  fro m  th e  n u c lea r p la n t .  F a ll-o u t, ta c k y  clo th  sam p lin g  and  th e rm o 
lu m in escen t g am m a dose m easu rem en ts  are  also carried  o u t.

The 14 “ C” -ty p e  sam p lin g  s ta tio n s  b u il t  in  th e  en v iro n m en t of th e  n u c 
le a r  p la n t w ith in  a circle o f  a  rad iu s  of a b o u t 30 km , are  su itab le  fo r fa ll-o u t 
ta c k y -c lo th  sam p lin g  an d  th e rm o lu m in escen ce  gam m a dose m easu rem en ts .

Soil a n d  p la n t (grass) sam ples are ta k e n  in  th e  en v iro n m en t of th e  “ A ” ,.

Fig. 2. L ocation  of the environm ental m onitoring stations around th e  nuclear power p lan ts
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an d  “ B ” -ty p e  s ta tio n s . M ilk sam ples are ta k e n  from  d a iry -fa rm s w hich p a s tu re  
c a ttle  in  fie lds n e a r  th e  “ C”  s ta tio n s  w ith in  th e  30 km  rad iu s  circle.

R ad io ac tiv e  c o n ta m in a tio n  o f g ro u n d  w a te r  is m easu red  on sam ples 
ta k e n  from  wells in ten d ed  fo r th is  purpose. P e rio d ica lly  m u d  a n d  fish  sam ples 
are  ta k e n  from  th e  D an u b e  fo r th e  d e tec tio n  o f possible rad io ac tiv e  c o n ta m i
n a tio n .

T he geograph ica l p o sitions of th e  m easu rin g  an d  sam p le  s ta tio n s  are  
m ap p ed  in  F ig . 2.

Environm ental laboratory

In  P ak s  T ow n a t a b o u t 5 km  from  th e  nu c lea r p la n t a n  e n v iro n m en ta l 
la b o ra to ry  has been  b u ilt fo r  th e  m easu rem en t o f en v iro n m en ta l sam ples. 
T he la b o ra to ry  com prises th re e  m ain  u n its :

Sample preparation un it, w here th e  p h y s ica l processing  of sam ples, e.g. 
ev ap o ra tio n  o f  w a te r  sam ples, com m inu tion  a n d  d ry ing  of soil an d  p la n t sa m 
ples, tak es  p lace.

Radiochemistry unit, w here  th e  sam ples are chem ically  an d  physico- 
chem ically  en riched . P ro ced u res  o f th is  ty p e  are  th e  c o n c e n tra tio n  of fa ll-o u t 
an d  m ilk  b y  io n  exchange, e lim ina tion  o f  ra d o n  from  iod ine  ad so rb en ts . 
L ab o rio u s rad iochem ical p ro ced u res  are used  o n ly  in  th e  ab o v e  specified  cases. 
E x te rn a l in s ti tu te s  will be com m issioned b y  th e  nu c lea r p la n t  to  perfo rm  
long-lived  rad io iso to p e  c o n cen tra tio n  m easu rem en ts  an d  t r i t iu m  d e te rm in a tio n  
b y  h igh  se n s it iv ity  iso topic  en rich m en t p ro ced u re  on e n v iro n m e n ta l sam ples.

Radiometry unit eq u ip p ed  w ith
— low  b ack g ro u n d  b e ta  co u n te rs ,
— low  b ack g ro u n d  sc in tilla tio n  an d  G e(L i) gam m a-sp ec tro m ete rs , an d
— a therm olum inescence  read er.
T he gam m a sp ec tro m e te r is d ea lt w ith  in  m ore d e ta il in  a n o th e r  p a p e r  o f 

th is  issue [5]. T he p ro g ram  o f  en v iro n m en ta l sam ple m easu rem en ts  is spec i
fied  in  T able  I.

Mobile laboratory

T he m obile la b o ra to ry  is equ ip p ed  w ith  a  gam m a sp e c tro m e te r  an d  w ith  
a G —M c o u n te r  dose ra te  m e te r  sim ilar to  t h a t  m o u n ted  in  th e  “ A ”  s ta tio n s . 
T h e  m obile la b o ra to rie s  h av e  th e ir  ow n pow er su p p ly  an d  a w ireless connection  
to  th e  en v iro n m e n ta l la b o ra to ry .

P re o p e ra tio n a l m easu rem en ts  b y  th e  m obile  la b o ra to ry  h av e  a lread y  
b een  in  p rogress fo r tw o y ea rs  a t  th e  sites o f  th e  “ A ” , “ B ”  a n d  “ C” -ty p e  s ta 
tio n s . A fte r th e  s ta r t  o f th e  n u c le a r  pow er p la n t ’s o p era tio n  sy s te m a tic a l m o n i
to r in g  is to  ta k e  p lace a t  th e  “ A ”  an d  “ B ”  s ta tio n s  an d  in  th e  en v iro n m en t o f 
th e  ex p ec ted  m ax im u m  rad io a c tiv e  deposition .
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Table I

The program  of environm ental sample m easurem ents

Media Measured
samples

Sampling
station

Sampling
Measured

componentsnumber duration 
(days) (i

frequency
sample/year)

TLD A +  B +  C 22 30 4 gamma doses
aerosols A +  В 8 3.5 104 gross-beta cone.

8 4 x 7 12 gross-gamma cone, -f
individual nuclides in
certain samples

Air radioiodine A +  В 8 7 52 13II cone.
fall-out A +  В 8 7 521
tacky gross-gamma cone, -j-
cloth coll. A +  B +  C 22 30 12j individual nuclides

Milk 5 12 131I cone.
Plants grass A +  В 8 21 individual nuclides cone.
Soil A +  В 8 1J
Monitor ground 5 12 gross-beta, tritium , indivi-
well w ater dual nuclides in  certain

samples
w ater 1 1 365 gross-beta, tritium

Danube mud 4 21 individual nuclides
fish 4 i l

In  a n o th e r  p a p e r  a com parison  o f  th e  resu lts  o f in  s itu  fie ld  dose ra te  
m easu rem en ts  in  th e  en v iro n m en t o f  th e  P a k s  N u c lea r P ow er S ta tio n  w ith  
values co m p u te d  b y  use o f th e  P O K E R -C A M P  p ro g ram  is rep o rted  [6].

Accident assessing cross-country car

T h e c ro ss-co u n try  c a r  w hich  can  ta k e  sam ples w ill be eq u ip p ed  w ith  
reco rd in g  g am m a dose ra te  a n d  b e ta  su rface  co n ta m in a tio n  m easu ring  in s tru 
m en ts  o p e ra te d  from  a b a t te ry  an d  w ith  a “ P ille” -ty p e  [7] sm all th e rm o lu m i
nescence re a d e r  o p e ra te d  fro m  th e  ca r b a t te ry .  The P ille - ty p e  read e r w ill p e rm it 
th e  th e rm o lu m in escen t dosim eters on th e  sp o t to  be r a p id ly  ev a lu a ted  w ith o u t 
th e  c o n tr ib u tio n  from  th e  tra n s p o r t  dose. S im ilarly  to  th e  m obile la b o ra to ry , 
th e  c ro ss-co u n try  ca r h as  a w ireless co n n ec tio n  to  th e  low  b ack g ro u n d  la b o ra 
to ry .

A  su b s ta n tia l  p a r t  o f  th e  e n v iro n m e n ta l m o n ito rin g  system  in s ta lle d  a t 
P a k s  N u c lea r  P ow er S ta tio n  is a lre a d y  in  o p era tio n  a n d  perform s sy s te m a tic a l 
p re o p e ra tio n a l m easu rem en ts . The m o u n tin g  o f th e  te le m e tric  an d  d a ta  acq u i
s itio n  sy s tem  is still in  progress.
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TELEMETRIC AND DATA ACQUISITION SYSTEM 
FOR ENVIRONMENTAL MONITORING 

AT THE PAKS NUCLEAR POWER STATION
S. D e m e , I. F e h é r  and  M. R ö v id

H E A L T H  PHY SICS D EPA R T M E N T , CEN TRA L RESEA RCH  IN S T IT U T E  FOR PHYSICS 
1525 BU DA PEST, HUNGARY

The telem etric and d a ta  acquisition system  is an inherent p a r t  of the to ta l environ
m ental m onitoring system of th e  Paks N uclear Pow er S tation (H ungary). The detec tors of 
the telem etric system  m easure the following param eters: the gam m a dose rates, th e  tim e 
integral of th e  131I  activ ity  concentration, th e  w ater tem perature , and the m eteorological 
da ta  needed for dispersion calculations.

In th e  48 channels of th e  central acquisition system  the data  m entioned above are stored 
in  the form  of pulses, w ith th e  exception of th e  wind direction, w hich is characterized by 
the most frequen t direction during the m easuring period (one hour or 6 minutes). The results 
are prin ted  on a telex w riter and  punched on tap e  for further com puter analysis.

The paper deals w ith th e  characteristic features of the system  and w ith th e  possible 
uses of the d a ta  obtained, b o th  for norm al operation  and em ergency cases.

Introduction

A t th e  P a k s  N u c lea r P ow er S ta tio n  a te lem etric  a n d  d a ta  acq u is itio n  
system  has b een  co n s tru c te d  fo r e n v iro n m e n ta l ra d ia tio n  m on ito ring  [1].

The a im s o f  th is  sy s te m  are:
— to  give all a c t iv i ty  an d  m eteoro log ica l d a ta  n e e d e d  for en v iro n m en ta l 

dose ca lcu la tio n s for n o rm a l releases in to  th e  a tm osphere  a n d  w ater;
— to  v e rify  or co rrec t th e  d a ta  u sed  fo r diffusion ca lcu la tions fo r h ig h er 

a tm o sp h eric  releases;
— to  p rov ide  th e  re a l rad ia tio n  d a ta  fo r m easu ring  po in ts ty p e  “ A ”  in  

acc id en ta l s itu a tio n s  — especia lly  in  cases o f u n co n tro lled  releases in to  th e  
a tm o sp h ere .

All o f  th e se  d a ta  to g e th e r  w ith  p a ra m e te rs  m easu red  b y  th e  sensors o f  a 
m eteoro log ica l to w er a n d  b y  o th e r m eteoro log ica l s ta tio n s  in  n e ig h b o u rin g  
tow n s fo rm  th e  basis fo r decid ing  on th e  o p tim a l coun ter-m easu res.

Telemetric system

To c o n tro l th e  ra d ia tio n  s itu a tio n  in  th e  e n v iro n m en t o f  th e  pow er s ta t io n  
(F ig . 1), th e re  are  7 so ca lled  “ A ” ty p e  s ta tio n s  (“ B ” a n d  “ C”  ty p e  m easu rin g  
s ta tio n s  are  n o t  connected  to  th e  te le m e tric  system ). E v e ry  “ A”  ty p e  s ta t io n  
is b u ilt in  a th e rm a lly  iso la te d  co n ta in e r. T he te m p e ra tu re  inside th e  co n 
ta in e r  is re g u la te d  by  v e n tila tio n  and  h e a tin g , th e  in te rn a l te m p e ra tu re  ran g e  
is 10—45 °C fo r ex te rn a l te m p e ra tu re s  f ro m  —20 °C to  35 °C.
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Fig. 1. L ayout of the detector locations a t Paks N uclear Power S tation . A l —A7 m easuring 
po in ts of gam m a-dose ra te  and tim e in tegral of 131I-concentration; W l, W 2 w ater gross gam m a

concentration  control; S I, S2 (planned) stack  m onitors; MT-meteorological tower.

Gamma-radiation measurements

T he G —M tu b e s  are  lo c a te d  in  m easu rin g  probes o u ts id e  th e  c o n ta in e r ; 
e v e ry  p ro b e  c o n ta in s  th ree  G —M tu b es ( ty p e  SBM-19, m a d e  in  U SSR ). T h e  
p ro b es  are  in  p a irs  : one p a ir  h a s  a n  energy  co m p en sa tio n  f i l te r  ( tin  1 m m , le a d  
0.3 m m ) a n d  serves fo r dose r a te  m e a su re m e n t; th e  second p robe is w ith o u t 
a  f i l te r  a n d  th e re fo re  i t  gives a b o u t 20 t im e s  h igher s e n s it iv ity  for g a m m a  
energ ies o f  133X e .

Iodine monitors

T he a ir  in le t  fo r iodine m easu rem en ts  h a s  a glass fib re  f i l te r .  The te m p e ra 
tu re  o f th e  m easu red  a ir  is s tab iliz ed  a t  45 i  2 °C. T h e  ad so rb er m a te r ia l  
(AC6120, H e r fu r t ,  F R G ) used  a t  th is  te m p e ra tu re  has low a d so rp tio n  co effic ien t 
fo r  n ob le  gases (e.g. xenon). T h e  ad so rb e r is lo ca ted  a ro u n d  th e  h ea t r e s is ta n t  
sc in tilla tio n  c ry s ta l. I f  th e  c o u n tin g  ra te  is h ig h  th e re  is a p o ss ib ility  to  en la rg e , 
b y  rem o te  c o n tro l th e  a d so rb e r  — c ry s ta l d is tan ce  to  o b ta in  a large en o u g h  
m easu rin g  ra n g e  fo r th e  iod ine m o n ito r.

T he s ta c k  iod ine m o n ito r  is s im ilar to  th e  device d esc rib ed  above. T h e  
n ob le  gas sp e c tro m e tric  a n a ly se r  w as c o n s tru c te d  a t  th e  T ech n ica l U n iv e rs ity  
(B u d a p e s t) .

Water control

T he w a te r  a c tiv ity  c o n c e n tra tio n  m easu rem en t is b a s e d  on th e  g am m a- 
ra d ia tio n  c o u n tin g  b y  a 0  76 X  76 m m  N a l(T l)  c ry sta l fro m  a  w a te r  vo lu m e o f 
a b o u t 8 m 3. T h e  one m etre  w a te r  lay e r se rv es  as th e  sam p le  an d  also as th e  
sh ie ld ing  fo r  th e  de tec to r.
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Meteorological tower

F o r  th e  m eteoro log ica l m easu rem en ts  we use severa l d iffe ren t devices. 
On th e  basis of th e se  m easu rem en ts th e  p a ram e te rs  need ed  for d iffusion  calcu
la tio n s  are  given. F o r  o u r ca lcu la tions we need th e  w in d  d irec tion , w in d  speed 
an d  P a sq u ill ca teg o ry . To de te rm ine  th e  ca tego ry  we use th e  v e rtic a l te m p e ra 
tu re  g ra d ie n t an d  w in d  speed. M oreover, for co rre la tio n  stud ies we de te rm ine  
th e  P a sq u ill  c a teg o ry  also from  th e  ra d ia tio n  b a lan ce , o r th e  w ind  speed  de
pen d en ce  on heig h t, o r  th e  s ta n d a rd  d ev ia tio n  of th e  w in d  d irection .

T h e  a ir  te m p e ra tu re  an d  th e  re la tiv e  h u m id ity  a re  n o t d irec tly  used  for 
d iffusion  ca lcu la tions. In  th e  fu tu re  we p lan  to  reco rd  p re c ip ita tio n  a u to m a ti
cally  b y  a ra te  of ra in fa ll gauge.

T h e  m ain  c h a rac te ris tic s  of th e  d e tec to rs  are g iven  in  T able  I .

Data acquisition  system

A ll d a ta  m en tio n ed  above are  reg is te red  b y  th e  d a ta  acq u is itio n  sy stem  
(Fig. 2) in  th e  form  o f coun ts b y  a 48 (m ax . 64) ch an n e l 10e— 1 c a p a c ity  scaler. 
This ty p e  o f re g is tra tio n  is su itab le  fo r  a ll d a ta  ex cep t w in d  d irection . To specify 
th is , we average th e  w in d  d irection  e v e ry  20 seconds a n d  f in d  th e  co rrespond ing
22.5 degrees sector. A t th e  end  o f th e  m easuring  p e rio d  (norm ally  ev e ry  h o u r; 
in  a n  em ergency  e v e ry  6 m inutes) th e  m ost f req u en t d irec tio n  sec to r is given 
b y  th e  system .

around stack
NPS

cooling 
water canal

meteorological
tower

1

Fig. 2. Schem atic diagram  of the telem etric and d a ta  acquisition system .

9* Acta Physica Academiae Scientiarum Hungaricae 52, 1982



A
cta

 P
h

ysica
 A

ca
d

em
ia

e S
cien

tia
ru

m
 H

u
n

g
a

rica
e 5

2, 1982

Table 1

Main characteristics of the detectors

Location of 
detector

Number 
of channels

Measured
parameter

Type of 
detector

Signal processing 
unit

Converter
unit

Measuring
range

7 gamma radiation 
dose rate

G—M tube w ith 
filter

integral discrimi
nator

frequency divider 
(1 : 10)

10nGy/h— 100/iGy/h

Measuring
points 7 gamma radiation G —M tube w ithout integral discrimi- frequency divider 1 nG y/h—10 /iiG y/h
A 1 -A 7 intensity filter nator (1 : 10) (for 133Xe)

7 lalI concentration N al(Tl) detector amplifier, diff. 
discrim inator

frequency divider 
(1 : 100)

1 — 7 • 10e Bq • h/m 3

1 m I concentration N al(Tl) detector amplifier, diff. 
discriminator

frequency divider 
(1 : 100)

1 - 7  • 106 Bq • h/m 3

Stack
(4) activity  concen- Ga(Li) spectro- other CAMAC CAMAC 1 -1 0 0 0  MPC for 85Kr,

no t connected to  
scalers

trations of noble
gases

m eter system interface 83 K r, 133Xe, l35Xe

Cooling
2 activ ity  concen

tra tion  of water
Nal(Tl) detector amplifier, in t. 

discriminator
frequency divider 

(1 : 100)
5 • 10-4—0.5 Bq/cm3 

(for 137Cs)
water
canal w ater tem pera

ture
platinum  resistance 

bulb sensor
measuring bridge voltage-frequency 0 - 4 0  °C 

(± 0 .3  °C)

1 radiation balance thermopiles DC-amplifier voltage-frequency - 0 .7  -  (+ 6 .6 ) 
J/cm 2 • min

4 wind speed cup anemometer high frequency 
tachom eter

frequency divider 
( 1 : 3 ) '

1 -1 6 0  km/h

4 wind direction lightweight vane potentiom eter 
540° system

voltage-frequency 0 -5 4 0 °  (1.2 km/h 
min. speed)

D
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2

Meteorolo
gical
tower

2

2

2

3

wind direction 
standard 
deviation

air tem perature 
difference

air tem perature

relative hum idity

the same as for 
wind direction

platinum  resis
tance bulb 
sensor

platinum  resis
tance bulb 
sensor

solid state probe

analogous
computer

measuring bridge

measuring bridge

high frequency 
oscillator

voltage-frequency

voltage-frequency

voltage-frequency

voltage-frequency

45°

—5 °C—(+ 5 )  °C 
(± 0 .2  °C)

- 2 0  °C—(± 4 0 ) °C 
(± 0 .5  °C)

0 - 100%
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F o r  ra d ia tio n  d a ta  th e re  are  low er an d  h igher signalling  levels (g iven  in 
n u m erica l form ). T he low er lim it in d ic a te s  th e  d e tec tio n  failu re , th e  h igher 
m ean s t h a t  ra d ia tio n  is increased  above  th e  n o rm al ran g e . W hen  d e te rm in in g  
th e  levels we have  to  ta k e  in to  acco u n t th e  v a ria tio n s  o f  ra d ia tio n  leve l due to  
n a tu ra l  sources. The a la rm  level is co n tro lled  d ig ita lly  a t  th e  end  of th e  m easu r
in g  p erio d . To overcom e th is  d isa d v a n ta g e  th e re  is a b u ilt- in  te n  ch an n e l an a lo 
gous ra te m e te r  w ith  an  a la rm . T hese channels are  co n n ec ted  to  g a m m a -ra d ia 
tio n  in te n s ity  m easu rin g  d e tec to rs  (7 channe ls), to  w a te r  a c tiv ity  c o n cen tra tio n  
m easu rin g  d e tec to rs  (2 channels) an d  to  a s tack  iod ine m on ito r. I f  th e re  is an  
em erg en cy  th e  m easu rin g  period  o f  th e  acqu isition  sy stem  is a u to m a tic a lly  
ch an g ed  from  one h o u r  to  6 m in u te s . W h en  a signal comes from  th e  w a te r 
ch an n e l th e  a u to m a tic  sy stem  e x tra c ts  a w a te r  sam ple  o f several litre s .

T h e  o u tp u ts  o f  th e  d a ta  co llecting  system  are  p r in te d  b y  te le ty p e  and  an  
A S C II code ta p e  is p u n ch ed . T he la t te r  is used fo r  ca lcu la tions on  an  R-40 
a n d /o r  R -55 co m p u te r.

F o r  no rn a l re leases or s lig h tly  increased  releases in to  th e  a tm o sp h ere  
th ro u g h  th e  s tack  a m od ified  v e rs io n  o f  th e  A IR E M  pro g ram  [2] is used  to  
ca lcu la te  doses, p o p u la tio n  doses, a n d  g round  depositions. The tim e  period 
fo r  one ru n  m ay  be e q u a l to  one m o n th . In  th e  case o f sign ifican t re lease we p lan  
to  ru n  th e  p rog ram  se p a ra te ly  an d  co m p are  th e  m easu red  and  ca lcu la ted  env i
ro n m e n ta l ra d ia tio n  d a ta .  The m ost sen sitive  m e th o d  fo r en v iro n m en ta l con tro l 
in  o u r sy stem  is th e  G— M co u n te r p a c k  w ith o u t co m p en sa tio n  f ilte r . W ith  th is  
d e te c to r  it  is possible to  in d ica te  1 — 3 p e r cen t of gam m a-dose  in te n s ity  increase 
d u e  to  133X e . As a re su lt o f th is  co m p ariso n  we hope to  f in d  th e  b est ca lcu la tio n  
m e th o d  fo r th e  P ak s  n u c le a r  pow er s ta t io n  site.

F o r  acc id en ta l re lease we are n o t  ab le to  d e te rm in e  d irec tly  th e  en v iro n 
m e n ta l ra d ia tio n  b u rd e n  because o f  th e  lack  of em ission  d a ta . In  th is  case we 
in te n d  to  use th e  p rev io u sly  ca lcu la ted  re la tiv e  d is tr ib u tio n  curves fo r  g round  
c o n c e n tra tio n  an d  gam m a-dose  a t  u n i t  re lease [3]. To choose th e  r ig h t d is tr ib u 
tio n  curves we have to  d e te rm in e  th e  a c tu a l diffusion ca teg o ry  from  th e  m ete 
o ro log ica l to w er m easu rem en ts . T h e  re a l release m a y  be ca lcu la ted  from  th e  
w in d  d irec tio n  an d  ra d ia tio n  d a ta  d e te rm in e d  b y  th e  to w er an d  th e  “ A ”  ty p e  
m easu rin g  p o in ts . T h e  la t te r  are re p re se n ta tiv e  p o in ts  fo r a considerab le  p a r t  
o f  th e  p o p u la tio n .

T he w ay  in  w h ich  th is  d a ta  acq u is itio n  is c o n s tru c te d  ensures th e  possib i
l i ty  o f  d irec tly  (on-line) lin k in g  th e  sy s te m  to  a h igh  c a p a c ity  c o m p u te r  o f th e  
s ta t io n . T h is link ing  is v e ry  im p o r ta n t  fo r acc iden ts h av in g  w id esp read  en v i
ro n m e n ta l consequences.
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GAMMA SPECTROMETRIC MEASURING SYSTEM 
FOR ENVIRONMENTAL SAMPLE ANALYSIS

A . A n d r á s i  and P .  Z o m b o r i

HEALTH PHYSICS DEPARTMENT, CENTRAL RESEARCH INSTITUTE FOR PHYSICS 
1525 BUDAPEST, HUNGARY

A desk calculator controlled gamm a spectrom eter was installed and calibrated  for 
routine sam ple analysis in  the environm ent of th e  firs t H ungarian nuclear power p lan t. A 
combined application of high efficiency N a(T l) and  high resolution Ge(Li) spectrom etry was 
elaborated to  process the great num ber of m easurem ents. M easurem ent is controlled and  
spectrum  evaluation  is perform ed by  an  on line program  (MEASSYS1) developed for the 
EMG-71666 desk calculator. The m ulti-step testing  procedure proved the  applicability  and  
reliability  of th e  system.

Introduction

The H e a lth  Physics D e p a rtm e n t o f th e  C en tral R esea rch  In s t i tu te  fo r 
P hysics w as com m issioned to  e lab o ra te  th e  e n v iro n m en ta l m o n ito ring  sy s tem  
o f th e  f irs t  H u n g a ria n  n u c lea r pow er p la n t a t  P ak s . As an  im p o r ta n t  p a r t  o f  th e  
sy stem  a sam pling  an d  sam ple  m easuring  p ro g ram  was e lab o ra ted . D u rin g  th e  
p lan n in g  a n d  rea liza tio n  th e  follow ing req u irem en ts  an d  cond itions h a d  to  be 
ta k e n  in to  considera tion .

— A ll o r m ost of th e  e n v iro n m en ta l m ed ia  (air, w a te r , soil, v e g e ta tio n , 
e tc .) m u st be m o n ito red  to  check th e  e x te n t o f  rad io ac tiv e  p o llu tio n .

— T he m eth o d s o f m easu rem en t m u s t be sensitive  a n d  a c cu ra te  to  
p ro v id e  reliable d a ta  fo r im p o r ta n t decisions; re d u n d a n t in fo rm a tio n  
sh o u ld  be avoided .

— A c tiv ity  d e te rm in a tio n  should  be as a u to m a tic  a n d  easy-to -use  as 
possib le.

— T h e  cost o f  th e  sy s tem  m u st be rea so n ab ly  low (w ith  p r io r ity  b e in g  
g iven  to  H u n g a ria n  p roduced  h a rd w are ).

In  T ab le  I  de ta iled  in fo rm a tio n  is g iven  on th e  n u m b er, k in d , an d  p re p a 
ra tio n  m e th o d  o f various sam ples m easured  b y  gam m a sp ec tro m e try . T he m o st 
fre q u e n tly  u sed  m eth o d  is d ire c t gam m a sp ec tro m etric  m easu rem en t o f  th e  
sam ples co llec ted  regu la rly  in  th e  en v iro n m en t o f  th e  pow er p la n t. The sp e c tro 
m e te r  is s i tu a te d  in  th e  E n v iro n m e n ta l L a b o ra to ry  of th e  p ow er p la n t.
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Instrum entation

T he in s tru m e n ta l se t-u p  o f  th e  g am m a-sp ec tro m etric  system  is show n in 
F ig . 1. A n 8 %  re la tiv e  effic iency  Ge(Li) d e te c to r  (p roduced  in  C zechoslovakia) 
a n d  a 3” x 3 ”  N al(T l) sc in tilla tio n  d e te c to r  (m ade in  H u n g a ry ) are p laced  in

Fig. 1. Gamma spectrom etric m easuring and evaluating  system.

a 15 cm th ic k  old iron  sh ield . T he tw o d e te c to rs  can  be o p e ra ted  a lte rn a te ly . 
T h e  d e te c to r  signals are  an a ly sed  b y  a n  N TA -1024 m u ltic h a n n e l an a ly se r an d  
th e  m esu rem en t is co n tro lled  an d  e v a lu a te d  b y  an  8 k b y te  m em ory c a p a c ity

Table I
Some characteristic da ta  on the gamm a-spectrom etric sampling program 

of the environmental monitoring system  a t  Paks Nuclear Power P lant

Sample
number of 

places
frequency

(sample/year)
of samples/year Preparation

aerosol 8 12 96 none
a ir fall-out 8 52 416 ion exchange

tacky  cloth coll. 22 12 264 none

vegetation 8 2 16 none
soil 8 1 8 drying
ground w ater 1 12 12 none

w ater 1 12 12 none
D anube m ud 4 2 8 drying

fish 4 2 8 grinding

release w ater from hot canal 1 12 12 none
water sewage water 1 12 12 none
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EM G-71666 ty p e  desk  ca lcu la to r. The sp e c tro m e te r  is e q u ip p ed  w ith  th e  n eces
sa ry  p e riphera ls . A ll p a rts  o f  th e  signal a n d  d a ta  processing  electronics a re  o f 
H u n g a ria n  m ake .

B asic concepts and organization of m easurem ents

B ecause o f  th e  g rea t n u m b e r  of sam p les  (see T ab le  I) th e  fo llow ing 
p h ilo so p h y  o f m easu rem en t o rg an iza tio n  w as accep ted :

— All th e  sam ples are m easu red  b y  a sh o r t ( ty p ica lly  2000 s) sc in tilla tio n  
sp ec tro m etric  m easu rem en t.

— The sp e c tra  o b ta in ed  are  reduced  b y  a s trip p in g  m e th o d  to  e lim in a te  
th e  c o n tr ib u tio n  o f  n a tu ra l rad ionuc lides (40K , ^ R a ,  232T h).

— The in te g ra l values o f  th e  red u ced  sp ec tra  over th e  energy ran g e  o f 
100 —1350 keV are  checked to  see w h e th e r th e y  exceed a p red e te rm in ed  lim it.

— A fte r screen ing  th e  sam ples exceeding  th e  lim it a re  m easu red  b y  Ge(Li) 
sp ec tro m e try  w ith  longer ( ty p ic a lly  o v ern ig h t) m easu rem en ts .

— A s a  “ b ack g ro u n d ”  p ro g ra m  re p re se n ta tiv e s  of each  ty p e  of sam ple  are 
m o n ito re d  b y  G e(L i) sp e c tro m e try  in  acco rdance  w ith  a c e r ta in  ru le of selection .

The m easu rem en t of sc reen ed  sam ples has a h ig h er p r io r ity  an d  gives 
d e ta iled  in fo rm a tio n  on th e  a c t iv i ty  co n cen tra tio n s  o f th e  in d iv id u a l ra d io 
nuclides in  a re la tiv e ly  sh o rt tim e  a fte r  th e  sam pling . T h e  “ b a c k g ro u n d ”  
p ro g ra m  h av in g  low er p r io r ity  helps to  rev ea l long-term  low  e x te n t p o llu tio n  
o f  th e  en v iro n m en t by  rad io iso to p es of a rtif ic ia l origin. T h e  co m b in a tio n  o f 
d iffe ren t sp ec tro m e tric  m e th o d s  in  th e  w ay  described is e ffic ien t an d  tim e  
sav ing .

Structure and functioning o f MEASSYS1

F o r co n tro llin g  and  e v a lu a tin g  G e(L i)-spec trom etric  m easu rem en ts  
a p rog ram  sy s tem , nam ed M EASSYS1, w as developed o n  th e  EM G -71666 
desk  ca lcu la to r. T h e  s tru c tu re  a n d  fu n c tio n in g  o f MEASSYS1 is i llu s tra te d  in  
F ig . 2. The aim  o f p rog ram  d ev e lo p m en t w as to  provide o p tim u m  a u to m a tio n  
w hile re ta in in g  th e  op tio n  for fu r th e r  d e ta iled  m an u a l in v e s tig a tio n  if  n ecessary . 
I n  a sim ple case only  some p re lim in a ry  in fo rm a tio n  (d a te , ty p e  and  size o f 
sam p le , n u m b er o f  iso tope l ib ra ry  to  be u sed , p re se t tim e , e tc .)  are n eeded  as 
in p u t , th e  w hole fu r th e r  p rocess (s ta rtin g  a n d  s topp ing  th e  m easu rem en t, 
e v a lu a tin g  the  sp e c tra , etc.) is p erfo rm ed  a u to m a tic a lly . T h e  p rin ted  o u tp u t  
co n ta in s  th e  lis t o f  d a ta  be longing  to  each p e a k  found . In  a com ple te  se t o f  d a ta  
th e  position  a n d  a rea  of th e  p e a k , its  energy  a n d  a c tiv ity  a re  given to g e th e r  
w ith  th e  co rrespond ing  errors. U sing  th e  o p tio n  o f iso tope id e n tif ic a tio n  th e  
lines o f  th e  sp e c tru m  are assigned  to  ce rta in  rad io iso topes. F iv e  d ifferen t l ib ia -
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Fig. 2. S tructure  and functioning of MEASSYS1.

Fig. 3. R esults of peak area determ ination  te s t on spectra Nos. 300 — 305 of the G -l in ter
comparison program . Values determ ined by MEASSYS1 are re la ted  to  those repo rted  by 
IA E A  for 22 different peaks. B roken lines represen t standard  deviation  of peak areas; conti

nuous lines correspond to  the uncerta in ty  of m ean values.
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r ie s  each  c o n ta in in g  50 lines of th e  m ost fre q u e n tly  occurring  rad io n u c lid es  can  
be lo ad ed  in to  th e  m em ory.

The d e te rm in a tio n  of a c t iv i ty  requires an  a c cu ra te  know ledge o f  th e  m e- 
s u r in g  efficiency as a fu nc tion  o f  energy , sam ple size an d  d en sity . O n th e  basis 
o f  a th o ro u g h  ca lib ra tio n  p ro ced u re  th e  fo llow ing an a ly tic  exp ression  was 
o b ta in e d  for effic iency  ca lcu la tio n s:

Г)(Е, Q, h) =  Л Е - Х e - B E - P е-ФСЕ-у^

w h e re  E  is th e  en e rg y , q is the  d e n s ity  o f th e  sam ple , h is th e  e ffec tive  th ickness 
o f th e  sam ple a n d  A ,  a ,  B, ß , С, у  a re  m a th e m a tic a l p a ram e te rs .

E fficiency p a ra m e te rs  w ere d e te rm in ed  fo r th re e  d ifferen t so u rce -d e tec to r 
geo m etries :

1. p o in t source  a t  a fixed  d is tan ce  from  th e  d e tec to r w ith  a n  ab so rb en t 
of v a ry in g  th ickness a n d  d e n s ity  be tw een  th e m ;

2. ex ten d ed  source of sm alle r q u a n tity  (up  to  100 cm 3) in  a cy lindrica l 
holder fo r sam ples w ith  h ig h e r a c tiv ity  co n cen tra tio n ;

3. ex ten d ed  source of la rg e r q u a n ti ty  (1500 cm 3) in  a M arinelli b eak er for 
vo lum inous sam ples w ith  low  a c tiv ity  c o n cen tra tio n .

Testing

A  m u lti-s tep  th o ro u g h  te s t in g  p rocedure w as perfo rm ed  to  check  th e  
c a p a b ility , accu racy  a n d  re liab ility  o f  th e  system .

— The G -l syn th esized  sp e c tra  d is tr ib u te d  b y  th e  IA E A  fo r la b o ra to ry  
in te rc a lib ra tio n  was u sed  to  te s t th e  goodness of th e  m a th e m a tic a l 
a lgorithm s (peak  search  a n d  peak area d e te rm in a tio n ). F ig . 3 shows 
a com parison  o f the  re su lts  o f peak  a rea  d e te rm in a tio n  o b ta in ed  b y  
MEASSYS1 an d  rep o rted  b y  th e  IA E A .

25- о.д measured values 
—  expected values

>  10-
o
О

,o_
A

■Д-ТГ 
■в— Г

ц  o f l  ' Am. ç  = 1 .0 g / c m 3  ( o )  
■■ ■ ■ &  ■ ç > = 1.6 g / c m 3  (л)

5-

500 Ю00 1500
energy [ keV ]

Fig. 4. D eterm ination of 152Eu extended source activity  by  its  different energy lines for two
different m atrix  densities.
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Table II

Results of the SD-B-2 m arine sediment sample measurement

Isotope Measured values Reference values
[Bq/sl [Bq/eJ

134Cs 0.444 ±  0.019 0.422 ±  0.019
l37Cs 3.286 ±  0.033 3.367 ±  0.111
60Co 10.80 ±  0.06 10.36 ±  0.37

— The acc u ra cy  o f  effic iency  ca lcu la tio n  w as te s te d  b y  s ta n d a rd  p o in t 
(232Th) an d  ex ten d ed  (1S2E u ) sources. T he re su lts  o b ta in ed  fo r ex ten d ed  
sources a re  show n in  F ig . 4.

— As a ty p ic a l en v iro n m en ta l m a te ria l m arin e  sed im en t o f  know n 
a c tiv ity  co n c e n tra tio n  (SD -B -2 in te rco m p ariso n  of th e  IA E A ) was 
m easu red  a n d  analysed . T h e  resu lts  a re  sum m arized  in  T ab le  I I  in 
co m p ariso n  w ith  th e  av e rag e  values o f  43 lab o ra to rie s .

— G rass, m u d  a n d  soil sam ples from  th e  en v iro n m en t o f n u c le a r  in s ta lla 
tio n s w ere an a ly sed  s im u ltan eo u sly  b y  MEASSYS1 an d  b y  an  in d e
p e n d e n t d a ta  acqu is itio n  a n d  e v a lu a tio n  sy s tem  using  so p h is tica ted  
so ftw are  (SA M PO 80) on  a P D P -11 /34  m in ico m p u ter.

T he d iffe ren t te s tin g  p ro ced u res  gave good a rg u m en ts  fo r  th e  app lica
b il i ty  o f  th e  M EASSYS1 p ro g ram  sy stem .

Conclusion

As th e  fu lf ilm en t o f th e  m ain  ob jec tives of th is  w o rk  an  easy  to  han d le  and  
d e sk  ca lcu la to r co n tro lled  gam m a sp ec tro m e tric  sy s tem  has b een  developed  
fo r  ro u tin e  use w h ich  allows m easu rem en t an d  e v a lu a tio n  to  be  ca rried  o u t

Fig. 5. Minimum detectable activities in M arinelli-beaker geom etry for 6 • 104 s m easuring 
tim e. The predeterm ined lim its for some typ ical environm ental samples are indicated by

horizontal lines.
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w ith  o p tim u m  level o f au to m a tio n . I t  m eans th a t  a com plete  an a ly s is  needs 
only  a few  s ta r tin g  in s tru c tio n s  a n d  d a ta  a t  th e  b eg inn ing  and  th is  re su lts  in 
th e  a c tiv itie s  of in d iv id u a l rad io n u c lid es  con ta ined  in  e n v iro n m en ta l sam ples 
o f  d iffe ren t origin b e in g  given a t  th e  en d . I t  has been  p roved  by  th e  d ifferent 
te s t  in v es tig a tio n s  t h a t  th e  m e th o d  e la b o ra te d  is su ita b le  to  d e te rm in e  sam ple 
ac tiv itie s  h igher th a n  0.1 B q  o f in d iv id u a l rad ionuclides w ith  an  acc u ra cy  of 
3 — 8 %  in  th e  energy ran g e  from  100 to  2000 keV an d  fo r d ensity  ra n g in g  from  
0.1 to  1.6 g /cm 3. T he in d ica ted  0.1 B q  de tec tio n  lim it a tta in a b le  w ith  6-104s 
m easu rin g  tim e  p ro v ed  to  lie low  en ough  for th e  a c t iv i ty  d e te rm in a tio n  of 
rad ionuc lides a t  th e  p rescrib ed  level to  be m easured  [1] as show n in  F ig . 5.
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COMPARISON OF FIELD DOSE RATE 
MEASUREMENTS AND MONTE CARLO 

CALCULATIONS
L . K o b l in g e k , I . N é m e t h , P . Zombori and A . A ndrási

HEALTH PHYSICS DEPARTMENT, CENTRAL RESEARCH INSTITUTE FOR PHYSICS 
1525 BUDAPEST, HUNGARY

Dose ra tes  from n a tu ra l terrestrial gam m a sources calculated by  a Monte Carlo program  
and derived from  N a l(T l) scintillation m easurem ents as well as calculated and m easured count 
ra tes of G —M detectors are compared and show satisfactory agreem ent.

In tro d u c tio n

The in s ta lla tio n  o f  th e  f irs t H u n g a ria n  n uclear p o w er s ta tio n , d u e  to  he 
p u t  in to  o p e ra tio n  in  th e  n e a r fu tu re  a t  P ak s (110 k m  so u th  o f B u d a p e s t) , 
gave  our D e p a r tm e n t th e  ta s k  o f design ing  th e  en v iro n m en ta l m o n ito rin g  sys
te m . T here a re  several ty p e s  o f d e tec to rs  used  in  th is  sy s tem  and  th e  read ings 
o f  th ese  d e tec to rs  are fu r th e r  analysed  a n d  in te rp re te d  o n  th e  basis o f  th e o re ti
ca l co n sid era tio n s an d  on  th e  resu lts o f  co m p u te r  m odel calcu lations.

T he fu lfilm en t o f  th e  f irs t ta sk : th e  d e te rm in a tio n  o f th e  n a tu ra l  b ack 
g ro u n d , th e  so-called p re -o p era tio n a l-lev e l, gave us a good o p p o r tu n ity  for 
checking  o u r m easu ring  a n d  ca lcu la tio n a l m ethods. S ev e ra l such com parisons 
a re  described  in  th is  p a p e r.

C alcu lations

F o r co m p u tin g  th e  fie ld  p a ra m e te rs  and  d e te c to r  responses a  genera l 
e n v iro n m e n ta l gam m a f lu x  an d  dose ca lcu la tin g  p ro g ram , th e  P O K E R -C A M P  
[1], w as used . W ith  th is  a d jo in t M onte C arlo code f lu x , a ir  kerm a a n d  sp ec tra  
o f  ph o to n s a t  a n y  p o in t in  th e  en v iro n m en t; responses o f  po in t-like , cy lin d rica l, 
o r  spherica l d e tec to rs ; o r doses ab so rb ed  in  organs o f  an th ro p o m o rp h ic  p h a n 
to m s can  be ca lcu la ted .

T he g eom etrica l m odel is th e  fo llow ing: th e  soil a n d  th e  air are tw o  sem i
in f in ite  b u lk s  a n d  an  in te rm e d ia te  la y e r  o f  a rb itra ry  th ick n ess  can b e  p laced  
b e tw een  th e m  (fo r m odelling  grass, snow , e tc .). T h ree  ty p e s  o f geo m etrica l 
source d is tr ib u tio n s  can  be  specified  in  e a c h  region:

—  u n ifo rm  source;
— p lan e  source on th e  surface o f th e  solid regions o r  a t  any  h e ig h t in  th e  

a ir;
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— source decreasing  ex p o n e n tia lly  w ith  d e p th  in  th e  soil o r  w ith  h e ig h t 
in  th e  a ir .

C alcu la tions c a n  be carried  o u t  also for a n y  co m bina tion  o f  th e se  elem en
ta l  d is tr ib u tio n s .

T his w ide ra n g e  of in p u t spec ifica tion  possib ilities  enables th e  code to  be 
a p p lie d  for s tu d y in g  a great v a r ie ty  o f e n v iro n m e n ta l p rob lem s.

I n  th e  in v e s tig a tio n s  p re se n te d  here no in te rm e d ia te  la y e r  is specified, 
th e  n a tu ra l  ra d io a c tiv e  sources a re  assum ed to  be  un ifo rm ly  d is tr ib u te d  in  th e  
soil. A ir dose ra te s  a n d  responses o f  po in t-like d e te c to rs  are ca lcu la ted . The dose 
r a te s  are a c tu a lly  rep laced  by  th e  k e rm a  ra tes  — a  v e ry  reaso n ab le  ap p ro x im a
t io n  fo r  th e  g am m as  o f  the n a tu ra l  sources.

Soil samples

Soil sam p les  were co llec ted  from  24 lo ca tio n s  in  th e  P a k s  area. T h e  
a c t iv i ty  c o n c e n tra tio n s  of th e  sam ples were d e te rm in ed  b y  T ó t h  an d  L akatos 
— N ovotny  [2] a n d  are  given in  T ab le  I. The e s tim a te d  over-all e rro r lies in  th e  
ra n g e  o f 5 —10 p e r  cen t for all a c tiv itie s . T he a c tiv i ty  co n cen tra tio n s  listed  in  
T a b le  I  w ere u se d  as in p u t d a ta  fo r  th e  M onte C arlo  ca lcu la tions. T here was no  
so il co m position  analysis , we u sed  th e  ty p ica l soil com position  given b y  B e c k

[3 ]: A120 3 13.5 w e ig h t per c e n t, F e 20 3 4.5 p e r  c en t, S i0 2 67.5 p e r cen t, C 0 2
4 .5  p e r  cen t a n d  H 20  10.0 p e r  c e n t, w ith  a d e n s ity  of 1.6 g /cm 3. C om puta tions 
c a rr ie d  ou t w ith  s ig n ifican tly  d e v ia tin g  com positions have sh o w n  th a t  th e  so il 
com p o sitio n  h a rd ly  influences th e  dose ra te s .

T he s ta t is t ic a l  u n c e rta in tie s  o f  the  M o n te  Carlo ca lc u la ted  resu lts a re  
1 — 2 p e r cen t.

D ose rate m easurem ents w ith N al(T l) scintillation detector

Dose ra te s  w ere  m easu red  fo u r tim es d u rin g  tw o y ears  on  th e  sam e s ite s  
f ro m  w hich th e  so il sam ples w ere  ta k e n  [4]. T h e  cen tre  of th e  0 7 .6 c m x 7 .6  cm  
N aI(T l) d e te c to r  w as placed a t  1 m  above g ro u n d  level.

F u ll-en e rg y  peaks o f th e  1460 keV line o f  th e  40K  iso to p e  an d  tw o c h a r 
a c te ris tic  lines o f  th e  U (R a)-se ries and  th e  T h-series (1760 an d  2615 keV , 
resp ec tiv e ly ) w ere  d e te rm in ed . T h e  factors t h a t  convert th e  d ire c tly  m easu red  
p e a k  area d a ta  o f  th e  ch a ra c te ris tic  lines to  th e  dose ra tes cau sed  b y  th e  in d iv i
d u a l rad io a c tiv e  chains were d e riv ed  from  th e o re tic a l considera tions [5, 6] a n d  
ca lib ra tio n s. T h e  overall u n c e r ta in ty  of th e  dose ra te s  o b ta in e d  b y  th is  m e th o d  
is e s tim a te d  to  b e  abou t 8, 30, an d  12 p e r  c e n t for th e  40K , U (R a) an d  Th. 
sources, re sp ec tiv e ly .
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Table I

A ctivity concentrations in the soil samples

Sample
No.

Activity concentration [Bq/kg]
4 0K U(Ra)-chain Th-cain

l 258 9.2 12.2
2 305 13.7 18.1
3 460 30.3 36.6
4 515 31.4 39.6
5 272 14.4 17.4
6 267 12.2 15.5
7 246 9.6 11.5
8 289 18.8 23.7
9 389 30.0 26.6

10 456 30.3 34.0
11 295 15.9 22.9
12 343 23.3 30.0
13 249 12.2 15.2
14 411 32.9 38.1
15 477 35.9 48.8
16 406 28.1 31.1
17 418 30.7 32.6
18 306 15.5 25.2
19 437 32.9 32.2
20 302 14.8 18.5
21 407 38.5 43.3
22 409 33.3 42.2
23 389 32.9 40.7
24 256 11.8 15.5

M easu rem en ts  w ith  G—M d etec to rs

M easurem ents w ere also ca rr ied  o u t fou r tim es  in  tw o  y e a rs  b y  d e 
te c to rs  co n ta in in g  th re e  CTC-6 ty p e  Soviet G —M tu b es  p laced  a t  1 m  above 
th e  g round .

Tw o coverings w ere used:
— G— M d e te c to r  No. 1 w as covered  b y  2 m m  A l;
— G —M d e te c to r  No. 2 w as covered  (from  in te rn a l to  e x te rn a l layers) 

b y  1 m m  Sn 0.3 m m  P b  +  2 m m  Al.
B o th  d e tec to rs  h av e  an  in te rn a l  lay e r o f 2 m m  p lastic  to  ab so rb  th e  b e ta  

ra d ia tio n  o f s t ru c tu ra l  m a te ria ls .
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Table П

Sensitivity of G —M detector No. 1

Angles 0° 30° 60° 90° 120° 150° 180°

Energies [keV] Sensitivities in [cps/(//Gy/h)]

60 9.8 42.6 60.6 65.8 62.7 42.0 7.9
81 12.5 33.2 51.8 57.2 51.8 32.6 9.0

140 20.3 37.0 44.1 46.0 44.7 39.3 15.2
379 10.2 16.9 19.2 19.6 19.0 17.6 7.9
662 13.4 18.8 21.7 22.6 21.5 18.8 11.1

1252 19.0 21.3 24.6 26.1 25.5 24.2 15.7

Table III

Sensitivity of G —M detector No. 2

Angles 0° 30° 60° 90° 120° 150° 180°

Energies [keV] Sensitivities in [cps/^Gy/h)]

60 7.7 2.3 0.23 0.21 0.23 1.3 5.9
81 8.1 0.92 0.38 0.63 0.5 2.1 6.1

140 14.4 4.0 4.2 6.9 4.6 3.5 12.5
379 10.5 10.9 15.0 15.5 14.8 12.1 8.6
662 12.9 15.7 19.0 19.4 19.0 15.9 11.5

1252 19.4 20.9 25.1 25.9 25.1 21.5 17.1

T h e axes o f th e  tu b e s  w ere h o riz o n ta l an d  th e ir  sensitiv ities w ere d e te r
m in ed  a t  severa l energ ies an d  fo r sev e ra l angles of inc idence  w ith  p o in t sources. 
T h e  dose ra te s  for th e se  ca lib ra tio n s  w ere m easu red  b y  a n  ion  ch am b er. T ables I I  
a n d  I I I  co n ta in  th e  e lem en ts  o f  th e  se n s itiv ity  m a tric e s  th a t  w ere used  b y  
P O K E R -C A M P  to  ca lc u la te  th e  responses o f th ese  d e tec to rs . L in e a r in te rp o la 
t io n  w as u sed  fo r in te rm e d ia te  energ ies an d  angles. Zero se n s itiv ity  was gi
v e n  to  a ll angles a t  5 keV  energies a n d  th e  v a lu es  m easu red  a t  1252 keV 
w ere u sed  fo r all h ig h e r energies.

T h e  c o n tr ib u tio n  o f  cosm ic ra y s  is alw ays s u b tra c te d  from  th e  coun ts. 
T h e  v a lu es  o f 1.80 a n d  1.74 cps fo r  th e  tw o  d e tec to rs , resp ec tiv e ly , w ere  d e te r
m in e d  b y  m easu rem en ts  on L ake B a la to n .

T h e  overa ll u n c e r ta in ty  o f  th e  G —M m easu rem en ts  is 6 —8 p e r  cen t.
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R esults

A ll th e  m easured  v a lu es  are averages of th e  4 sep ara te  m e asu rem en t 
series.

T he free-in -air k e rm a  ra te s  o b ta in e d  b y  M onte Carlo ca lcu la tio n s and  
m easu red  b y  th e  N al(T l) d e te c to r  a re  g iven  in  F igs. 1 — 3 fo r th e  24 te s t  sites.

F igs. 4 a n d  5 show  th e  re la tio n sh ip  betw een  th e  ca lcu la ted  a n d  m easu red  
responses o f  th e  tw o G — M  detec to rs .

Fig. 1. Dose ra tes  from the 10K  isotope. V alues calculated b y  PO KER-CAM P code and
m easured by  N a I(T l)  detector.

The co rre la tio n  b e tw e e n  th e  m easu red  and  c a lc u la ted  d a ta  seem s to  be 
q u ite  accep tab le  for all cases, especially  i f  all th e  sources o f  errors a re  ta k e n  
in to  acco u n t, v iz.

— th e  question  o f re p re se n ta tiv en e ss  o f th e  soil sam ples an a ly sed ;
— u n ce rta in tie s  o f  a c t iv i ty  c o n c e n tra tio n  m easu rem en ts;
— th e  lack  of know ledge of a c tu a l  soil com positions an d  d en sitie s ;
— ap p ro x im atio n s  o f  th e  ca lcu la tio n a l m odel (hom ogeneous so il and 

source d is tr ib u tio n s , om ission o f  v e g e ta tio n  lay e r, th e  neg lec tin g  
o f  ra d o n  and  th o ro n  em an a tio n );

— u n c e rta in tie s  in  th e  d e te rm in a tio n  of th e  cosm ic ray  c o n tr ib u tio n ;
— th e  p o o r reso lu tio n  o f  th e  G — M d e tec to r s e n s itiv ity  m a tr ix ;
— possib le  sy s tem a tic  e rro r o f th e  p eak  area d e te rm in a tio n  in  N a l(T l)  

sp ec tro m e try ;
— th e  u n c e r ta in ty  o f  th e  p e a k  a re a  to  dose r a te  conversion  fa c to rs  

ap p lied  in  sc in tilla tio n  sp ec tro m e try .
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F ig. 2. Dose rates from  the U(Ra)-series. Values calculated  by PO K ER -C A M P code and
m easured b y  N aI(T l) de tec to r.

F ig. 3. Dose rates from  th e  Th-series. V alues calculated b y  PO KER-CAM P code and m easured
b y  N aI(T l) detector.

Remarks on  further applications

These com parisons, b a sed  o n  p re -o p e ra tio n  level m easu rem en ts , h a v e  
p ro v e d  th e  a p p lic a b ility  of th e  calcxdational a n d  ex p e rim en ta l m ethods d ev e 
lo p e d  in  ou r D e p a r tm e n t. In  v iew  o f th is , we c a n  safely  e x te n d  th ese  tech n iq u es 
to  o th e r  source d is tr ib u tio n s  in  d iffe ren t en v iro n m en ta l m ed ia  b o th  for n o rm a l 
a n d  acc id en ta l s itu a tio n s  in  th e  v ic in ity  o f p o w er s ta tio n s . M oreover, th e  m e th o d  
is su itab le  fo r ca lcu la tio n s  of su ch  h a rd ly  m easu rab le  q u a n titie s  as organ  doses.
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Fig, 4. Calculated and m easured responses of G —M detector No. 1.

Fig. 5. Calculated and m easured responses of G —M detector No. 2.
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EXAMINATION OF A HOT PARTICLE 
FROM A RECENT ATMOSPHERIC TEST
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Changes in  airborne ac tiv ity  concentration can usually be observed by determ ining the 
ac tiv ity  of collected aerosol. The present work is considered as an  exception : a h o t partic le  
was found on an aerosol sam ple and  i t  offered th e  occasion of th is contribution.

The report follows observations and radiological methods regard ing  particle s tu d y  and 
i t  provides the following results. The ho t particle contained fission nuclides like 95Zr and 
96N b, i t  was solely p resent on the sample, it  orig inated  in the atm ospheric nuclear te s t of 
16 October 1981, i t  was captured  a few days before reaching the m axim um  activ ity  of 95Nb 
induced directly b y  95Zr, and finally  its size was about one m icrom eter.

Introduction

A  co n tin u o u s check on  th e  rad io log ica l s ta te  of a ir  a t  a ce rta in  s ite  is 
m a in ta in e d  b y  sy s te m a tic  m o n ito ring  o f  a irb o rn e  a c tiv ity . T he chan g es o f 
a c t iv i ty  co n cen tra tio n  in  a ir  can  usually  be  follow ed b y  th e  a c tiv ity  of co llec ted  
aerosol. W hen , how ever, th e  aerosol a c t iv i ty  is found  to o  h igh , th e  fo llow ing  
q u estio n s arise: Is  th e  increase  due to  a h ig h e r rad io ac tiv e  co n cen tra tio n  or 
r a th e r  to  som e in d iv id u a l h o t p a rtic le s?  W h a t  nuclides a re  invo lv ed ?  W h a t  is 
th e  possible source ? These q u estions are im p o r ta n t  from  th e  v iew poin t o f  r a d ia 
tio n  p ro te c tio n  a n d  ra d ia tio n  hygiene. In  th e  la t te r  case fu r th e r  in fo rm a tio n  
on  p a rtic le  size is also req u ired .

B efore p u t t in g  th e  f ir s t  H u n g a rian  n u c le a r  reac to r in to  opera tion , assess
m en t a n d  an a ly s is  o f b a c k g ro u n d  a irb o rn e  a c tiv ity  a re  b e ing  ca rried  o u t. 
T he b ack g ro u n d  a c tiv i ty  re la te d  to  n a tu ra l  b ack g ro u n d  c a n  be increased  to  a 
g re a t e x te n t b y  a tm o sp h e ric  nu c lea r te s ts  p roducing  a c tiv e  partic les. T h e y  
shou ld  be d is tin g u ish ed  from  rad ioaeroso ls re leased  b y  th e  reac to r .

T h is p a p e r  re p o rts  on  exam in a tio n s o f  th e  rad io log ical ch a rac te r o f a h o t  
p a rtic le  sam pled  in B u d a p e s t,  in  D ecem ber 1980 .This p a rtic le  gave us th e  o p p o r
tu n i ty  o f m ore d e ta iled  s tu d y  as we h ad  a lre a d y  an a ly sed  a h o t p a rtic le  b y  
gam m a sp e c tro m e try  in  1976. E x am in a tio n s  h ere  were c a rr ie d  ou t b y  g a m m a  
sp e c tro m e try , a u to ra d io g ra p h y  an d  en erg y  dispersive X - ra y  sp e c tro m e try  
w h ereb y  th e  tim e  o f  orig in  o f  th e  partic le , th e  inc luded  fission  nuclides, a c t iv i ty ,  
an d  ap p ro x im a te  p a rtic le  size are  discussed. T h e  partic le  is r ig h tly  su p p o sed  to  
be a tro p o sp h e ric  aerosol. W e h av e  no fac ilities  fo r ch a rac te riz in g  stra to spheric - 
aerosols a t  low  a ltitu d e s .
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F luctuation  o f environm ental airborne activity

The p a r tic le  w as c a p tu re d  w ith  the  h e lp  o f  an  en v iro n m en ta l rad ioaeroso l 
sam p lin g  sy s tem  w hich was p u t  in to  o p e ra tio n  for m o n ito rin g  th e  a irb o rn e  
a c tiv i ty  c o n c e n tra tio n . B e ta  a c t iv i ty  is g en e ra lly  m easu red  th ree  days a f te r  
sam p lin g  [1]. T h e  h is to g ram  o n  th e  upper p a r t  o f  Fig. 1 show s th e  daily  a c t iv i ty  
•concen tra tion  d u rin g  th e  p e rio d  o f  O ctober 19 8 0 —J u ly  1981. O n th e  h o riz o n ta l

F ig . 1 Top : D aily  radioaerosol concentration  in m B q /m 3 outside air. A ctivity  is m easured 
th ree days a fte r end of sampling and  is related to  natu ral u ran ium . Bottom: R atio  of 
act ivities m easured a t  the 72nd and  48th  hour after sam pling, drawn in  averages of each h a lf

m on th . R atios exceeding 0.5 depend on half-life of fission products.

ax is no d a ta  a re  in d ica ted  below  th e  lim it a c c e p ted  for e v a lu a tin g  co n cen tra tio n . 
H o riz o n ta l lin es  rep resen t av e rag e  d a ta  o v e r  h a lf  m o n th s. T h e  c o n c e n tra tio n  
w h ich  exceeds th e  average b ack g ro u n d  o f  a b o u t 2 m B q /m 3 on  th is  h is to rg a m  
is assum ed to  be  caused  b y  som e artific ia l source. F rom  th e  beginning o f  1981 
a n  increased  lev e l o f m ore p eak s  was o b se rv ed  a t tr ib u ta b le  to  s tra to sp h e ric  
aerosol o rig in a tin g  from  an  a tm o sp h eric  n u c le a r  te s t.

H o w ev er, before th e  lo n g er-s tay in g  in c rease  a sam ple o f  high a c tiv ity  w as 
fo u n d  one d a y  in  D ecem ber. T h e  a c tiv ity  m a rk e d  b y  th e  b ro k en  line in  F ig . 1 
w as ab o u t t h i r t y  tim es h ig h e r  th a n  th e  a c t iv i ty  m easu red  days befo re  an d  
a f te r . I t  is to  be  m en tio n ed  t h a t  no s im ila r an o m aly  w as observed  in  sam ples 
co llected  b y  o th e r  aerosol sam plers an d  se p a ra to rs  in  u se  a t  the  sam e tim e . 
H ence , th is  ae roso l sam ple o f  high a c t iv i ty  could p la u s ib ly  be no p a r t  o f  a 
rad io ac tiv e  c lo u d . T herefo re , i t  is u n rea lis tic  to  quote  c o n c e n tra tio n  fro m  th a t .

The b o tto m  p a r t  o f F ig . 1 gives th e  ra t io  of a c tiv itie s  m easured  in  th e  
72nd  (A72) a n d  4 8 th  (A48) h o u r  a fte r sam p lin g , i.e. th e  decrease  of a c t iv i ty  on 
th e  th ird  d a y . T h e  ra tio  is d ra w n  in av e rag es  over h a lf  m o n th s . I f  fission  p ro 
d u c ts  are p re s e n t th e  ra tio  exceeds 0.5 d ep en d in g  on th e  h a lf  lives of th e  fission
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F i g .  2 .  Autoradiograph with KODAK RM film on sample containing beta and gamma active 
particle. The black spot represents the hot particle.

p ro d u c ts  [1]. T he increase in  b o th  co n cen tra tio n  an d  ra tio  ch a rac te rizes  th e  
re la tio n sh ip  b e tw een  n a tu ra l an d  a rtific ia l a c t iv i ty  in  air.

F u r th e r  d iscussion  re la tes to  th e  ex trem ely  ac tiv e  sam ple o f  D ecem ber
1980.

H o t partic le  reco rded  on au to rad io g rap h

K o d ak  RM  film  was used fo r  a u to rad io g rap h s  exposed fo r one m o n th . 
P h o to s  o f b o th  sides o f th e  f ilte r  w ere very  sim ila r. T h a t p re sen ted  in  Fig. 2 
show s th e  sole p resence  of a h o t p a rtic le  localized in  a 2 m m  0  sp o t. T he b lack  
sp o t rep resen ts  exposu re  from  b e ta  an d  gam m a ra d ia tio n , too , as is to  be ex 
p e c te d  from  film  se n s itiv ity  [2]. In te n s i ty  an d  en erg y  of ra d ia tio n  w ere n o t 
e s tim a te d  on th e  reco rd .

O rig in  o f th e  p artic le  an d  included fission  nuclides

T h e  tim e  o f orig in  of th e  p a r tic le , i.e. th e  d a te  of th e  exp losion , can  he 
d ed u ced  from  th e  d is in teg ra tio n  o f  ch a ra c te ris tic  fission  nuclides [3]. F o r th is  
p u rp o se  th e  sam ple  w as an a lysed  b y  a Ge(Li) g am m a sp ec tro m e te r. S pec tra  
w ere ta k e n  in  an  8 x  Ю4 s long an a ly sis  tw ice a f te r  th e  sam pling . O ne o f th e  
sp e c tra  is given a t  th e  u p p e r p a r t  o f  F ig . 3. A m ong o th e rs  95Z r an d  95N b  as fission 
p ro d u c ts  w ere id e n tif ie d  b y  energy . T h e ir a c t iv i ty  w as also d e te rm in ed . The 
low er p a r t  of F ig . 3 show s th e  in te n s i ty  o f 95Zr a n d  9£N b in an  e x te n d e d  scale of 
ch an n e l n u m b er. T h e  con tinuous lin e  s tan d s  fo r th e  f irs t  analysis on  13 J a n u a ry  
1981, th e  b ro k en  line  is fo r th e  second  m esu rem en t on  4 M arch 1981.
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T h e re le v a n t n u c lides for tim e  reca lcu la tio n  a re  9EZ r an d  95N b. A ssum ing  
th a t  95N b  is th e  p ro g en y  only of 95Z r d is in teg ra tin g  from  th e  origin of th e  partic le , 
a n d  95N b  does n o t e x is t alone or from  o th e r  p recu rso rs , th e  elapsed  tim e  from  
th e  o rig in  o f  th e  p a r tic le  can  he ex p ressed  b y  th e  e q u a tio n  [3]

t t0 — 1.443-
Ï \T 2

тх - т г ln A t  T 1 — T 2 I
At A  } ( i >

w here  A lt an d  A 2t a re  th e  ac tiv ities  o f 95Z r an d  95N b a t  tim e  t, T i an d  T 2 rep re sen t 
th e  re sp ec tiv e  h a lf  lives of 9SZ r a n d  95N b , th a t  is, 65 an d  35 days.

count 3— •

F i g .  3 . Ge(Li) gamma spectra performed on sample including hot particle. Scale of channel 
number is extended in regard to 95Zr and 95Nb. The upper and lower curves resultfrom analyses, 
on 13.01.1981 and 04.03.1981, respectively. One complete spectrum is to the left above the.

curves.

F i g .  4 .  Activity of 95Zr, 95Nb vs calendar time. Table correlating the diagram shows measured 
and calculated 95Zr, 95Nb activity and elapsed time from the origin of particle (t0) and from 
maximum 95Nb activity (tmax) up to the dates as follows: analyses ( О, •  ), maximum daughter 
element activity, sampling ( о о ), origin of the particle. Relative statistical error of the 
measured activities ( о , •  ) are 10%, the estimated relative error of the complete method is

less than 18%.
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O therw ise , th e  tim e  elapsing  from  th e  m ax im u m  a c tiv ity  o f  th e  in d u ced  
n u c lid e  can be g iven  by

t —  t max 1.443
T r - T 2 ( 2)

A t ‘iraax’ th e  a c tiv ity  of m o th e r  an d  d a u g h te r  nuclides can  be ju s tif ie d  as 
b e in g  th e  sam e.

The d iag ram  in Fig. 4 i l lu s tra te s  th e  95Z r an d  95N b a c tiv itie s  vs ca len d ar 
t im e . T he m easu red  an d  c a lcu la ted  figures o f  tim e  an d  a c tiv ity  re la tin g  to  a 
few  reference d a te s  are also su m m arized  in  th e  T ab le  above th e  d iag ram . I t  can  
b e  seen th a t  th e  d a te  o f o rig in  o f  th e  h o t p a r tic le  was o b ta in ed  w ith  a good 
a p p ro x im a tio n  to  th e  d a te  o f a recen t a tm o sp h eric  n uc lear te s t  (16 O ctober 
1981) know n fro m  th e  press. T h e  cap tu re  d a te  o f 15 D ecem ber 1980 w as a few  
d a y s  before th e  95N b m ax im um  a c tiv ity , in  v iew  o f w hich th e  long  m easu ring  
p rocess was ca rr ied  ou t along th e  descending b ra n c h  o f th e  N b cu rve .

Consideration on particle size

T he size o f  a p artic le  in je c te d  from  an  explosion in to  th e  a tm o sp h ere  
d ep en d s  on th e  ch a rac teris tic s  o f  th e  te s t  a n d  is m odified  d u rin g  th e  long 
a tm o sp h eric  tr a n s p o r t  [4]. M icron sized p a rtic le s  are  able to  descend  from  th e

Fig. 5. a) E iectronm icrograph of cluster around the h o t particle, b) Particle collection in a
closed region of the ho t partic le .
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tro p o sp h e re  w ith in  a few  m o n ths a f te r  th e  exp losion , w hereas su b m ic ro n  ones 
se ttle  fro m  th e  s tra to sp h e re  m a in ly  in  sp ring  tim e  because of th e  tro p o p au se  
open in g  la te  w in te r. I t  is likely  th a t  th e  ex am in ed  p a rtic le  belongs to  th e  f irs t 
case.

Id e n tif ic a tio n  a n d  size m easu rem en t o f th e  p a rtic le  requ ired  e lec tro n - 
m icroscopic  loca liza tio n . E v en  th o u g h  th e  w hole f i l te r  an d  also its  au to ra d io -  
g rap h ica lly  localized p a r t  has dep o sited  aerosol in  a th ick n ess  o f 100 — 200 pm , 
th e  f in d in g  o f th e  p a r tic le  can  be hopeless even  w ith  a scann ing  e lec tro n  m ic
roscope. H ow ever, d a ta  availab le  from  gam m a sp e c tra  suggest th a t  one ch a r
ac te rizes  th e  p a rtic le  from  th e  in c lu d ed  e lem en t. F o r  th e  purpose a n  energy  
d ispersive  X -ra y  sp e c tro m e te r  w ith  an  au to m a tic  s tep p in g  device w as u tilized .

F ro m  a p re lim in a ry  ca lcu la tio n  — su b s titu tin g  th e  physical p a ra m e te rs  
an d  o rig inal a c tiv ity  o f  9,tZr — th e  size o f th e  ac tiv e  k erne l w ith in  th e  p a rtic le  
w as fo u n d  to  he a b o u t 0.15 pm  in  d iam e te r . A lth o u g h , as th e  partic le  can  inc lude  
a series of o th e r  e lem ents from  e a r th  an d  sto n e  a t  th e  d e to n a tio n  place 
a n d  te m p e r  m a te ria l o f  th e  b o m b , th e  size w ould  be m uch  larger. B ecause  o f  
th is  th e  in itia l in fo rm a tio n  fo r X -ra y  sp e c tro m e try  w as th e  ca lcu la ted  m ass o f  
th e  fiss io n  e lem ents.

R eg ard in g  th e  m u ltilay e r aeroso l d ep osition  a m echanical d e tach in g  
process h a d  to  be u tiliz ed  to  o b ta in  a sm all an d  th in  sam ple for m icroanalysis. 
T he e lec tro n m ic ro g rap h  (Fig. 5a) show s th e  c lu s te r  o f  th e  h o t p a rtic le  rem o v ed  
fro m  th e  f ilte r ; F ig . 5b  inform s us a b o u t th e  possib le p a rtic le  size in  th e  c lu s te r 
o f th e  h o t p a rtic le  o f  F ig . 5a. H ence , th e  g eom etrica l size w as found  in  th e  range
0 .8 —2 p m . A n a d d itio n a l ju s tif ic a tio n  w ould  h av e  exceeded  th e  reaso n ab le  
lim it.

Summary

A  discussion is p re sen ted  on  th e  ex a m in a tio n  o f a h o t p a rtic le  c a p tu re d  
on an  aerosol filte r . 95Z r and  95N b fission  nuclides w ere id en tified  in  th e  p a rtic le  
b y  g am m a sp e c tro m e try . O n th e  basis o f th e ir  a c t iv i ty  i t  w as fo u n d  t h a t  th e  
tim e  o f orig in  o f th e  p a rtic le  co rresponded  to  th e  d a te  o f a recen t a tm o sp h eric  
n u c le a r  te s t  (16 O c to b e r 1980) a n d  th a t  th e  c a p tu re  w as a few days b efo re  th e  
m ax im u m  a c tiv ity  o f  95N b in d u ced  d irec tly  b y  9SZ r. T he in d iv id u a l presence 
o f th e  h o t p a rtic le  w as reg istered  w ith  au to ra d io g ra p h s . In  ad d itio n , b y  m eans 
o f  m icroana lysis , th e  size o f th e  h o t p a rtic le  w as fo u n d  to  be a b o u t one m icro 
m e te r  in  d iam ete r.

T h e  app lied  m eth o d s are  also su itab le  fo r d is tingu ish ing  b e tw een  rad io 
aerosols re leased  b y  n u c lea r  re a c to rs  or p ro d u ced  b y  explosion .

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



EXAM INATION O F A HOT PA R T IC LE 411

R E F E R E N C E S

1. I. Ma s c h e k , V. P r o d i and Á. Mészá ro s , 7th  Conf. Assoc. Aerosol Res., 1979 Düsseldorf,
Proc. 96; J . Aerosol Sei., 11, 241, 1980.

2. I. B o jt o r , personal com m unica tion .
3. T. L e n g y e l , A. JÁSZ, Izotóplaboratórium i zsebkönyv (Isotope L aboratory Pocketbook,

in  H ungarian), Műszaki K önyvkiadó, B udapest, 1966.
4. U nited  N ations Scientific Committee on th e  Effects of A tom ic R adiation (UNSCEAR)

Sources and E ffects of Ionizing R ad ia tion , Report to  th e  General Assem bly, U.N., 
New York, 1977.

Acta Physica Academiae Scientiarum Hungaricae 52, 1982





Acta Physica Academiae Scientiarum Hungaricae, 52 (3 —4 ) ,p p . 413—417 (1982)

ESTIMATION OF PER CAPUT DOSE 
AND COLLECTIVE DOSE FROM THE USE OF 

DANUBE WATER*

M. T schurlovits

ATOMIC INSTITUTE OF THE AUSTRIAN UNIVERSITIES
A-1020 VIENNA, AUSTRIA

The paper deals w ith  methods for assessment of b o th  per caput and collective dose 
resulting  from  the use of the w ater of th e  D anube river, where drinking w ater and  fish con
sum ption pathw ay are considered. R esults of previous m easurem ents are used as basis for 
the estim ation. I t  was found th a t the dose from  natu ra l radionuclides is b v  far exceeding 
the dose from  artificial radionuclides.

1. In tro d u c tio n

T he te rm s “ collective dose”  o r “ collective dose co m m itm e n t”  are fre 
q u e n tly  used  to d a y  in  assessing th e  im p ac t o f a source of ion iz ing  ra d ia tio n , 
w here th e  te rm  sou rce  can he u sed  in  th e  w idest sense. As a few  exam ples, th e  
n a tu ra l  b a c k g ro u n d , th e  global in v e n to ry  of a g iven  rad ionuclide , b u t  also th e  
use o f  a sec to r o f  th e  en v iro n m en t ca n  be considered  as a source, d epend ing  on 
th e  p u rp o se  o f th e  assessm ent.

I n  th e  p re se n t case, th e  ex p o su re  re su ltin g  fro m  use of th e  w a te r  o f th e  
D an u b e  riv e r is d iscussed , and  th e re fo re  th e  w a te r  o f  th e  D an u b e  r iv e r  is th e  
source. T h e  basic d e fin itio n  of th e  collective dose co m m itm en t is discussed 
below  v e ry  briefly  o n ly  in  o rder to  p ro v id e  a su itab le  basis for fu r th e r  d iscussion.

2. D efin ition

T h e  collective dose is used in  assessm ent o f  th e  re la tive  d e tr im e n t from  
d iffe ren t rad io ac tiv e  sources, a n d  f in a lly  th e  n u m b e r  o f  h a rm fu l effects in  a 
given p o p u la tio n  d u e  to  th e  source  u n d er co n sid e ra tio n  can be es tim a ted . 
C onsidering  in te rn a l exposure, th e  collective dose ca n  be w ritten  as [1]

S c =  k \Q N ( Q ) d Q ,  (1)
о

w here N(Q) dQ is th e  n u m b er of p e rso n s ingesting  a n  a c tiv ity  in  th e  ran g e  Q to  
Q -f- dQ, an d  к is th e  p o p u la tio n  w eig h ted  conversion  fac to r c o m m itte d  dose 
per u n it  in tak e . T h e  follow ing q u a n tit ie s  have th e re fo re  to  he d iscussed:

— C onversion fa c to r  co m m itted  dose p e r  u n it  in tak e . J u s t  recen tly ,

* This work was carried out p artly  w ithin IAEA Coordinated Research Program  on 
Radioecology of the D anube river w ith Research C ontract 1825/RB.
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IC R P  p u b lish ed  a n  a lm o s t com plete  se t o f these  fa c to rs  [2], w h ich  a re  app lic 
ab le , b y  d e fin itio n , o n ly  for w orkers. T o  ap p ly  th e se  fac to rs fo r p o p u la tio n , 
a d d itio n a l co n sid e ra tio n s  n o t only  d ea lin g  w ith  a d iffe ren t age d is tr ib u tio n , 
b u t  also  w ith  o th e r  chem ical form s h a v e  to  be ca rried  o u t. In  a f ir s t  ap p ro ach , 
i t  seem s th a t  IC R P  v a lu es  can  be ta k e n  fo r  a rtif ic ia l rad ionuclides, b u t  are  no t 
ap p licab le  fo r n a tu ra l  rad io ac tiv e  su b stan ces  [3, 4 ]. T h is q u a n tity  is in d ep en 
d e n t o f  th e  ty p e  o f assessm en t an d  in te g ra tio n  tim e , e tc . and  th e re fo re  app li
cab le  in  all cases.

— D is tr ib u tio n  o f  a c tiv ity  in ta k e  in  p o p u la tio n  a n d  tim e. R eg a rd in g  th is 
d is tr ib u tio n , tw o  d iffe re n t cases h av e  to  be d is tin g u ish ed  fo r p ra c tic a l reasons:

i) assessm ent b a sed  upon  a c tu a l re lease d a ta ;
ii) assessm en t b a se d  upon  d a ta  fro m  e n v iro n m e n ta l m on ito ring .
T h e  m ain  diff erence  is th a t  in  th e  f ir s t  case th e  orig in  of th e  ra d io a c tiv ity  

is w ell know n  a n d  t h a t  b o th  release r a te  an d  fu tu re  release (life tim e  o f the  
source) are  know n  o r can  be p red ic ted . I n  lieu  o f re lease  d a ta , th e  to ta l  a c tiv ity  
in v e n to ry  can  also be used  as in fo rm a tio n , e.g. in  th e  nu c lea r fuel cycle . Since 
th e  tim e  d ependence  o f Q is know n , th e  collective dose co m m itm en t can  be 
e s tim a te d .

T h is co n sid e ra tio n  is p a rtic u la r ly  usefu l to  e s tim a te  the  to ta l  consequences 
o f  a g iv en  source o r  p rac tice , w here p e r  M W a, p e r  y e a r  of o p e ra tio n , e tc . are 
u se fu l u n its . T he p red ic tio n  of fu tu re  exposure is an  im p o rta n t p o in t of th e  
a ssessm en t. W h en  d a ta  o f e n v iro n m en ta l m o n ito rin g  are se rv ing  as basic 
in fo rm a tio n , as in  th e  case u n d e r d iscussion , no sim ple re la tion  b e tw een  ac tiv i
t y  d e te c te d  in  m a te r ia l  to  be in g es ted  (w ate r, d ie t, e tc .) and  th e  o rig in a tin g  
so u rce  can  be e s tab lish ed , even  em p lo y in g  se lec tive  m easu rem en ts . T h is leads 
t o  th e  fa c t th a t  n o  dose co m m itm en t c a n  be d e riv ed  from  e n v iro n m en ta l m oni
to r in g , b u t  on ly  a dose (ra th e r  a c o m m itte d  dose) fo r  th e  tim e p e rio d  ac tu a lly  
m o n ito re d  (e.g. c o n v en ien tly  one y e a r  in  ro u tin e  m onito ring). T h is  case is 
co n sid e red  in  th e  fo llow ing. One h as  to  be aw are , how ever, th a t  no  p red ic tio n  
o f  fu tu re  ex p o su re  is possible fro m  e n v iro n m e n ta l m onito ring . T h e  q u a n tity  
a c tu a lly  d eriv ed  fro m  m easu rem en ts  o f  e n v iro n m en ta l m on ito rin g  includes, 
h o w ev er, th e  c o n tr ib u tio n  o f all sources w ith o u t fu r th e r  d isc rim in a tio n .

I f  th e  dose is expressed  in  effec tive  c o m m itte d  dose b y  a p p ro p ria te  
w e ig h tin g  o f o rg an  doses, a d irec t re la tio n  be tw een  th ese  p a th w ay s  a n d  o ther 
ex p o su res , e.g. e x te rn a l an n u a l dose fro m  n a tu ra l  rad ionuclides c a n  be easily 
o b ta in e d .

3. M onitoring o f river w ater

W h en  d rin k in g  w a te r  an d  f ish  co n su m p tio n  p a th w a y  are assu m ed  as to  
c o n tr ib u te  s ig n if ic a n tly  to  th e  ex p o su re , th e  a n n u a l p e r  cap u t dose o f  rad io n u c 
lide i  [5] can  be described  as
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D  =  k tI  =  k j(mwcwi - f  f c wimf ) [S v  • a “ 1] (2)

w here m w is th e  av e rag e  an n u a l c o n su m p tio n  o f w a te r  [kg • a - 1 ] , f t is th e  
c o n c e n tra tio n  fac to r  b y  fish  for th e  rad io n u c lid e  i [1], rrijis th e  av e rag e  an n u a l 
co n su m p tio n  o f f is h  [kg • a - 1 ], cwi is th e  co n cen tra tio n  o f  th e  rad io n u c lid e  i 
in  w a te r  [B q /kg ], I  is th e  an n u a l in ta k e  [B q • a -1 ].

T h e  co n su m p tio n  o f  th e  w hole p o p u la tio n  is th e  expressed  v a lu e  m u lti
p lied  b y  th e  n u m b er N  o f  concerned  people. Since N  is usually  n o t  availab le  
d irec tly , i t  can  be d e riv ed  from  th e  to ta l  p roduced  a m o u n t and th e  p e r  capu t 
co n su m p tio n , c o n v en ien tly  b o th  p er y e a r .

T h e  an n u a l co llective dose due  to  th e  rad io n u c lid e  i is th e n  g iven  by :

Sc,i =  cuÄ ( I F  +  / , .F ) ,  (3)

w here S c ,• is th e  a n n u a l collective dose d u e  to  th e  rad io n u c lid e  i, k t is th e  con
v ersion  fa c to r  (as d iscussed  in  Section  2) [Sv • B q -1 ], W  is th e  to ta l  e x tra c te d  
a n n u a l a m o u n t of w a te r  u sed  for d rin k in g , F  is th e  to ta l  am o u n t of f ish  o b ta in 
ed  from  th e  r iv e r  an d  assu m ed  to  be consum ed .

U su a lly , a t r e a tm e n t  process is c a rr ied  ou t in  e x tra c tin g  w a te r  from  a 
r iv e r  sy s te m  fo r d rin k in g  purposes, a n d  hence a t r e a tm e n t fa c to r  resu lt. 
N o m in a l va lu es  fo r th is  q u a n ti ty  are  g iven  in  [1].

Concentration o f radionuclides in  f is h

F o r  th e  given p u rp o se , only  th e  co n cen tra tio n  o f  a  given rad io n u c lid e  in 
th e  ed ib le  frac tio n  o f f ish  is req u ired , w hereas o th e r o rg an s , even w ith  h igher 
c o n c e n tra tio n  fac to rs , a re  of little  in te r e s t  for th a t  p u rp o se . C o n cen tra tio n  
fac to rs  a re  fre q u e n tly  u sed  to  describe th e  co n c e n tra tio n  in  fish . H ow ever, 
one m u s t be  aw are t h a t  a la rge  n u m b e r  o f in fluencing  fac to rs , b o th  tech n ica l 
a n d  co n cep tu a l, are le ad in g  to  r a th e r  la rge  u n c e rta in tie s  in  th a t  q u a n ti ty . 
T h e  fa c to rs  used  in  th e  follow ing T ab les  are  e x tra c te d  fro m  a n u m b er o f  re fer
ences, m a in ly  from  th e  D an u b e  riv e r. T h e  question  o f  th e  ac tu a l d is tr ib u tio n  
o f  th is  fa c to r , w hich is m a in ly  fo llow ing a lognorm al d is tr ib u tio n , c a n n o t be 
ra ised  he re .

4. R esu lts

4.1. Per caput dose

T ab les  I  an d  I I  show  resu lts  o f ca lcu la tio n s fo r p e r  c a p u t dose. T h e  ca l
cu la tio n s are  based  on m easu rem en ts  [6, 7] carried  o u t  since 1977, a n d  the  
1977 v a lu es  w ere chosen because  th e  h ig h e s t a c tiv ity  co n cen tra tio n  ap p ea red  
in  th a t  y e a r .
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Table I

Annual per caput dose for some radionuclides — drinking w ater pathw ay

Radionuclide
Concentra

tion in 
water 

[mBq/kg]

Annual 
intake [Bq]*

Conversion factor 
[Sv/Bq]

Annual per 
caput dose 

(direct ingestion) 
[nSv]

Drinking water 
treatment factor

Drinking water 
per caput dose 

[nSv]

»H 13 600 6000 1 .7 x 1 0 - “ 100 l 100
*°Sr 5 .6 2.5 2 .4 x 1 0 -» 60 0.5 30
187 Cs 1.9 0.84 1 .4 x 1 0 -* 12 0.2 2.4
««Sr 1.9 0.84 2 .4 x 1 0 -« 2 0.5 1

**Nb 3.3 1.5 6 x i o - 10 0.9 0.1 0.1

«•R a 3 1.3 7 x l 0 -7 900 0.5 450

U„at 6 2.6 1 .3 x 1 0 -« 3400 0.5 1700
40R 56 25 under homeostatical control of the body

* Annual consum ption 440 1/a

Table II

Annual per caput dose — fish consum ption pathw ay

Radionuclide
Average activity 

concentration 
in water 
[mBq/kg]

Concentra
tion

factor
Conversion factor 

[Sv/Bq]
Per caput 

dose 
[nSv]

»»Sr 5.6 5 2.4x10-» 7
187Cs 1.9 500 1.4x10-» 13
!2«Ra 3.0 5 7 x l0 ~ 7 10

U„at 6.0 5 1.3X10-« 40
»»Nb 3.3 1000 6 x l 0 - 10 2

This m e th o d o lo g y  is ap p lic a b le  in  assessin g  th e  e x p o su re  o f persons 
b e long ing  to  one  o r  more c r itic a l g roups, b ecau se  usually  lim its  are  es tab lish ed  
fo r  th e se  perso n s.

4.2. Collective dose (Estim ation o f  the number o f  exposed people)

D rinking water pathway. W a te r  w orks a re  keep ing  reco rd s on  p ro d u c tio n  
ra te ,  an d  th e  a v e rag e  per c a p u t dose c o n su m p tio n  is also w ell k now n . The ra tio  
o f  th e se  figures is th e n  th e  n u m b e r  o f exposed  people. In  th e  V ienna reg ion , 
tw o  p la n ts  can  b e  considered  a s  to  be re la te d  to  th e  D a n u b e  river, a n d  
th e  re le v a n t f ig u re s  are le a d in g  to  an  in v o lv ed  num ber o f  people  o f a b o u t
О .З х Ю 6, co rresp o n d in g  to  a b o u t one f if th  o f  th e  p o p u la tio n  o f  V ienna.
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A sim ilar e s tim a tio n  leads to  a to ta l  o f a b o u t 10e people d rink ing  
w a te r  from  th e  D an u b e  r iv e r  in  A u s tr ia .

Fish pathway

A  to ta l  fish  c a tc h  o f  ab o u t 2 X 105 kg per y e a r in  A u stria  is  re p o rte d , 
w here  a b o u t one h a lf  c an  be assum ed  as to  be edible [4 ].

T hese figures lead  to  a to ta l  collective dose in  A u stria  o f  abou t
2.3 m a n S v .a “ 1 in  th e  d r in k in g  w a te r a n d  0.01 m a n S v .a -1  in  th e  fish  co n su m p 
tio n  p a th w a y , re sp ec tiv e ly . I t  can he  seen from  T ab les  I  and  I I  t h a t  abo u t 
90%  o f  th e  dose are  fro m  n a tu ra l rad io n u c lid es , w h ich  in  tu rn  is a  small 
frac tio n  o f  a c tiv ity  in g es ted  b y  fo o dstu ffs  [1]. R eg a rd in g  the  a r tif ic ia l rad io 
nu c lid es , th e  b y  fa r  g re a te s t  frac tio n  is s till from  90S r. I t  m ay  b e  w orth  
s ta tin g  th a t  th e  to ta l  a c t iv i ty  found  in  w a te r  sam ples since 1977 w as  iden
tif ie d  as to  be from  n u c le a r  fa llou t, th e  co n trib u tio n s  o f  o ther sou rces being 
m uch sm aller and u n id en tifiab le .
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R A D IO A C T IV E  C O N T A M IN A T IO N  
O F  F I L A M E N T O U S  G R E E N  A L G A E  

I N  T H E  H U N G A R I A N  R E A C H  O F  T H E  R I V E R  D A N U B E
E . H o l l a n d , L . B. S z t a n y i k  and L. V a n ic s e k

“ F R É D É R IC  JO L IO T -C U R IE”  N A TION A L RESEARCH IN ST IT U T E  FOR 
RADIOBIOLOGY A N D  RA D IO H YG IEN E 

1775 BU DAPEST, HUNGARY

In  connection w ith th e  national nuclear power station program m e a series of m easure
m ents was in itia ted  to  detec t radionuclides in  th e  R iver D anube. Exam inations s ta rted  in 
Spring 1978 a t six sam pling points along the H ungarian  reach of the Danube. F rom  among 
algae of various species of the D anube the localized and well-propagating filam entous green 
algae (Cladophora sp., V aucheria sp.) were investigated . The ac tiv ity  concentration of gamm a- 
rad iating  nuclides absorbed by algae was determ ined with a Canberra 8100 ty p e  Ga(Li)- 
spectrom eter. This appara tu s facilitated rad ioactiv ity  m easurem ents on wet sam ples or 
sam ples subjected to  simple physical preparation.

The m etabolic character and accum ulative abilities of filam entous green algae showed 
them  to  be suitable indicators of radionuclide contam ination  of th e  w ater ecosystem. R esults 
are 131I nuclide a t min. 72.5 m Bq/g to max. 5440.0 mBq/g and  o ther fission p roduc ts from 
55 m Bq/g to  929 mBq/g.

T h e n u c lea r pow er p rog ram m es o f  th e  coun tries lo ca ted  a long  th e  Ria 
v e r D an u b e  an d  th e  co n stru c tio n  of p o w er p lan ts  ca lled  for th e  m o n ito rin g  
o f  ra d ia tio n  sa fe ty  o f  th e  r iv e r  and  its  en v iro n m en t. A  co o rd in a ted  re sea rch  
p ro g ram m e  w as in it ia te d  b y  th e  In te rn a tio n a l  A to m ic  E n erg y  A g en cy  [1]. 
I n  th e  fram ew o rk  o f  th is  a c tiv ity , th is  In s t i tu te  has p erfo rm ed  e x ten s iv e  s tu 
dies fo r  six  years  [2]. T he in v es tig a tio n s  aim  a t d e te c tin g  rad io n u c lid es  en 
te r in g  th e  h y d ro sp h ere  as w ell as a t th e  assessm ent o f  rad io logical h aza rd s  
due to  th e  u tiliz a tio n  o f th e  r iv e r  w a te r.

As th e  vario u s a q u a tic  m icro- a n d  m acro -o rgan ism s live in  “ c o n ta m in a t
e d ”  w a te r , possible p o llu ta n ts  like ra d io a c tiv e  m a te ria ls  m a y  be in c o rp o ra te d  
in to  th e m , th e re b y  accu m u la tin g  in  th e se  organism s a n d  proceeding  f u r th e r  by  
en te rin g  th e  a q u a tic  food  chain . The f i r s t  com ponen ts o f  th is  chain  a re  m o stly  
p h y to -o rg an ism s, th e  la s t  are ca rn ivo rous anim als.

Tw o ty p e s  o f p h y to o rg an ism s a n d  m olluscs liv in g  in  fresh  w a te r  are 
su itab le  fo r rad io n u c lid e  m on ito ring  p rog ram m es [3]. O ne of th e  in d ic a to r  
ty p e s  is th e  so called  “ ac tu a l-lev el m o n ito r”  hav ing  p ro m p t c o n c e n tra tio n  an d  
d isch arg in g  ab ilities . In  such  k inds of p h y to o rg an ism s th e  m etabo lism  o f  ra d io 
ac tiv e  e lem en ts depends on  th e  species, th e  q u a lity  o f th e  nuclides, th e  ty p e  of 
com p o u n d  an d  on m a n y  ecological fa c to rs . T he o th e r k in d  o f in d ic a to r  is th e  
“ in te g ra tin g  m o n ito r”  w hich  c o n tin u o u sly  accu m u la tes  its  nuclide c o n te n t. 
A q u a tic  p h y to o rg an ism s o f such  a k in d  m a y  give in fo rm a tio n  even a f te r  th e  
te rm in a tio n  o f  th e  e n v iro n m e n ta l c o n ta m in a tio n  due to  th e ir  slow d isch arg in g  
speed . W ith in  b o th  ty p e s  d is tin c tio n  c a n  be m ade b e tw e e n  flo a tin g -s tre a m in g
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a n d  localized p h y to o rg an ism s w h ich  form  a liv in g  coating  on  th e  sides o f th e  
p o n to o n s  of la n d in g  stages, on p ie rs , buoys, a n d  o th e r s im ila rly  located  s tru c 
tu r e s .  The o n ly  h ig h e r  aq u a tic  p la n t  observed  in  th e  D anube b ed  is R icciocorpus 
n a ta n s  w hich is to  be found  on riv e rs id e  s tones [4]. The m ost f re q u q e n t species 
o f  a q u a tic  p la n ts  in  th e  H u n g a ria n  reach  o f th e  D anube are  low er species o f 
a lg a e : p ro to p h y te s  (p lan k to n ic ) a n d  filam en to u s  algae (localized).

W ith  re g a rd  to  q u a n tita tiv e  cond itions, th e  n u m b er o f a lg ae  in  th e  v eg e
t a t io n  period  is v e ry  high. T h e ir  n u m b er is d o u b led  in  su m m e r and  a u tu m n  
co m p a re d  w ith  th e  y ea rly  av e rag e . I t  is k n o w n  th a t  algae easily  b ind som e 
t r a c e  elem ents (iod ine , m eta llic  sa lt)  and  som e rad io ac tiv e  n u c lides p rim arily  
b e cau se  o f th e i r  p o ly sacch a rid as , i.e. a lg in a te s  an d  o th e r com plex-fo rm ing  
co m p o u n d s like  d e riv a tiv e s  o f  h y d ro x am ic  a c id  [5]. A cco rd ing ly , some ra d io 
a c tiv e  c o n ta m in a n ts  are  en riched  in  these  p la n ts  a n d  th e  va lu es  o f  th e  m easu red  
ra d io a c tiv itie s  c o n ta in  im p o r ta n t in fo rm a tio n  o n  th e  co n ta m in a tio n  of w a te rs . 
V a rio u s  in d ic a to rs  o f  rad io ac tiv e  c o n ta m in a tio n  can  be se lec ted  on  th e  basis o f  
w h e th e r  th e y  a re  to  be used  fo r in v es tig a tin g  c e r ta in  local co n d itio n s a t a c e r ta in  
s p o t ,  o r for m o d e l ex p erim en ts  in  th e  la b o ra to ry , e.g. fo r th e  assessm ent of 
c o n c e n tra tio n  fa c to rs .

In  co n n ec tio n  w ith  th e  n a tio n a l n u c lea r  pow er p ro g ram m e, large series 
o f  m easu rem en ts  w ere  in itia te d  in  a n  a tte m p t to  d e tec t th e  m ig ra tio n  of ra d io 
n u c lid e s  e n te r in g  th e  D anube [6]. In v e s tig a tio n s  w ere s ta r te d  in  M ay 1978 a t  
s ix  s ites of th e  H u n g a r ia n  reach  o f  th e  D anube .

The sam p lin g  p o in ts  w ere : G yőr, G y ö n y ű , n o r th  B u d a p e s t, sou th  B u d a 
p e s t ,  n o rth  P a k s , a n d  M ohács n e a r  th e  so u th e rn  fron tie r. M ain ly  filam en to u s 
g re e n  algae w ere  selected  fo r m easu rem en t as th e y  are localized  and  fo rm  a 
c o a tin g  on s to n es  a n d  a rtific ia l o b jec ts , w h ich  fac ilita te s  sam p lin g  in  a su itab le  
q u a n t i ty .  W e re p o r t  on our m ethodo log ica l ap p ro a c h  an d  m easu rem en t d a ta  
concern ing  th e  ra d io a c tiv ity  c o n te n t of th e  f ila m e n to u s  green  algae.

P ro c e d u re  fo r sam p lin g , p re p a ra tio n  an d  m easu rem en ts

The co llec ted  p la n ts  w ere c leaned  from  m acroscopic c o n ta m in a tio n , w a sh 
e d  in  flow ing t a p  w a te r  and  f ilte re d . T ax o n o m ic  d e te rm in a tio n  w as perfo rm ed  
w ith  a  stereo-m icroscope a t  200 X m ag n ifica tio n . W hile w ash in g  algae w ith  
f lo w in g  ta p  w a te r , u n ice llu lar p h y to -  and  zo o p lan k to n s  also g e t in to  th e  w ash  
w a te r  to g e th e r  w ith  sm aller c o n ta m in a n ts . T h o se  species fo rm ing  b a rk -lik e  
se ttle m e n ts  a n d  f ila m e n ts , i.e. C ladophora  a n d  V au ch e ria  species c a n b e se p a ra t
e d  b y  cen trifu g in g . A fte r w eigh ing , th e  w et sam p les  are d ried  a t  105 °C fo r 12h 
a n d  th e n  m illed . To get a p p ro x im a te ly  100— 150 g of d ry  p o w d er, 800—1000 g 
o f  w e t algae is re q u ire d . The d e te c tio n  of g am m a-em ittin g  n u c lid es  absorbed  b y - 
th e  algae is p e rfo rm e d  b y  a G e-L i n uclear d e te c to r  jo ined  to  a  C anberra  8100 
ty p e  4096 c h a n n e l an a lyser. T h is  h igh  c a p a c ity  a p p a ra tu s  p e rm itte d  th e  m ea-
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Table I
Radionuclide content of filam entous green algae samples mBq/g dry weight

Sampling site 40K 187Cs Ш1

1979 1980 1979 1980 1979 1980

Győr 363 134 5.9 4.8 4.4 3.3

± 0.014 ± 0.028 ± 0 .9 ± 0 .9 ± 6 .4 ± 0 .4
Gönyü 142 145 8.2 3.8 — —

± 0.014 ± 0.015 ± 0 .7 ± 0 .9 — —
Bp. N orth 729 + 5.9 -f- 56.9

± 0.011 ± 0 .9 ± 1 .6
Bp. South 441 679 10.7 6.2 181.3 8.2

± 0.014 ± 0.015 ± 1 .2 ± 0 .7 ± 6 .4 ± 1 .2
Paks 1012 227 5.3 3.9 9.8 8.8

± 0.010 ± 0.028 ± 0 .7 ± 0 .4 ± 1 .2 ± 0 .9
Mohács 857 856 3.4 3.3 8.2 5.7

± 0.011 -U 0.028 ± 0 .2 ± 0 .6 ± 1 .2 ± 0 .6

* N. Budapest landing place term inated (1980).

su rin g  o f th e  sam ples w ith o u t a n y  chem ical se p a ra tio n  [7]. D ue to  th e  v e ry  low  
a c tiv i ty  co n cen tra tio n s , long -tim e m easu rem en ts  are p erfo rm ed , i.e. 60 000s 
p er sam ple. T he id e n tif ic a tio n  o f nuclides and  th e  e v a lu a tio n  o f sp ec tra  was m ade 
b y  a b u ilt- in  m icroprocessor. M easu rem en t d a ta  on  th e  d iffe ren t rad io iso topes 
in  sam ples co llected  du ring  1979— 1980 are su m m arized  in  T ab le  I . I t  is obvious 
t h a t  th e  n a tu ra l  rad ionuc lide  40K  occurs everyw here . T race am o u n ts  o f 141Ce 
an d  144Ca w ere m easu red  o n ly  in  some cases. 137Cs, a d e riv a tiv e  o f th e  
ea rlie r a tom ic  b o m b  te s ts , ap p ea red  in  a co n c e n tra tio n  low er th a n  40K . 131I  
w as d e tec tab le  a t  a lm ost e v e ry  sam pling  p o in t b u t to  a v a ry in g  e x te n t. 
N o 131I  could be d e tec ted  in  w a te r  sam ples co llec ted  from  th e  sam e spo ts an d  a t  
th e  sam e tim e . 131I  co n ten t o f a lgae  is assum ed  to  o rig ina te  fro m  w astes o f  
iso tope  ap p lica tio n s. No o th e r sh o rt half-life rad io iso topes su ch  as 140L a o r 
J40B a ap p eared . F o r  a b e tte r  se lec tion  o f th e  m o st su itab le  b io logical m o n ito r 
th e  capacities o f  v a rio u s algae fo r  rad ionuclide  in co rp o ra tio n s are to  he d e te r 
m ined . I n  v iew  o f th is  various m e th o d s have  b een  e lab o ra ted .

Unicellular green algae

Chlorella v u lg a ris  an d  S cenedesm us ob tu siu scu lu s  w ere c u ltiv a te d  u n d e r 
la b o ra to ry  cond itions on in ac tiv e  m edium . T h e  cu ltu res  w ere p laced  in  glass 
cy linders w ith  sem iperm eab le  m em branes a t b o th  ends an d  fa s te n e d  to  a b u o y  
in  th e  m ain  s tre a m  o f th e  river.
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Filamentous green algae

C hladophora  g lo m era ta  an d  E n te ro m o rp h a  in te s tin a lis  species were 
co llec ted  from  th e  a rtif ic ia l lake sy s tem  o f S zázh a lo m b a tta . One p a r t  o f  th e  
sam p le  se rv ed  for rad io m e tric  d e te rm in a tio n , th e  o th e r  p a r t  — a p p ro x im a te ly  
600—900 g — was im m ersed  for one m o n th  in  th e  D an u b e  in  a w a te r perm eab le  
sy s tem  as m en tio n ed  above.

R a d io a c tiv ity  m easu rem en t show ed  th a t  th e  un ice llu la r algae cu ltu re  
(C hlorella  vu lg aris , S cenedesm us ob tu siu scu lu s) d id  n o t ta k e  up  gam m a em it
t in g  n u c lides from  th e  river. T he f ila m e n to u s  green algae, how ever, (C hla
d o p h o ra  g lo m era ta  a n d  E n te ro m o rp h a  in testin a lis)  seem ed to  accu m u la te  
m easu rab le  q u a n titie s  d u rin g  a period  o f  one m o n th , b u t  it  should  be m e n tio n 
ed  t h a t  in c o rp o ra tio n  depends on v a rio u s  fac to rs.

M onitoring with the help o f a biological raft

R e c e n tly , c o m p ara tiv e  e x am in a tio n s  have  been  in it ia te d  on th e  rad io 
n u c lid e  c o n ta m in a tio n  of algae-coenosis developed  on th e  “ biological r a f t” 
s e tt le d  a t  so u th  R u d a p e s t an d  n o r th  P a k s  as a fu n c tio n  o f tim e  an d  en v iro n 
m e n ta l fac to rs . T he “ biological r a f t”  is an  artific ia l b io to p e  (Fig. 1) p ro v id in g  
a p lace  fo r p e r ip h y to n  algae to  se ttle . T h e y  are th u s  p ro v id ed  w ith  a n  im ita 
tio n  o f th e ir  n o rm a l liv ing  co n d itions since u n d e r such  c ircum stances th e y  
develop  th e  special com position  o f l i to ra l  ben tos.

Fig. 7. M onitoring w ith  the  help of a biological raft.
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I t  is h o p ed  th a t  th e  m o n ito rin g  by  m ean s  of th is  fa c ility  in d ica tes  th e  
re a l cond itions o f  rad io ac tiv e  po llu tion .

F in a lly , i t  can  he s ta te d  th a t  acco rd in g  to  th e ir  a ccu m u la tiv e  a n d  
com plex  fo rm in g  ab ilities filam en to u s  g reen  algae are su ita b le  for d e te c tin g  
th e  rad ionuc lide  c o n ta m in a tio n  o f  aq u a tic  ecosystem s. T hese species p e rm it th e  
biological m o n ito rin g  of th e  s tre a m  a t  a c e r ta in  site. T he m easu rem en ts  on  
a lgae, th e  low  leve l p a r ts  o f th e  aq u a tic  food  ch a in , m ay  w ell in d ica te  th e  level 
o f rad ionuc lide  c o n ta m in a tio n  o f  th e  a q u a tic  ecosystem  o f th e  R iv e r D an u b e .

H ow ever, m ore in v es tig a tio n s  are n e e d e d  on th e  ap p lic a b ility  o f th e se  
bio logical in d ica to rs  u n d er v a ry in g  co n d itio n s (season, te m p e ra tu re , o th e r  
p o llu ta n ts , e tc .).
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In  connection w ith the national nuclear pow er programme a series of m easurem ents 
was in itia ted  to  detec t radionuclides in  fish of th e  D anube river. Since spring 1978 a  num ber 
of species of fish  have been investigated  a t two sam pling points near th e  nuclear s ta tio n  region. 
The beta ac tiv ity  of samples was counted w ith  anticoincidence shielded low background 
Tesla NZ-602 ty p e  apparatus. The radioactiv ity  of sam ples was m easured after simple physical 
or radiochem ical preparation.

The resu lts show no significant difference according either to  sam pling place or season. 
A ctiv ity  concentrations of 90Sr and  137Cs of n a tu ra l or global fallout origin are low and  hard ly  
differ from values obtained earlier by  other researchers.

The co m p lex ity  of th e  a q u a tic  e n v iro n m e n t, w hich is obv iously  in flu en ced  
b y  th e  o p e ra tio n  o f ex is tin g  o r p ro jec ted  h ydroelec tric  p o w er s ta tio n s  in  th e  
D an u b e  v a lley , w ill be in c rea sed  b y  th e  d ev e lopm en t o f  th e  n uclear in d u s try ;  
w are  q u a lity  w ill also be a ffec ted . The to ta l  installed  n u c le a r  cap ac ity , w hich  
is a p p ro x im a te ly  2.5 GW e a t  p resen t, in  th is  region, w ill increase fo u r-fo ld  in 
6 y ears  a n d  a p p ro x im a te ly  six-fo ld  by  th e  en d  of the c e n tu ry . This g ro w th  ra te  
is a p p ro x im a te ly  th ree  tim es  h igher th a n  th e  E uropean  o r  th e  w orld av e rag e . 
D a ta  c ited  b y  K ö t e l e s  [1] in d ica te  t h a t  rad ioac tive  re leases from  n u c le a r  
pow er s ta tio n s  w ith  a to ta l  c a p a c ity  of a p p ro x im a te ly  13 400  M ¥ e  w ill e n te r  
th e  river.

D a ta  a re  rep o rted  h e re  on the  ra d io a c tiv e  c o n ta m in a tio n  of D a n u b e  
fish . T he in v estig a tio n s are ju s tif ie d  b y  th e  im p o rta n t ro le  o f  fish  as th e  m a in  
e lem ent o f th e  aq u a tic  food c h a in  and  in  th e  food co n su m p tio n  of a n u m b e r  of 
coun tries. A lth o u g h  th e  p e r  c a p u t fish co n su m p tio n  (in c lu d in g  tin n ed  fish )  in  
H u n g a ry  in  1980 am o u n ted  to  2.5 kg, in  se ttlem en ts  a long  th e  R iver D a n u b e  
con su m p tio n  is m uch  h igher (5 — 20 kg p e r  c a p u t/an n u m ).

In  con n ec tio n  w ith  th e  n a tio n a l n u c le a r  pow er p ro g ram m e, radioecologi- 
cal in v es tig a tio n s  s ta r te d  in  th e  H u n g a rian  re a c h  of the  D a n u b e  in  1978. V ario u s 
species o f f ish  are  o b ta in ed  fro m  th e  F ish e rm e n ’s C oopera tive  in  th e  v ic in ity  
o f M ohács a n d  o f P aks tw ice a yea r, (2 — 3 k g  p e r species). In it ia lly , th e  a c t iv i ty  
c o n cen tra tio n  o f  rad ionuclides in  th e  v a rio u s  tissues was fo u n d  to  be a ro u n d  or 
below  th e  d e te c ta b le  level in  th e  course o f d ire c t gam m a sp ec tro m e tric  m e a su re 
m en ts o f v a rio u s ly  p rep ared  f ish  sam ples (scu te , head, sk e le to n , m u scu la tu re , 
in te rn a l o rgans).

In  1979 rad iochem ical sep a ra tio n  o f  90S r and  137Cs fro m  th e  ash  o f  fish  
sam ples w as in itia te d .
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Preparation o f samples:

— p h y sica l p re p a ra tio n ;
— in c in e ra tio n  o f m u sc u la tu re  a t 450 °C, o f bones a t  750 °C. The a sh  is 

hom ogenized  m echan ically ;
— chem ical p rocessing .

Determination o f  137C s: a f te r  acidic d e s tru c tio n , am m o n iu m -p h o sp h o m o - 
ly b d e n a te  (A M P) is a d d ed  to  th e  m a te ria l w h ich  b inds Cs in  a selective m a n n e r . 
A f te r  A M P d isso lu tio n  Cs can  h e  sep ara ted  b y  p re c ip ita tio n  w ith  hydrogench lo - 
ro p la tin u m . C hem ical y ie ld  is de te rm in ab le  b y  g rav im etric  m easu rem en t o f  
cae s iu m c h lo ro p la tin u m .

Determination o f 90Sr; A fte r  acidic t r e a tm e n t ,  y t t r iu m  is e x trac ted  b y  
tr ib u ty lp h o s p h a te  an d , fo llow ing  aqueous re e x tra c tio n , o x a la te  p re c ip ita te  is 
se p a ra te d  [2].

T he chem ical yield  o f th e  y ttr iu m  is d e te rm in e d  by  f la m e  em ission p h o to 
m e try .

Radioactivity measurement

The b e ta  a c t iv i ty  o f sam p les  was c o u n te d  w ith  an tico incidence  sh ie lded , 
low  b ack g ro u n d  T E S L A  N Z-602 ty p e  a p p a ra tu s  and  a T E S L A  N K R -213 g a s 
flow ing  end-w indow  GM tu b e .

T he b a c k g ro u n d  in te n s i ty  o f th e  in s tru m e n t was 1 .5—2.0  cpm.
E ffic ien cy  fo r 90Y  0.418

137Cs 0.315
4°K 0.210

D e te c ta b le  lim it o f  137Cs 5 0 — 60 m B q
90Sr 3 0 — 35 m B q

T h e  m e a su re m e n t tim e  w as 50 m in .
T he re su lts  o f  to ta l  b e ta  a c tiv ity  m easu rem en ts  a re  re la te d  to  th e  40K  

c o n te n t o f 1 g o f  ash .
F ro m  th e  p ra c tic a l p o in t o f view , f is h  com ponen ts w ere  sep ara ted  in to  

tw o  g roups: ed ib le  an d  n o n -ed ib le , and  th e se  w ere m easu red  sep a ia te ly .
In  T ab le  I  th e  to ta l  b e ta  a c tiv ity  a n d  th e  a c tiv ity  co n cen tra tio n  o f  90Sr 

a n d  137Cs m easu red  in  th e  m u scu la tu re  a n d  non-edib le  p a r ts  o f some D a n u b e  
f ish  species are  g iven  in  m B q /g  ash  value.

I t  is to  be  n o te d  th a t  som e o th e r species w ere also in c lu d e d  in th e  m e a 
su rem en ts  (B licca b jo e rk n a  L ., S ilver b ream , Carassius a u ra tu s  gibelio B lo ch , 
E so x  lucius L ., P ik e , S ilu rus glanis L ., S h e a t  F ish , T in e a  tin ea  L ., T e n c h , 
A sp ius aspius L ., B arb u s b a rb u s  L ., C ten o p h arin g o d o n  id e lla  V alenciennes) 
b u t  th e y  h av e  been  o m itte d  from  the  T ab le , because th e y  w ere no t o b ta in e d  
reg u la rly . T he re su lts  of th e  m easu rem en t o f  th e se  species do  n o t differ e ssen ti-
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Table I

Total beta ac tiv ity  and activity concentration of 90Sr and 137Cs in Danube fish
[mBq/g ash]

Species Activity 1979 1980 1981

Abramis bram a L. (bream) Total beta* 3750 ±  260 7200 ±  250 5616 ±  184
** 1416 ±  148 1265 ±  154 495 ±  53

9°Sr 32.82 ±  5.2 38.54 ±  5.7 22.40 ±  4.1
137Cs 13.76 ±  4.7 12.63 ±  4.1 48.70 ±  9.10

Cyprinns carpio L. (carp) Total beta* 7520 ±  237 8405 ±  257 7749 ±  148
** 644 ^  65 1402 ±  76 686 ±  65

90Sr 35.74 ±  5.8 34.50 ±  4.2 13.42 ±  3.48
137Cs 19.32 ±  5.12 11.57 ±  3.8 28.05 ±  45.9

Stizosteidon lucioperca L. Total beta* 8537 ±  235 7607 ±  210 7465 ±  220
(perch pike) ** 694 ±  83 741 ±  70 816 ±  78

90Sr 19.31 ±  4.4 18.48 ±  3.4 19.20 ±  4.3
13,Cs 16.83 ±  4.72 33.72 ±  5.52 31.14 ±  8.60

Chondrostoma nasus L. Total beta* 7645 ±  240 8276 ±  228 8129 ±  211
(nose carp) ** 820 ±  84 886 ±  72 932 ±  79

"S r 22.00 ±  4.2 22.64 ±  4.5 34.04 ±  4.4
137Cs 24.20 ±  4.9 34.16 ±  5.2 25.40 ±  4.84

* muscle
** non-edible parts

ally  fro m  th e  re su lts  ob ta ined  w ith  tho se  show n in  T able I. N o sign ifican t 
d ifference is a p p a re n t concerning sam pling  site , season  and  species o f fish. 
98%  o f th e  to ta l b e ta  a c tiv ity  com es from  40K.

T h e  a c tiv ity  co n cen tra tio n s o f  90S r and  137Cs ran g e  w ith in  th e  lim it m ea
su red  earlie r by  o th e r  researchers in  D an u b e  fish. T hese rad ionuclides o rig ina te  
m a in ly  from  global fa llo u t. B earing  in  m ind  the  n a tio n a l fish c o n su m p tio n  per 
c a p u t, th e  ra d io a c tiv ity  levels m easu red  in  th e  D an u b e  fish  are neglig ib le  in  the  
ra d ia tio n  b u rden  o f th e  popu lation .
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ANALYSIS OF TRITIUM IN TREE RINGS
K . K o z á k

INSTITUTE OF ISOTOPES 
1525 BUDAPEST, HUNGARY

T ritium  in  the cellulose content of th e  grow th rings of tw o trees was analysed. The 
tw o trees were separated by  a distance of 5 km ; one of them  grew  ju s t beside the build ing of 
the In s titu te  of Isotopes, B udapest. The d is tribu tion  of tr itiu m  concentration  in  th e  sequence 
of the rings of the la tte r  tree  showed good agreem ent w ith th e  environm ental background 
concentrations for the years 1957—63. Excess tr it iu m  was found in th e  rings of subsequent 
years. This was due to  the ac tiv ity  of the In s titu te  and indicated th e  elevated level of th e  local 
environm ent. The tr itiu m  conten t of a few rings of the other tree  reflected the environm ental 
background level of th e  past years and showed no contam ination due to  the In s titu te .

Introduction

T he sequence o f  g ro w th  rings o f  a  tre e  p resen ts  a w ell-dated  series of 
sam ples ch a rac te ris tic  o f  a given a rea . T he iso tope c o n te n t of th e  organic 
m a t te r  o f  an  in d iv id u a l tre e  rin g  re flec ts  th e  en v iro n m en ta l level o f  th e  year 
o f  g row th , th e re b y  en ab lin g  sam pling  to  be  ach ieved  a t  a  la te r  d a te . F o r  iso tope 
s tu d ies  such  as 14C an d  th e  ra tio s  of 13C /12C, 180 / le0  a n d  D /H , th e  an a ly s is  of 
th e  cellulose o f g ro w th  rings is a p re fe rred  m ethod . T h e  cellulose c o n te n t of 
an  an n u a l ring  is sy n th esized  an d  b o u n d  ju s t  in  th e  y e a r  o f  ring  g ro w th ; th is 
m eans th a t  th e  p rob lem  o f c o n ta m in a tio n  from  su b se q u e n t years a n d  th a t  
o f  chem ical h e te ro g e n e ity  can  be av o ided . In  th e  case o f  hyd rogen  iso topes 
a tte n tio n  m u st be p a id  to  th e  prob lem  o f  iso topic  exch an g e  [1]. C arbon- 
b o u n d  hydro g en  in  cellulose is n on -exchangeab le  w hereas th e  h y d ro x y l 
h y d rogens exchange re a d ily  [2].

Fig. 1. Sam pling sites in  B udapest. 1. Csillebérc; 2. V adaskert.
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Stud ies on  t r i t iu m  in tree  r in g s  are few in  n u m b er. R e c e n tly  B rown [3] 
r e p o r te d  a s tu d y  in  th is  field . H e  found  th a t  th is  tech n iq u e  is su itab le  as a 
m e a n s  of d e te rm in in g  p a s t c o n c e n tra tio n s  o f  Н Т О  in  th e  en v iro n m en t as a 
tvhole  an d  in  lo c a lly  c o n ta m in a te d  areas.

W e have in v e s tig a te d  th e  t r i t iu m  co n cen tra tio n s  of th e  cellulose c o n te n t 
in  tw o  trees. B o th  o f  th em  grew  in  B u d a p e s t (F ig . 1): one grew  b eside  th e  I n s t i 
t u t e  o f  Iso topes (C sillebérc tree ) th e  o th e r 5 k m  N W  of th e  I n s t i tu te  (V adaskert 
t re e ) .

T he Н ТО  lev e l o f  a tm o sp h e ric  m oistu re  in  th e  environs o f  th e  In s t i tu te  is 
k n o w n  to  be so m ew h a t e lev a ted  th o u g h  it  is em phasized  th a t  th is  level is n o t a 
h e a l th  h aza rd  since  i t  is m uch lo w er th a n  th e  d e riv ed  c o n cen tra tio n  lim it fo r 
p o p u la tio n  e x p o su re .

Methods

F o r ring  se p a ra tio n  4 cm th ic k  sectors o f  th e  s tu m p  w ere c u t  an d  polished . 
In d iv id u a l  tre e  rin g s  were s e p a ra te d  m an u a lly  w ith  a chisel. T h e  m eth o d  o f 
cellu lose  se p a ra tio n  an d  OH e q u ilib ra tio n  w as d iffe ren t in  th e  tw o  cases. T h e  
c h ip s  o f th e  C sillebérc tree  (A escu lus h ip p o c a s ta n u m  L.) w ere g ro u n d  to  0.5 — 
3 m m  an d  th e  f in e  pow der w as s ifted .

Cellulose w a s  e x tra c te d  b y  th e  K ü rsch n e r an d  H offer m e th o d : 70 g o f 
w o o d  w as bo iled  fo r  90 m inu tes in  a m ix tu re  o f  800 m l 96%  e th a n o l an d  200 
m l 65 %  n itr ic  ac id . The pulp  w as filte red  th ro u g h  a glass f i l te r ,  rinsed w ith  
a b so lu te  alcohol a n d  dried . To e n a b le  tr i t iu m  exchange  b e tw een  th e  OH groups 
cellu lose was b o iled  in  tr itiu m -fre e , 0.4 N HC1 so lu tion .

T he cellulose o f  th e  V a d a sk e rt tree  (P inus n ig ra  A rn.) w as e x tra c te d  in  th e  
R e se a rc h  I n s t i tu te  o f th e  P u lp  a n d  P a p e r In d u s try .  Chips w ere p laced in  n e ts  
m a d e  from  s ta in le ss  steel m esh  a n d  six sam p les  w ere cooked  in  each b a tc h . 
E x tra c tio n s  w ere  ca rried  ou t in  a W everk  ty p e  au to c lav e . 1000 g o f wood n e e d 
e d  5 1 solu te w ith  275 g N aO H  a n d  125 g N a 2S co n ten t. T he so-called  su lp h a te  
p ro cess  was p e rfo rm e d  a t  165 °C ( ~  760 k P a )  a n d  la s ted  120 m in . The p u lp  
w a s  rin sed  w ith  w a te r  and  d r ie d . T h e  y ield  w as  51% , th e  l ig n in  co n ten t o f  
th e  p ro d u c t w as ^ 3 % .  To e q u ilib ra te  th e  O H  tr i t iu m s  th e  p u lp  was t r e a te d  
fo r  tw o  h ours in  tr itiu m -fre e  w a te r  in  th e  sam e  vessel a t  165 °C.

Combustion

T he co m b u s tio n  a p p a ra tu s  consisted  o f  tw o  e lec trica lly  h ea ted  q u a r tz  
tu b e s . One o f  th e m  served  as a  sam ple  h o ld e r, th e  o th e r w as filled  w ith  P d  
c o a te d  po rcela in  rin g s  and  its  te m p e ra tu re  w as k e p t a t  400 °C.

T he cellu lose sam ple s ti l l  d am p  from  tritiu m -free  w a te r , was p laced  
in to  th e  tu b e  a n d  d ried  a t 120 °C w ith  300 1/h flow  o f d ried  a ir . The d ried
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cellulose w as in g n ite d  an d  in c in e ra te d  in  50 1/h flow  of d r ie d  oxygen. T he w a 
te r  fo rm ed  w as condensed  in  a vessel m a in ta in e d  a t  0 °C in  a n  ice—w a te r m ix 
tu re . The ra te  o f w a te r  loss d id  n o t exceed t h a t  o f a n o rm a l d is tilla tio n  s te p . 
T he condensed  w a te r  co n ta in ed  acidic c o n ta m in a n ts  so i t  w as re-d istilled  a f te r  
n e u tra liz a tio n  w ith  N a 20 2.

Water extraction fro m  soil

T he tr i t iu m  co n ten t o f soil sam ples ta k e n  from  th e  I n s t i tu te  o f Iso to p es  
w as also an a ly sed . The m o is tu re  co n ten t o f  th e se  sam ples w as e x tra c te d  b y  
azeo trop ic  d is tilla tio n  w ith  b en zen e  [4].

T ritium  measurement

All th e  sam ples were an a ly sed  in  a B e rth o ld  B F  8000 ty p e  liqu id  sc in tilla 
tio n  sp ec tro m ete r. The b a c k g ro u n d  of 9 m l w a te r—11m l ln s ta g e l cock ta ils  in  
p las tic  vials w as 4 —5 cpm  a t  2 1 %  efficiency. W e m easu red  single sam ples o f 
th e  Csillebérc tre e  an d  double sam ples of th e  V ad ask e rt tre e . A ll m easu rem en ts  
o f tr i t iu m  c o n cen tra tio n  re p o r te d  here are  expressed  in  t r i t iu m  u n its  (T U ). 
O ne tr i t iu m  u n it  co rresponds to  an  a c tiv ity  co n cen tra tio n  o f  0.12 Bq/1 (in  
w a te r).

R esults and discussion

T he co n cen tra tio n s  o f Н Т О  in  th e  cellu lose of th e  C sillebérc tre e  are  
show n in  T ab le  I .  O n th e  basis  o f  th e  n u m b e r o f  annual g ro w th  rings, th is  tre e  
w as 63 years old w hen  it  w as fe lled  in  N o v em b er 1978. T he o u te r  six rings w ere 
so n a rro w  th a t  th e  rings o f 1973 — 74, 1975 — 76 and  1977— 78 were p re p a re d  
sim u ltan eo u sly . D a ta  o b ta in ed  from  th e  V a d a sk e rt tree  a re  show n in T ab le  I I .  
B ased  on th e  n u m b e r  of a n n u a l g row th  rings, th is  tree  w as 87 years old w h en  
i t  w as felled in  J u n e  1981. S im ila rly  to  B row n  [3] we also fo u n d  tr i t iu m  in  th e  
rings o f th e  p re -th e rm o n u c lea r  e ra  o f  th e  tre e s . F o r th e  C sillebérc tree  i t  w as 
130 T U ; for th e  V a d a sk e rt t r e e  61 T U . W e considered  th e s e  values as b a c k 
g ro u n d  an d  su b tra c te d  th em  fro m  th e  d a ta  o f  each  year. D ifferences were d iv id 
ed  b y  a fa c to r  o f 0.7 as a n  a d ju s tm e n t fo r  O H  eq u ilib ra tio n  (70%  o f th e  
h y d ro g en  o f th e  cellulose is u n ex ch an g eab le  a n d  30%  is in  h y d ro x y l g ro u p s). 
T hese values w ere co rrec ted  fo r  rad io ac tiv e  d e c a y  (T% =  12.43 years) to  c o u n t 
th e  tr i t iu m  co n cen tra tio n s  b a c k  to  th e  o rig inal levels. T hese d a ta  are show n in  
F ig . 2 to g e th e r  w ith  th e  Н Т О  co n cen tra tio n s  o f th e  g en era l en v iro n m en t. 
Y ea rly  averages o f  th e  general en v iro n m en t a re  rep resen ted  b y  Н Т О  c o n c e n tra 
tio n s in  p re c ip ita tio n . F o r th e  y ea rs  1957—59 a se t of O tta w a  records [5] w as 
used . D a ta  fo r 1977—80 w ere o b ta in ed  fro m  B u d ap est reco rd s  and  fo r th e
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Table I
Tritium concentration of cellulose of Csillebérc tree

Ring year
Tritium concentration 

(corrected)
TU ± SD

1957 250 170
1958 360 180
1959 580 170
1960 80 140
1961 180 140
1962 1 170 190
1963 2 070 190
1964 2 820 180
1965 2 400 170
1966 4.340 170
1967 8 500 260
1968 18 700 530
1969 17 000 480
1970 12 600 360
1971 8 500 240
1972 13 100 370

1973 — 74 35.200 990
1975 — 76 24 400 700
1977—78 17 100 480

Table II
Tritium concentration of cellulose of Vadaskert tree

Ring year
Tritium concentration 

(corrected)
TU ±  SD

1965 1100* 100
1970 200 70
1975 140 50
1980 60 40

* Sample supposed as being contaminated by ~ 2 0 0  TU in  excess

years  1960— 76 d a ta  w ere re c o n s tru c te d  fro m  m e a su re m e n ts  on H u n g a ria n  
w ines [6].

T r i t iu m  co n cen tra tio n s  o f  th e  p re-1964  rings o f th e  Csillebérc tre e  agree 
well w ith  t h a t  o f  th e  g en e ra l e n v iro n m e n t. C o n cen tra tio n  s ta r te d  to  rise  in 
1964 a n d  re a c h e d  a p eak  in  1968. This e le v a te d  level r e s u lte d  from  th e  a c tiv ity
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F ig .  2 .  Comparison of tritium  concentration of two Budapest trees with that o f the general
environment.

О — О — О Csillebérc tree; ■  Vadaskert tree; _ | |_  Yearly average concentration
of tritium in precipitation

of th e  In s t i tu te . T h e  p ro d u c tio n  o f  t r i t ia te d  co m pounds has been  a m a tte r  of 
ro u tin e  since 1965 a n d  leads to  a re lease  o f excess t r i t iu m  in to  th e  en v iro n m en t 
on a local scale.

A t p resen t we c a n n o t exp la in  th e  zigzag sh ap e  o f  th e  tr i t iu m  co n cen tra 
tio n  o f th e  su b seq u en t years.

T rees ta k e  u p  tr i t iu m  from  th e  soil and  d ire c tly  from  th e  su rro u n d in g  
a tm o sp h eric  m o istu re . E x p e rim en ts  [7] show  th a t  th e  tr i t iu m  c o n te n t o f  tissue 
w a te r  o f  th e  leaves o rig in a tes  from  th e  a ir  ra th e r  th a n  fro m  th e  soil.

W e have  m easu red  th e  tr i t iu m  co n cen tra tio n  p ro file  of th e  soil a t  th e  
sp o t w here  th e  C sillebérc tre e  was fe lled . D a ta  are sh o w n  in  Table I I I .  Concen-

ТаЫе Ш
Tritium concentration of the soil profile 

at Csillebérc,November 1978

Depth Tritium concentration
cm TU ±  SD

0 - 5 6200 250
1 5 -2 0 3400 140
3 5 -4 0 2800 110
6 0 -6 5 3100 120

100 2700 110
150 2800 110
200 3300 130
300 1970 80
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t r a t io n s  are  in  th e  o rd e r  of 103 T U . S poradic m easu rem en ts  o f  a tm ospheric  
m o is tu re  in  th e  en v iro n s  of ou r I n s t i tu te  in d ica te  t h a t  th e  tr i t iu m  co n cen tra tio n  
o f  th e  am b ien t m o is tu re  varied  b e tw e e n  103 an d  105 T U  b o th  in  1974 an d  1978.

I n  c o n tra s t w ith  th e  C sillebérc tre e , th e  co n c e n tra tio n  o f  th e  V adaskert 
t r e e  fo llow ed th e  e n v iro n m e n ta l lev e l fa ith fu lly  in  th e  m id-60’s a n d  in  th e  70’s. 
D e sp ite  th e  re la tiv e ly  sh o rt d is ta n c e  th e  V a d a sk e rt tre e  is n o t a ffec ted  by  th e  
re lease  o f  Н ТО  fro m  o u r In s t i tu te .

C onclusions

A nalysis o f  th e  tr itiu m  c o n te n t  o f cellulose e x tra c te d  fro m  tre e  rings 
p re se n ts  a m eans o f  in v es tig a tin g  tr i t iu m  release fro m  in d u s tr ia l sources. A d a t 
ed  reco rd  o f p a s t  co n cen tra tio n s  o f  tr i t iu m  is p re se rv ed  in  th e  tre e s  so these  
se rv e  as do cu m en ts .

F o r  d a tin g  u n d e rg ro u n d  w a te rs  th e  in p u t fu n c tio n  for a g iv en  ca tch m en t 
a re a  can  be re c o n s tru c te d  b y  th is  tech n iq u e .

A nom alies in  tr i t iu m  fa llo u t can  be in v e s tig a te d  on a  reg io n a l scale. 
F o r  exam ple , B a y e r  e t al [8] r e p o r te d  h igh a c tiv i ty  in  the  M ay 1974 p rec ip ita 
t io n  a t  m an y  s ta tio n s  in  A u stria . D o u b tless , th is  an o m a ly  occu rred  in  th e  p rec i
p ita tio n s  in  H u n g a ry  as well b u t  a t  th a t  tim e  co llec tion  was p e rfo rm ed  a t only  
a few  sta tio n s . W e in te n d  to  ex am in e  th is  q u estio n  b y  analysing  th e  rings from  
th e  exposed  a rea  a n d  period  a ro u n d  1974.
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DER AKTUELLE 3H-GEHALT DER HYDROSPHÄRE  
IN MITTELEUROPA (1980)

D . R a n k  und Y . R a j n e r

GEOTECHNISCHES INSTITUT DER BUNDESVERSUCHS- UND FORSCHUNGSANSTALT 
ARSENAL, WIEN, ÖSTERREICH

Der 3H-Gehalt der Hydrosphäre wird noch immer von den bei den Kernwaffenver
suchen freigesetzten 3H-Mengen bestimmt. Die 3H-Konzentration der Niederschläge in Mittel
europa beträgt derzeit noch das Fünf- bis Zehnfache des natürlichen — durch die Höhen
strahlung bedingten — Wertes. Seit 1978 ist ein verstärkter Rückgang des 3H-Gehaltes der 
Niederschläge — und damit in der Folge auch der Oberflächenwässer — zu beobachten, von 
ungefähr 10 Bq/kg auf 4.8 Bq/kg im Jahr 1980 (Abb. 1). Der jahreszeitliche und langfristige 
Verlauf der 3H-Konzentration in den Oberflächenwässern wird ausser vom 3H-Gehalt des 
Niederschlags als Eingangsgrösse entscheidend von den hydrologischen Bedingungen in den 
Einzugsgebieten mitbestimmt. Die Pro-Kopf-Dosis durch 3H im Trinkwasser in W ien betrug 
1980 ungefähr 70 nSv/a.

1. 3H -G ehalt der Niederschläge1

N ach  wie v o r ge lang t 3H  fa s t ausschliesslich  ü b e r d en  a tm o sp h ärisch en  
N iedersch lag  in  die H y d ro sp h ä re . Die u m itte lb a re  F re ise tzu n g  von 3H  in  O ber
flächen- u n d  G rundw ässer d u rch  die In d u s tr ie  (K ern k ra ftw erk e , W ied e rau f
b ere itu n g san lag en , U hren - u n d  L eu ch tfa rb en in d u strie ) h a t  zu r Zeit n u r  lokale 
B ed eu tu n g . D er 3H -G eh a lt der N iedersch läge  zeigt seit 1978 einen v e rs tä rk te n  
R ü ck g an g  (A bb. 1), d e r bestim m en d e  A n te il is t aber n o ch  im m er d as  K e rn 
w affen tr itiu m . Die m ittle re  3H -K o n z e n tra tio n  is t noch u m  einen F a k to r  5 —10 
grösser als es der n a tü rlich en  3H -P ro d u k tio n  in der A tm o sp h ä re  e n tsp räch e . 
E in  Ü b erb lick  ü b er die 3H -V erte ilung  im  J a h re  1980 (A bb . 1) w eist f ü r  die 
N iedersch lags-M onatsp roben  W erte  um  5 B q /k g  aus. D ie W erte  der E in ze ln ie 
dersch läge s treu en  dabei fa s t u m  den  F a k to r  10, wobei k e in  e in d eu tig e r Z u sam 
m en h an g  zw ischen N iedersch lagsm enge u n d  3H -K o n z e n tra tio n  zu e rk en n en  ist 
[2]. B e tra c h te t  m an  die gew ich te ten  M o n a tsm itte l, so e rh ä lt  m an  im  a llgem ei
nen  einen  Jah re sg an g  m it einem  M ax im um  im  sp ä ten  F rü h ja h r  und  einem  M ini
m um  im  S p ä th e rb s t. D ie ö rtlich en  V aria tio n en  der 3H -G eh a lte  der M o n a tsn ie 
dersch läge zw ischen versch iedenen  N ied ersch lag ssam m els ta tio n en  k ö n n e n  in 
G ebieten  m it au sg ep räg tem  R elief 30 — 5 0 %  b e trag en . D ies is t  vo r allem  a u f  die 
un te rsch ied liche  N ied e rsch lag s tä tig k e it v e rb u n d e n  m it d e r  s ta rk en  V a ria tio n  
des 3H -G eh altes  der E inzeln iedersch läge  zu rü ck zu fü h ren . A u ch  die u n te rsc h ie d 
liche H e rk u n f t der feu ch ten  L u ftm assen  w irk t sich d ab e i aus; beispielsw eise 
sp ielt im  S üden  u n d  O sten  Ö sterre ichs d e r E influss 3H -a rm e r m e d ite rra n e r

1 Messmethodik: Elektrolytische Anreicherung und Aktivitätsmessung im Flüssigkeits
szintillationsspektrometer [1]: die Nachweisgrenze der Messanordnung beträgt 0.15 Bq/kg.
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A b b .  1. 3H-Gehalte von Niederschlag und Oberflächenwasser in Mitteleuropa im Jahr 1980 sowie Verlauf des 3H-
Jahresmittels des Niederschlags zwischen 1961 und 1980.
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A b b .  2 .  3H-Jahresinittel 1977 und 1980 von Oberflächenwässern in Österreich in Bq/kg (Mittel aus 12 Momentanwerten; in
Klammern Nummer der Probenahmestelle).
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L u ftm a sse n  eine gew isse Rolle, so d ass  etw a d e r N iedersch lag  a u f  d e r  V illacher 
A lpe  3 0 —50%  w e n ig e r 3H  e n th ä lt  als in  W ien  [3]. B esondere E reignisse , wie 
M ax im a  infolge v o n  K ern w affen v ersu ch en  oder e rh ö h te n  3H -A bgaben  d e r K e rn 
in d u s tr ie  bzw. ungew öhnliche  V erte ilu n g en , wie sie beispielsw eise im  Z eitraum  
M a i/Ju n i 1974 im  O sta lp en b ere ich  au fg e tre ten  w a re n  [4], k o n n te n  in  le tz te r  
Z e it n ic h t b e o b a c h te t w erden.

2. 3H -G ehalt der O berflächen- und Grundwässer

D ie O b erfläch en - u n d  G rundw ässer zeigen  einen im  V ergleich zum  
N ied ersch lag  s ta rk  g ed äm p ften  3H -Ja h re sg a n g  (A bb . 1 u n d  3), bei A lpenflüssen  
— z .B . Salzach — t r i t t  im  sp ä te n  F rü h ja h r  h ä u f ig  ein au sgep räg tes 3H -M ini- 
m u m  als Folge d e r  Schneeschm elze au f. Die J a h re s m itte l  des 3H -G ehaltes der 
w ich tig e ren  F liessgew ässer Ö ste rre ich s u n te rsch e id en  sich im  allgem einen  n u r  
gering füg ig  (A bb. 2). N iedrigere W e rte  tre te n  b e i d e r D rau  (M essstelle 10) — 
in  d e re n  E in zu g sg eb ie t sich d e r f rü h e r  e rw äh n te  E in flu ss m e d ite rra n e r  L u f t
m assen  au sw irk t — u n d  der M arch  (15) auf. B ei d e r  M arch h a t  w egen d er gerin 
gen  N iedersch lag ssu m m e im  O sten  Ö sterreichs au c h  d er A nteil an  ab fliessendem  
a l te n  G ru n d w asse r e inen  m itb es tim m en d en  E in flu ss  [3]. Die gleiche U rsache 
d ü r f te  neben  d er geringen  Seetiefe — die eine ra sch e  E rn eu e ru n g  des W assers 
e rm ö g lich t — fü r  d en  n iedrigen 3H -G eh alt des N eusiedlersees (M essstelle 21) 
v e ra n tw o rtlic h  se in . D ie höheren  W e rte  des B odensees (19) u n d  des Fuschlsees 
(20) s in d  a u f die S pe icherw irkung  d ieser G ew ässer zu rü ck zu fü h ren , als deren  
F o lg e  sich noch  d e r  höhere 3H -G e h a lt des N iedersch lags frü h e re r  J a h re  aus-

A b b .  3. 3H-Jahresgänge einiger Oberflächenwässer.
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A b b .  4 .  Der Einfluss von Speichern (Seen, Gletscher) auf den Verlauf des 3H-Gehaltes in
einem Flussystem.

w irk t. E benso  d ü rf te  d er höhere W e r t  d e r 111 (11) seine U rsache im  A bschm el
zen v o n  N iedersch lägen  frü h ere r J a h r e  haben . A uch  beim  G rundw asser k o m m t 
es zu  ähn lichen  S peichereffek ten  [3].

N atü rlich e  o d e r künstlich e  S peicher — Seen, S tau b eck en , G letscher, 
grosse G rundw asserspeicher — im  E inzugsgeb ie t eines F lusses u n d  die dam it 
v e rb u n d en e  grössere Y erw eilzeit des W assers k ö n n en  zu  grossen U n tersch ied en  
im  3H -G eh alt in n e rh a lb  des F lu sssy s tem s fü h ren . B eispielsw eise bew egten  
sich die 3H -K o n zen tra tio n en  im  F lu ssg eb ie t der T ra u n  am  26.2. 1980 zw ischen
7.3 u n d  15.7 B q /k g  (A bb. 4). N a tu rg e m ä ss  tre te n  die höchsten  W e rte  bei den 
A bflüssen  aus den  grösseren  Seen au f, w ährend  die n ied rigen  W erte  im  O ber
la u f a u f  grössere A n te ile  von  ra sc h  abfliessendem  N iedersch lagsw asser h in d eu 
te n . D er 3H -G eh alt d er T rau n  bei ih re r  M ündung  lieg t noch u n g e fä h r  20%  
ü b e r dem  der D o n au , d er als G eb ie tsm itte lw e rt au fg e fasst w erden k an n .

D er 3H -G eh alt d er D onau  v e rä n d e r t  sich f lu ssa b w ä rts  n ic h t w esentlich . 
E in  V ergleich des ö ste rre ich ischen  m it dem  b u lg arisch -ru m än isch en  D on au ab -
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Tabelle I

3H-Gehalt der Donau in Wien und bei Sagraschden/Corabia

»H-Gehalt [Bq/lg],

Wien-Reichsbrücke 10,81 9,2l
Sagraschden/Corabia 9,62 8 ,la

1 Mittel aus 12 Werten
2 Mittel aus 5 Werten
3 Mittel aus 2 Werten

s c h n i t t  zeig t, dass  d er 3H -G eh a lt u m  u n g efäh r 10%  ab n im m t (T ab . I). D ie 
G rü n d e  h ie rfü r d ü rf te n  sow ohl d e r E in flu ss  3H -a rm e r m a ritim e r L u ftm assen  — 
■wie im  E in zu g sg eb ie t d er D rau  — als au ch  der re la tiv  höhere G rundw asseran te il 
— w ie im  E in zu g sg eb ie t der M arch  — im  U n te r la u f  d er D on au  sein.

D ie 3H -Ja h re sg ä n g e  v e rsch ied en er O berflächenw ässer u n te rsch e id en  
s ich  c h a ra k te ris tisc h  (A bb. 3). W ä h re n d  der ze itliche V erlau f der ^ - K o n z e n t r a 
t io n  d er M arch (F lach lan d flu ss) m it e n tsp rech en d er D äm pfung  u n g e fäh r dem  
d e s  N iedersch lags g le ich t (M inim um  zu Ja h re sb e g in n , M axim um  im  Som m er), 
w e is t  die Salzach  wregen des v e rz ö g e rten  A bschm elzens der W in te rn iedersch läge  
im  G ebirge ein au sg ep räg tes  M in im um  zur J a h re s m itte  auf. B ei d e r  T ra u n  w ird 
d ieses  M inim um  d u rc h  die S p e icherw irkung  d e r Seen in  den  H e rb s t h inein 
v e rsc h o b e n  [3]. D e r  N eusied lersee m it seiner geringen  W assertiefe  fo lg t v e r
h ä ltn ism ä ss ig  ra sc h  dem  J a h re sg a n g  u n d  dem  3H -G eh a lt des N iedersch lags. 
I m  J a h r  1980 s in d  die Ja h re sg ä n g e  w egen d er a llgem ein  s tä rk e re n  A bnahm e 
d e s  3H -G eh a lte s  d e r N iedersch läge allerd ings e tw as v e rfä lsch t, jah resze itlich  
b e d in g te  K o n ze n tra tio n srü c k g än g e  erscheinen  v e rs tä rk t ,  w ä h re n d  A nstiege 
u n d  M axim a s ta rk  g ed äm p ft w erd en . D er fa s t s tu fen a rtig e  K o n z e n tra tio n s 
rü c k g a n g  beim  B odensee  (H afen g e län d e) im  F rü h ja h r  1980 is t d u rc h  den gleich
z e itig e n  E in flu ss  d e r  3H -a rm en  Schm elzw ässer u n d  d e r infolge des s ta rk e n  R ü ck 
g an g es  des 3H -G eh a lte s  der A tm o sp h ä re  im  V erg leich  zu 1979 ebenfalls 3H - 
a rm e n  F rü h jah rsn ied e rsch läg e  zu  e rk lä ren . D er V e rlau f der 3H -K o n z e n tra tio n  
im  D o n au w asse r (A bb. 1) b e sc h re ib t am  b es ten  den  allgem einen  R ückgang 
d es  3H -G eh a lte s  in  d er U m w elt im  b e tra c h te te n  Z e itrau m . D e r E in flu ss der 
A lp en flü sse  f ü h r t  a b e r  auch  bei d e r D on au  zu einem  3H -M in im um  im  sp ä ten  
F rü h ja h r .

3. P ro-K opf-D osis der B evölkerung durch 3H im  Trinkwasser

D er 3H -G e h a lt des W iener T rink w assers  — vorw iegend  v e rh ä ltn ism ässig  
ra sc h  ab fliessendes K a rs tw asse r au s  den  n ö rd lich en  K a lk a lp en  — en tsp rich t 
u n g e fä h r  dem  d e r O b erflächenw ässer (A bb. 1). D ie P ro -K opf-D osis b e tru g  1980
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Tabelle H

Jährliche Pro-Kopf-Dosis durch 3H  im  Trinkwasser 
(Wien-Arsenal)

Jahr
mittlere

Konzentra
tion

[Bq/kg]

jährliche
Aktivitäts
aufnahme1

[Bq]

Konversions
faktor*
[Sv/Bq]

Pro-Kopf- 
Dosis 

pro Jahr 
[nSv/aJ

1966 60 26 400 1.7 IO "11 450
1977 13.6 6 000 1.7 ■IO "“ 102
1980 9.8 4 300 1.7 • IO "11 73

Anteil aus natürlicher 3H-
Produktion ca. 0.7 300 1.7 • 10“ u 5

1 Bei einem Pro-Kopf-W asserverbrauch von 440 1/a
2 Nach [5]

e tw a  70 nS v  (T ab . I I ) . D e r M axim alw ert n a c h  dem  H ö h e p u n k t der W a sse r
s to ffb o m b en v ersu ch e  d ü rfte  be i 1500—2000 n S v /а  gelegen  hab en  (1963/64). 
V ergleichsw eise d azu  b e trä g t  die n a tü rlich e  äussere  S trah len b e la s tu n g  u n g e fä h r  
1 m Sv/a.
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V I .  M I S C E L L A N E O U S

CHAIRMEN: A. HEFNER, E. VIRÁGH

DIE COBALT 60 BESTRAHLUNGSANLAGE 
IM FORSCHUNGSZENTRUM SEIBERSDORF

K . Ma y r , G. N e z a v d a l  und К . Sp a l e k

Ö STERREICH ISCH ES FORSCHUNGSZENTRUM  S E IB ER SD O R F GesmbH, S E IB E R S D O R F , ÖSTERREICH

Der Bericht beinhaltet die Beschreibung der 60Co-Bestrahlungsanlage mit den dazuge
hörigen strahlenschutztechnischen Einrichtungen sowie den erforderlichen Sicherheitskriterien.

Eine bereits bestehende 60Co-Bestrahlungsanlage mit einem Aktivitätsinventar von 
1.4 Peta-Becquerel wurde auf 4.1 Peta-Becquerel erweitert. Diese Aufstockung erforderte aus 
strahlenschutztechnischen Gründen zusätzliche Abschirmungen, eine Neuinstallierung des 
Quellentransportsystems sowie der Steuerungs- und brandschutztechnischen Anlagen.

Einleitung

D ie 60C o-Bestrahlungsanlage im  Forschungszentrum  Seibersdorf ist für 
folgende Anwendungsbereiche vorgesehen:

— Bestrahlungen für industrielle A nw endungen und
— B estrahlungen für w issenschaftliche Zwecke.
Für diese Anforderungen sind zwei Bestrahlungsräum e, die sich in  

ihrer Bauw eise und im  A ktiv itätsinventar unterscheiden, vorgesehen.
D er Bestrahlungsraum  für industrielle A nwendungen hat ein A k tiv i

tä tsin ven tar  von ca. 3.7 Peta-B ecquerel 60Co. D ie für diese Produkte erfor
derlichen D osisw erte liegen in der Grössenordnung von 101 G y. Folgende 
B estrahlungen sind vorgesehen:
— R adiosterilisation  von T ierfutter und A rtikeln der m edizinischen Industrie, 

wie Einw egspritzen, chirurgische H andschuhe, künstliche N ieren , Verbands
stoffe, etc..

— Strahlenpolym erisation von m it monomeren Verbindungen Im prägnierten  
M aterialien wie H olz, etc.

— H altbarkeits- und Funktionsprüfungen von  elektrotechnischen und elek 
tronischen B auelem enten in hohen Strahlenfeldern, wie sie z .B . in K ern
kraftwerken und Strahleneinrichtungen Vorkommen.

Der Bestrahlungsraum  für w issenschaftliche Zwecke m it einem  A ktiv i
tä tsinventar von 0.44 Peta-B ecquerel 60Co wird zu Bestrahlungsversuchen au f  
den Gebieten der B iologie und Strahlenchem ie verw endet. H ier können neben  
hohen Bestrahlungsdosen auch biologische und strahlenchem ische Bestrahlun-
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gen m it geringen D osisleistungen in der Grössenordnung vo n  0.01 Sv/h vorge
nom m en werden.

E ine bereits bestehende 60Co-Bestrahlungsanlage m it einem A k tiv itä ts
inventar vo n  1.4 Peta-B ecquerel wurde au f 4.1 Peta-B ecquerel erweitert. Dies 
erforderte aus strahlenschutztechnischen Gründen bauliche Veränderungen  
und eine N euinstallierung des Q uellentransportsystem s sow ie einer Steuerungs
anlage und brandschutztechnischer E inrichtungen. Durch diese V oraussetzun
gen ergab sich folgendes

Planungsbild

Grundlegende Sicherheitskriterien der e0Co-Bestrahlungsanlage sind , dass 
die A nlage weder durch betriebsbedingte Abläufe n och  durch Störfälle in 
einen strahlenschutztechnisch  unsicheren Zustand versetz t werden kann.

D er A ufbau der system atischen  P lanung zur M odernisierung der B estrah
lungsanlage war von dem  U m stand b eg le itet, dass das Bauwerk einschliesslich  
der R aum aufteilung vorgegeben war.

O rganisatorische Strahlenschutz
m assnahm en gliedern sich in:

— Einteilung der Strahlenbereiche
— Personenüberwachung
— Betriebspersonal

B autechnische M assnahmen

D ie eoCo-Bestrahlungsanlage ist als ein  eigener Baukörper zw eigeschossig  
ausgeführt und in einen G ebäudeverband eingebunden. Im  Erdgeschoss befin
den sich:

— Vorbereitungsraum  — 113 m 2
— Lagerraum — 14 m2
— Bedienungsraum  — 9 m2
— Bestrahlungsraum  für industrielle Produkte — 9 m2
— Bestrahlungsraum  für w issenschaftliche Z w ecke — 13 m2
— dazugehöriger L abyrinthgang — 18 m2.
Im  Obergeschoss befinden sich:
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— W erkstätte — 13 m2
— zwei Nebenräum e — je  7 m2
— M aschinenraum — 66 m2
— Batterieraum  — 5 m2.
D as die Bestrahlungsräum e um gebende Mauerwerk m it D ecken  besteht 

aus Stahlbeton. A u f den 130— 150 cm starken U m fassungsm auern liegt eine 
150 cm starke M assivbetondecke m it einer D ichte von 2.4 t/m 3. D er B estrah
lungsraum  für industrielle Anw endungen ist durch ein fahrbares, nach innen  
dreistufig abgesetztes Betontor, jener für w issenschaftliche Zwecke durch 
eine Stahlblech-Schiebetüre durch den Labyrinthgang erreichbar.

D a die 60Co-Bestrahlungsanlage vor dem Um bau m it 1.4 Peta-B ecquerel 
60Co beladen war, wurden die nunm ehr erforderlichen Schutzstärken neu  
berechnet und durch Messungen überprüft.

Die Aussenm auern der Bestrahlungsräum e benötigten eine Verstärkung  
um  30 cm m iteiner B etondichte von  2.4 t/m 3. D adurch ergab sich nach N eubela
dung eine m ittlere D osisleistung von 0.75 /iSv/h . In den angrenzenden Räum en  
hat sich bei 40 Stunden A ufenthalt pro W oche eine Dosis von durchschnittlich  
20 fxSv ergeben.

Zusätzlich erfolgte im M aschineniaum  eine Verstärkung der Abschirm ung  
oberhalb der Quellenführungsrohre, sodass sich dort eine D osisleistung von  
durchschnittlich 1 p.Sv/h ergeben hat. Befinden sich die Quellen in Bestrahlungs
position , ergeben sich im M aschinenraum D osisleistungen unter 1 juSv/h, wobei 
die geringste bei 0,6 juSv/h und die höchste an einer schwer zugänglichen Stelle 
bei 0,9 m Sv/h liegt.

M aschinenbauliche M assnahm en

Strahlenquelleneinheiten des Bestrahlungsraumes fü r  industrielle Anw endung

Eine Strahlenquelleneinheit besteht aus je zwei um schlossenen Strahlen
quellen von je 0.15 Peta-Becquerel B0Co in besonderer Form, die in rostfreien  
Stahlrohren beweglich m iteinander verbunden sind. Sie sind m it dem  zugehö
rigen K abelzug über eine form schlüssig gesicherte K upplung verbunden. 
Insgesam t werden 12 derartige Q uelleneinheiten verw endet.

Strahlenquelleneinheiten des Bestrahlungsraumes fü r  wissenschaftliche Zwecke

D iese sechs Q uelleneinheiten haben eine A k tiv itä t von je  7.4 Tera- 
Bequerel. D ie m axim ale G esam taktiv ität beträgt daher 0.44 Peta-B ecquerel. 
D ie E inheiten  bestehen ebenfalls aus einer aus rostfreiem  Stahl gefertigten  
U m hüllung, die verschraubt gesichert und m it einem  K abelzug über eine form- 
schlüssig gesicherte K upplung verbunden ist.
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Quellenführungssystem

D as Q uellenführungssystem  besteht aus:
— dem Q uellenführungseinsatz im  zylindrischen Bleibehälter;
— den Quellenführungsrohren vom  zylindrischen B leibehälter in  die 

Bestrahlungsräum e;
— der B estrahlungskonfiguration.
D er Quellenführungseinsatz enthält 18 Rohre, deren Zwischenräume mit 

B le i ausgegossen sind. Die durch die Lagerung der Strahlenquelleneinheiten  
en tstehende W ärm e wird durch W asserkühlung im  zylindrischen Bleibehälter  
ab geführt.

Die Quellenführungsrohre führen vom  zylindrischen B leibehälter in einem  
horizontalen  und vertikalen Bogen in die Bestrahlungsräum e. Sie m ünden  
jew eils  an der D eckenm itte und setzen sich zur B estrahlungskonfiguration fort.

Jede Bestrahlungskonfiguration  besteht aus nahtlos gezogenen rostfreien  
Stahlrohren, die in  der D eckenm itte des Bestrahlungsraum es an die jew eiligen  
Quellenführungsrohre angeschraubt werden.

Transport der Strahlenquelleneinheiten

Der Transport der Strahlenquelleneinheiten erfolgt mit in Rohren geführ
ten  K abelzügen von  der R uheposition zur B estrahlungsposition und um gekehrt. 
In  deren M itte befin d et sich ein A ntriebsm echanism us, bestehend aus polum 
schaltbaren G leichstrom -G etriebem otoren (24 V) m it elektrischen Brem sen und  
K abelzuggeberdosen. In jeder Geberdose bewirkt ein Antriebsrad denTransport 
der Strahlenquelleneinheiten. D ie G etriebem otoren besitzen eine elektronische 
D rehm om entüberw achung, die bei einem  m echanischen W iderstand von  180 N  
abschaltet.

Rohrpostsystem des Bestrahlungsraumes fü r  wissenschaftliche Zwecke

D ie R ohrpostleitung besteht aus einem  Alum inium rohr und führt vom  
B edienungsraum  in  den Bestrahlungsraum . Durch einen Dreiweghahn kann die 
Luftzufuhr w'ahlweise vom  Bedienungsraum  in den Bestrahlungsraum  und 
um gekehrt gesteuert werden. D as R ohrpostsystem  dient zur exakten B estrah
lu n g kleinerer Proben (sog. R abbits) in  einer Zentralposition der B estrahlungs
konfiguration.

Elektrotechnische M assnahm en

Netzversorgung

Beleuchtungskörper, Steckdosen, B atterieladegerät, Lüftung, K om pres
sor für die D ruckluftversorgung der R ohrpost, werden m it 3 x  220/380 У W ech
selstrom  m it einem  Anschlussw ert von 82 kVA versorgt.
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Notstromversorgung

N ot- und W arnleuchten werden m it einer Gleichspannung von 220  V  von  
einer nahegelegenen Trafostation aus versorgt.

Pufferbatterie mit Lade- und Kontrolleinrichtung

Für die Spannungsversorgung der Steuerungsanlage sorgt eine Puffer
batterie m it Ladegleichrichter und K ontrolleinrichtung. D ie Batterie h a t eine 
Spannung von  24 V, eine N ennkapazität von  1000 Ah und 10 Stunden E ntla
dezeit. B ei N etzausfall ist bei einer Betriebsfrequenz vo n  drei Transportwegen  
pro Stunde m it allen 18 Strahlenquelleneinheiten der Betrieb für 10 Stunden  
gew ährleistet.

L iiftungstechnische und brandschutztechnische M assnahmen

Bestrahlungsräume

Beide Bestrahlungsräum e werden m it Zuluft versorgt, die L u ftau stritts
öffnungen befinden sich in Bodennähe. D ie  Abluft wird nahe der D ecke durch 
einen L üfter abgesaugt. In  der A bluftleitung jedes Bestrahlungsraum es be
findet sich eine K lappe. Lüfterm otor und K lappen w erden im B randfall ge
schlossen. M it dieser M assnahme wird erreicht, dass der im  Bestrahlungsraum  
vorhandene Luftsauei Stoff durch den Yerbrennungs vor gang w eitgehendst 
verbraucht wird und die entstehenden Brand- und Stickgase den Löschvorgang  
noch zusätzlich beschleunigen. Die A uslösung dieses Steuervorganges wird 
m it einer Tem peraturm eldeanlage, deren Fühler an der D ecke der B estrahlungs
räume angebracht sind, ausgelöst. D ie Tem peraturm eldeanlage ist m it zwei 
Grenzwerten ausgestattet. B ei Überschreiten des 2. Grenzwertes w ird  eine 
Sprühflutanlage in F unktion gesetzt, die so lange in B etrieb  ist, bis die R au m 
tem peratur entsprechend absinkt. D ie M assnahme bew irkt zusätzlich eine 
ausreichende K ühlung der B estrahlungskonfiguration, dam it diese durch einen  
Brandfall keinen Schaden erleiden kann. D iese M assnahm en — A bschalten  dees 
Lüfterm otors und Schliessen der K lappen sowie A uslösen der Sprühflutanlage 
— werden durch die Steuerungsanlage hierarchisch bew irkt.

Steuer schränke

D ie Schaltschränke der Steuerungsanlage werden m it D ifferentialm axi
m altem peraturm eldern überw acht. Bei A nsprechen dieser Melder w ird die 
Spannungsversorgung der Steuerungsanlage abgeschaltet und damit auch  das 
Öffnen der Tore der Bestrahlungsräum e verhindert. Auch diese Meldung is t  in  
der Steuerungsanlage hierarchisch eingeordnet.
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Übrige Räume

Alle w eiteren  Räume der B estrahlungsanlage sind m it Brandm eldern, 
w ie sie im  Forschungszentrum  Seibersdorf allgem ein  üblich sind , ausgestattet. 
Im  Vorbereitungsraum  sind gekennzeichnete Lagerflächen vorgesehen, die 
eine Brandlastbegrenzung für feste  brennbare S toffe darstellen.

Strahlenm esstechnische M assnahm en

Strahlenmesseinrichtungen innerhalb der Bestrahlungsräume ( siehe Abb. 2)

Als D etek toren  werden zw ei Auslösezählrohre, die als getrennte M ess
kanäle ausgeführt sind, verw endet. Sind die Strahlenquelleneinheiten in B e 
strahlungsposition , herrscht im  Bestrahlungsraum  hohe D osisleistung. Deshalb  
befinden sich die Zählrohre in einer abgeschirm ten Position innerhalb der U m 
fassungsm auern. Sind die Strahlenquelleneinheiten in R uheposition, ist der 
Leerwert gering. U m  diesen anzuheben, ist nahe der Zählrohre eine Strahlen
quelle geringer A k tiv itä t (37 k B q  60Co) angebracht. Die von den Zählrohren aus
gehenden Im pulse werden überprüft, ob zw ischen  zwei aufeinanderfolgenden  
Im pulsen ein n ich t zu grosser zeitlicher A bstand besteht. D ies bedeutet: 
“ M inim um alarm ” für die Steuerungsanlage.

Die Im pulsraten  der beiden Zählrohre werden getrennten Zählern zuge
führt, den Zählern ist je ein Schwellwert zugeordnet. Der Schwellwert kann so  
gesetzt werden, dass bereits eine halbe Strahlenquelleneinheit im  B estrahlungs
raum  erkannt w erden kann.

Das Erreichen beider Schwellwerte wird in  einem Ä quivalenzgatter über
prüft. Der A usgang des Ä quivalenzgatters w ird  einem Z eitglied zugeführt. 
U ngleichheit der Schw ellw erte wird sofort angezeigt. D ies kann aber auch  
kurzzeitig w ährend des Q uellentransportes auftreten . Im  Zeitglied wird das 
B estehen einer U ngleichheit der Schw ellw erte ca. 1 min lang zur K enntnis  
genom m en, b esteh t diese länger, liegt eine Störung eines M esskanals vor. D as  
B edienungspersonal wird durch ein Blinksignal a u f diesen U m stan d  hingew iesen.

Ortsfeste Strahlenmesseinrichtungen ausserhalb der Bestrahlungsräume

Als D etek toren  werden A uslösezählrohre, die m it einem  Pegelw ächter  
verbunden sind , verwendet. B e i Erreichen einer am Pegelw ächter eingestellten  
Schwelle w irkt das abgehende Signal auf die Steuerungsanlage.

O rtsfeste Pegelw ächter sind an m ehreren Stellen der 60Co-Bestrahlungs- 
anlage vorgesehen.
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Steuerungsanlage

Anforderungen

Aufgrund folgender Ü berlegungen wurde das Grundkonzept für die 
Steuerungsanlage entworfen:

— K om binierbarkeit mit elektrom echanischen B auelem enten
— Grosse Schalthäufigkeit der Bauelem ente
— Toleranzgrenze des System s (Grenztem peratur, Spannungstoleranz, 

Erschütterungsfestigkeit)
— Platzerfordernis in Schaltschränken bei vorgegebener Raum grösse
— Einfache Erweiterungs- und Anpassungsm öglichkeit
— Schaltsicherheit
— Gute Ü bersichtlichkeit redundant ausgeführter Steuerkreise mit 

einfacher K ontrollm öglichkeit
— W artungsfreundlichkeit
— Modulare Ausführung der Überwachungssteuerkreise für M eldungen 

und D rehm om entüberw achung
— Einfacher U m bau bei Funktionsveränderungen
— K onfektionierte Y erbindungsleitungen mit Steckhülsen
— Leitungsführung in  handelsüblichen K anälen und system gerechte  

Montage
— Speisespannung von 24 V Gleichstrom
— R eichhaltige M öglichkeiten zur logischen Verkupplung und Verriege

lung bei Vorhandensein einer grösseren A nzahl von Eingangssignalen  
und einer geringeren Anzahl von  Ausgangssignalen.

D en genannten Anforderungen hat das verdrahtungsprogram m ierte  
System  “ Sigm atronic” der Österreichischen Brown B overi AG voll entsprochen. 
(Beschreibung des System s “ Sigm atronic” und A ufbau der Steuerungsanlage: 
A. P olasek). E s  hat folgende elektrische Eigensch a ften :

Speisespannung 24 V  
Spannungstoleranz ^  30%
W elligkeit 4 V (Scheitelwert)
E ingangsspannung bis 50 V =  dauernd zulässig
H ohe B elastbarkeit der A usgänge — Anschluss von 100 E ingängen, 

leichte Prüfung m it Prüfbausteinen  
Grosse Signalbereiche, hoher statischer Störabstand
Verzögerung der speichernden Geräte, hoher dynam ischer Störabstand  
M ischtechnik m it elektrom echanischen Geräten problemlos.
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Strukturelle Eigenschaften ( siehe A bb . 1 )

A ktiv-L -T echnik , Geradeaus-Logik, Sicherheit gegen Fehler, übersicht
liche Projektierung. Im  Falle eines L-Signals lieg t an einem Geräteausgang 
p ositive  Spannung. E s fliesst ein Strom  in den nachgeschalteten  Geräteeingang. 
Im  F alle eines О-Signals liegt am  Geräteausgang keine Spannung. Es fliesst 
kein  Strom  in den G eräteeingang. Dieser Fall is t  gleichbedeutend mit einem  
offenen  Eingang. D er L-Zustand w ird also aktiv  durch Spannung und Strom  
dargestellt: A ktiv-L -T echnik. D a  im  System  “ Sigm atronic” au f signalum keh
rende Elem ente w eitgehend verzich tet wird, b ed eu tet L-Signal durch die ganze 
Steuerung hindurch den E IN -Z ustand , also auch ein  eingeschaltetes Stellglied.

Neben der Ü bersichtlichkeit der Projektierung, Inbetriebnahm e, W ar
tu n g  und Fehlersuche hat diese M ethode den V orteil hoher Sicherheit. Im  Falle  
der häufigsten F eh ler — D rahtbruch und E rdschluss von L eitungen  — wird 
näm lich  autom atisch О-Signal erzeugt, also kein Stellglied  eingeschaltet und so 
ein  gefährlicher Z ustand verm ieden. Einfache Erw eiterungs- und  Anpassungs
m öglichkeiten  w erden  durch anw endungsgerechte Funktionseinheiten in  
A ktiv-L -T echnik erreicht.

Mechanische Eigenschaften

K unststoffgehäuse um jede Funktionseinheit 
Montage durch A ufschnappen auf Tragschienen  
K om binierter Aufbau m it elektrom echanischen Bauelem enten  
Elektrische Verbindung durch Steckhülsen
Dreiteilige F lachstecker v o n  vorn zugänglich, erm öglichen den Anschluss 

von L eitungen  und einfache K ontrollm öglichkeiten des Bauelem entes. 
K onfektionierte Verhindungsleitungen m it Steckhülsen  
Leitungsführung in handelsüblichen K anälen  
System gerechte Montage der Kanäle

A u fb a u  ( siehe Abb. 3 )

Die Aufbauorganisation der elektronischen Steuerung ste llt eine E inzel
antriebssteuerung m it hierarchischer Struktur dar. Durch die “ übergeordnete 
Ü berw achungseinheit” wird die G ruppensteuerebene “Torsteuerung — Start
freigabe — Brandm eldung” gesteuert und diese is t  wieder den Einzelantrieben  
“ Transport der Strahlenquelleneinheiten” übergeordnet. D urch diese Anord
n u n g  werden säm tliche Störfälle hierarchisch überwacht, der strukturelle 
A ufbau  aller Program m e ist m indestens zweifach abgesichert. U m  die höchst
m ögliche ökonom isch vertretbare Sicherheit zu erreichen, sind alle Vor- und  
H auptalarm kriterien redundant ausgeführt.
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D ie Anlage steuert den Transport der Strahlenquelleneinheiten und die 
Zugänglichkeit zu den Bestrahlungsräum en. Der Transport der Strahlenquellen
einheiten von der R uhe- in die B estrahlungsposition und zurück kann w ahl
weise autom atisch oder m anuell vom  Steuerpult ausgelöst werden.

D ie Laufrichtung der G leichstrom -G etriebem otore wird durch die Vor
wahl beim  Strahlenquelleneinheitentransport bestim m t. Durch das S ignal von  
der Strahlenüberwachungsanlage “ Strahlung im R aum ” sowie die Stellung der 
K ontrollkontakte der K abelzüge ist die Position der Strahlenquelleneinheiten  
bestim m t. Alle Strahlenquelleneinheiten können w ahlw eise einzeln oder ge
m einsam  transportiert werden.

E s wird sichergestellt, dass der Operator auch bei grösster N achlässigkeit 
keine Person im Bestrahlungsraum  irrtüm lich einschliessen kann. D er Steuer
ungsvorgang zum Schliessen des Tores beginnt mit der B etätigung der T ortaste  
im Bestrahlungsraum . Dieser Vorgang wird vom  Operator persönlich durch
geführt und ist m it einer Besichtigung des Raumes unm ittelbar vor dem Schlies
sen des Tores verbunden. Durch die T ortaste bedingt, ertönt 10 sec ein Sum m 
ton. Innerhalb dieser Zeit muss der Bestrahlungsraum  verlassen u n d  die 
Schlüsseltaste “Tor zu” betätigt werden.

V erstum m t der Sum m ton vor dem  Drücken der Schlüsseltaste, m uss der 
Vorgang wiederholt werden. Die Schlüsseltaste muss gedrückt bleiben, bis das 
Tor geschlossen ist. Vorzeitiges Loslassen bewirkt eine autom atische Ö ffnung  
des Tores.

E in nichteinschaubarer Bereich während des Schliessens wird durch eine 
Lichtschranke abgesichert. Die Zugänglichkeit zu den Bestrahlungsräum en  
wird durch die Torsteuerung geregelt.

In  den Bestrahlungsräum en befindet sich ausserdem  eine T aste, die es 
erm öglicht, das bereits geschlossene Tor von innen her zu öffnen. W enn die 
übergeordnete Uberw achungseinheit den Zugang zum Bestrahlungsraum  frei
gibt, kann das Tor vom  Bedienungspult aus geöffnet werden. Um  den B ereich  
vom  Bedienungsraum  aus überblicken zu können, ist die Anlage m it einer 
Fernsehüberwachung ausgestattet. Zusätzlich wird das geschlossene Tor von  
der Steuerungsanlage elektropneum atisch verriegelt.

Zur Brandbekäm pfung sind die Bestrahlungsräum e m it je einer Sprüh
flutanlage, die auf Tem peraturerhöhung anspricht, ausgestattet. In jedem  B e
strahlungsraum  sind jew eils zwei Tem peraturfühler m it 50 °C und 80 °C vor
gesehen. D ie Grenzwertsignale bewirken in der Steuerungsanlage:

— M eldung an die zentrale Überwachungsanlage des Forschungszentrum s
— Start des R ückholprogram m es für den Strahlenquelleneinheitentrans

port
— A bschalten des Lüfterm otors
— Schliessen der Lüftungsklappen
— Auslösen der Sprühflutanlage.
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O rganisatorische Strahlenschutzm assnahm en

E inteilung  der Strahlenbereiche

Alle R äum e der eoC o-Bestrahlungsanlage sind Uberwachungsbereiche, 
w en n  sich die Strahlenquelleneinheiten in R uheposition  befinden.

Sind die Strahlenquelleneinheiten in B estrahlungsposition, ergeben sich 
fo lgende tem poräre K ontrollbereiche:

— Vorraum  vor dem fahrbaren B etontor
— M aschinenraum .

Personenüberwachung

Das Betriebspersonal ist m it Therm olum ineszenzdosim etern, D urch
sichtdosim etern und W arndosim etern au sgesta ttet. Vor B etreten  der B estrah
lungsräum e hat das Betriebspersonal m it einem  D osisleistungsm essgerät die 
Bestrahlungsräum e zu überprüfen. L ieferanten können die gekennzeichneten  
Lagerflächen ohne D osim eter betreten.

Betriebspersonal

Es b esteh t aus dem B etriebsleiter und dessen Stellvertreter, die als 
w eite ie  mit der W ahrnehm ung des Strahlenschutzes betraute Personen gelten. 
Ausserdem  ist der Betriebsleiter für den B etrieb , W artung und Instandhaltung  
verantw ortlich . Für das Ein- und Ausbringen des Bestrahlungsgutes sowie 
zum  Aufbau vo n  E xperim enten kann H ilfspersonal herangezogen werden.

Die Verfasser danken der Österreichischen Brown Boveri AG, insbesondere 
Herrn Dipl. Ing. A. P o la se k , für die Unterstützung bei der Ausarbeitung dieses Berichtes.
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N O M O G R A M M  Z U R  E R M I T T L U N G  D E R  
E N D A K T I V I T Ä T  U N D  N O T W E N D I G E N  

A R K L I N G Z E I T  N A C H  P E R I O D I S C H E R  B E F Ü L L U N G  
E I N E S  B E H Ä L T E R S  M I T  K U R Z L E B I G E N  

R A D I O A K T I V E N  S T O F F E N

J . K r i s c h a n  und H . B i n d e r

AMT DER KÄRNTNER LANDESREGIERUNG 
A-9020 KLAGENFURT, ÖSTERREICH

INSTITUT FÜR RADIOCHEMIE, UNIVERSITÄT INNSBRUCK 
A-6020 INNSBRUCK, ÖSTERREICH

Das beschriebene Nomogramm dient zur Ermittlung der Endaktivität bei der Samm
lung kurzlebiger radioaktiver Abfälle in einem Abfallbehälter und der Abklingzeit, die not
wendig ist, um diese Abfälle unter die gesetzlich vorgeschriebenen Freigrenzen abklingen zu 
lassen, sodass sie wie inaktives Abwasser behandelt werden können.

E inleitung

Bei der Lagerung von kurzlebigen radioaktiven A bfällen  stellt sich die 
Frage, welche G esam taktivität zu einem  bestim m ten Z eitpunkt in einem Con
tainer bzw. in einem  Tank bekannter V olum enskapazität erreicht wird, w enn  
dieser in periodischen A bständen m it flüssigen radioaktiven Abfällen eines 
Nuklids bekannter, konstanter Volum s- und A ktivitätsm enge befällt wird. 
Die erreichte A k tiv itä t ist schliesslich w esentlich für eine D im ensionierung  
hinsichtlich der Grösse und A bschirm ung eines Lagers oder A bklingtanks 
m itverantw ortlich. D a in der L iteratur diese Them atik kaum  behandelt wird 
[1—4 ], wird in  dieser Arbeit eine M öglichkeit präsentiert, für radioaktive A b
fälle m ittels eines Nom ogram m s* die nach einer gew issen Zeit erreichte 
A k tiv itä t sowie die entsprechende A bklingzeit, nach der eine Abgabe an die 
U m w elt m öglich ist, zu erm itteln.

Das N om ogram m  sollte eine H ilfe zur D im ensionierung von  A bklingräu
men im  m edizinischen wie auch nichtm edizinischen Bereich darstellen. Durch

*Da die Umarbeitung des an der Konferenz in nicht-SI-Einheiten präsentierten Nomo
gramms die Veröffentlichung des gesamten Konferenzmateriale auf eine längere Zeit verzögert 
hätte, sind die originalen Einheiten hier beibehalten. Die Umrechnungsfaktoren auf SI- 
Einheiten sind die folgenden: ...............

1 p C i  =  37 kBq bzw. 1 =  37ml cmd
und

1 kBq =  0,027«Ci bzw. 1 ^ 5 ?  =  0 , 0 2 7 ^  .
p . m á  m  I

Acta Physica Academiae Scientiarum Hungaricae 52y 1982



4 5 6 J . KRISCHAN und H. BINDER

die gewonnenen D aten  kann die Zahl und Grösse der notw endigen Tanks er
m itte lt werden, sodass ein sicherer Betrieb im  Rahm en der jeweils geltenden  
G esetze m öglich ist.

Berechnung der G esam taktivität bzw. der notw endigen Abklingzeit

Die periodische Zugabe einer bestim m ten  A ktiv itätsm enge eines radio
aktiven  Stoffes in  ein Sam m elgefäss bew irkt ein A nw achsen der G esam taktivi
tä t . D ie im  Behälter nach einer bestim m ten Zeit erreichte A ktiv ität strebt 
einem  Sättigungsw ert zu, w obei der gesam te Verlauf der A ktiv ität von  der 
H albw ertszeit sowie der A k tiv itä t der einzelnen Zugaben und den zwischen den 
einzelnen Zugaben liegenden Z eitintervallen abhängig ist.

U nter der Annahm e, dass während einer Periode (z .B . ein Tag) einm alig  
oder auch mehrmals eine gleichbleibende A k tiv itä t in konstanten  Z eitabschnit
ten  in einen A bfallbehälter gegeben wird und nach einer grösseren Ruhepause 
(N achtstunden) dieser Zyklus von neuem  beginnt, lässt sich  der A nstieg  der 
A k tiv itä t im  Sam m elgefäss durch die aus den G leichungen (1) und (2) abgelei
te te  Form el (3) beschreiben. In  (1) ist die ak tiv itä t je Periode, in (2) die erreichte 
A k tiv itä t nach einer G esam tzeit tges von к Perioden gem äss Abb. 1 dargestellt.

Aptr =  (((A0 • e" *  +  A 0) e ~ tx +  A0) e ~ ‘x +  ■■■ + Л  =  A *  e ~ n,x • (1)
n = 0

Dabei ist x  =  ln 2/r  und iper =  tp +  (n — 1) • t

A e =  Aptr. kj? e ~ kt*'x. (2)
k = 0

Aus (1) und (2) und m it iges =  к ■ tper ergibt sich

Ae — A0- 2j e~ntx =

А  е-Л«х -  1 e -ntx — 1 .
n — 1 e~tx — 1

Für tges —► 00 ergibt sich die S ättigungsaktiv ität zu

A_ 1 e~ntx -  1
n  1 — 2—Vt/r e~tx — 1

(4)

Aus der G esam taktiv ität und aus dem  Volum en der einzelnen A k tiv itä ts
zugaben kann die notw endige A bklingzeit errechnet werden, nach der die
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A t / i C i l

A b b .  1 . Verlauf der Gesamtaktivität in einem Sammelbehälter bei dreimaliger Aktivitäts
zugabe pro Tag ( A 0 =  20 j«Ci) in sechsstündigen Intervallen (t) und einer 12-stündigen Abkling

phase während der Nacht (tp). Die Halbwertszeit des Nuklids beträgt 1 Tag.

spezifische A k tiv ität im  Behälter unter den in Anlage 5 der österreich ischen  
Strahlenschutzverordnung [5] angegebenen Wert gesunken ist.

ta
X

ln  2
•ln

F - V e
(5)

Dabei bedeuten:
A e E ndaktiv ität nach der Zeit tges; Betrachtung nach der letzten  Zugabe 

einer Periode
A  max Sättigungsaktiv ität; M axim alwert von A e
A  Summe der A k tiv itä ten  einer Periode
A 0 A ktivität einer Zugabe
n Zahl der Zugaben pro Periode
t  Zeitintervall zw ischen den Zugaben einer Periode
t p  Zeit zwischen der letzten Zugabe der vorhergehenden und der ersten  

Zugabe der nächsten  Periode
tges Gesamtdauer der A ktivitätszugaben inklusive der dazwischenliegenden  

Pausen
fper Periodendauer; beinhaltet eine Pausenlänge ( t p ) sowie bei mehreren 

Zugaben die Zeitintervalle t zwischen diesen. 
t0 Abklingzeit, die notwendig is t , die erreichte E n d ak tiv itä t im A bkling

tank zu lagern, ehe eine B eseitigung m it dem B etriebsabw asser erfolgen  
kann.

V  Volumen einer Zugabe
Vc erreichtes E ndvolum en aller Zugaben
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Tabelle

Aktivität im Sammelgefäss in Abhängigkeit von der Akkumulierungsdauer
A e in mCi, Iges

X
*gea

1 2 4 8 16 32

1.5 50.0000 50.0000 50.0000 50.0000 50.0000 50.0000
3 50.0000 50.1953 50.1961 50.1961 50.1961 50.1961
6 50.0000 53.1250 53.3325 53.3333 53.3333 53.3333

12 50.0000 62.5000 66.4063 66.6656 66.6667 66.6667
24 50.0000 75.0000 93.7500 99.6094 99.9985 100.0000
48 50.0000 85.3553 128.0330 160.0413 170.0438 170.7081
96 50.0000 92.0448 157.1303 235.6955 294.6194 313.0331

192 50.0000 95.8502 176.4503 301.2195 451.8292 564.7865
384 50.0000 97.8802 187.6367 345.4197 589.6683 884.5024
768 50.0000 98.9286 193.6630 371.2527 683.4377 1166.7012

1536 50.0000 99.4614 196.7915 385.2398 738.5062 1359.5135
3072 50.0000 99.7300 198.3857 392.5203 768.3990 1473.0241

V max Volum en eines Behälters
F  höchstzulässige K onzentration im  Betriebsabw asser nach den jeweils 

geltenden gesetzlichen B estim m ungen

D ie derart berechnete A k tiv itä t innerhalb einer Periode bzw. über m eh
rere Perioden wird zum Zeitpunkt nach der letzten  Zugabe betrachtet. Verbin
det m an die E n d ak tiv itä t je Periode, so ergibt sich der A nstieg  der G esam takti
v itä t  gem äss Abb. 1 bzw. Tab. I  bis zur Erreichung der Sättigungsaktiv ität. 
D iese K urve wird in dem beschriebenen Nom ogram m  (Abb. 2) in Kurvenschar 
В verw endet. W ird die A k tiv itä t au f mehrere Zugaben je  Tag bzw. je Periode 
au fgete ilt, muss zur exakten  E rm ittlung der E n d ak tiv ität zusätzlich ein en t
sprechender Korrekturfaktor gem äss Tab. II  (Periodendauer 1 Tag) bzw. 
T ab. I I I  (beliebige Periodendauer) verw endet w erden.Tab. IV enthält die Korrek
turfaktoren für die E nd ak tiv itä t bei beliebiger Periodenlänge bezogen auf 
eine Periodendauer von einem  Tag.

D as Nom ogram m

In dem in sechs D iagram m e (A —F) unterteilten  N om ogram m  wird aus 
den K urvenscharen А, В und C die E ndaktiv ität A e erm ittelt. D ie K urven in 
D , E und F dienen zur B estim m ung der A bklingzeit, die erfordlich ist, um die 
A bfälle m it dem B etriebsabw asser beseitigen zu können.

Aus A ergibt sich aus dem  vorgegebenen B ehältervolum en ( Vmax) und
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bzw. von der Halbwertszeit wenn täglich eine Zugabe von 50 mCi erfolgt, 
in d, T in h

I

64

50.0000
50.1961
53.3333
66.6667

100.0000
170.7107
314.2559
600.0857

1105.6280
1750-0517
2320.8346
2711.6848

128

50.0000
50.1961
53.3333
66.6667

100.0000
170.7107
314.2607
602.4298

1174.7298
2187.5647
3481.2519
4629.1354

256

50.0008
50.1961
53.3333
66.6667

100.0000
170.7107
314.2607
602.4390

1179.3185
2324.2875
4351.5649
6943.7031

512

50.0008
50.1961
53.3333
66.6667

100.0000
170.7107
314.2607
602.4390

1179.3365
2333.3667
4623.5377
8679.6289

1024

50.0008
50.1961
53.3333
66.6667

100.0000
170.7107
314.2607
602.4390

1179.3365
2333.4023
4641.5984
9222.1057

2048

50.0008
50.1961
53.3333
66.6667

100.0000
170.7107
314.2607
602.4390

1179.3365
2333.4023
4641.6693
9258.1296

4096

50.0008
50.1961
53.3333
66.6667

100.0000
170.7107
314.2607
602.4390

1179.3365
2333.4023
4641.6693
9258.2709

dem zugegebenen Tagesvolum en (V d) die m axim al m ögliche B efü llzeit (iges) 
bzw. unter B erücksichtigung der H albw ertszeit (t) der Faktor tges/r .

В gibt den A nstieg  der A k tiv itä t im  Sam m elbehälter mit der B efüllzeit 
für verschiedene H albw ertszeiten w ieder, wobei diese K urvenschar (т/*рег) 
eine zugegebene T agesaktiv ität von 1,85 MBq (50 juCi) zugrunde gelegt wurde. 
Von diesem  W ert abweichende T agesaktiv itäten  werden — wie unten  beschrie
ben — in  C berücksichtigt. Die A uftragung relativer Param eter in В gestattet  
einerseits das Ablesen der A ktivität auch bei kurzen Sam m elzeiten und ande
rerseits die B erücksichtigung verschiedener Periodenlängen. Im Falle einer von  
24 Stunden abweichenden Periodenlänge (tper) ändern sich das Tagesvolum en  
und die Gesam tzeit gegenläufig, w ob ei das Verhältnis tgesAper konstant bleibt 
(2. K urvenschar in B ). A us dem A k tiv itä tsw ert für tper =  1 Tag kann der sich 
durch die Änderung v o n  tper ergebende neue A ktivitätsw ert direkt erhalten  
werden, indem  man entlang den K urven  tges/iper bis zum entsprechenden  
W ert für т/íper fährt. F alls es erforderlich ist, kann ausgehend von dem so erhal
tenen A ktivitätsw ert in  A die neue B efü llze it erm ittelt werden.

C stellt eine Kurvenschar zur M ultiplikation der im Sam m elbehälter  
erreichten A ktivität (rechte Skala in  C) dar und dient zur Berücksichtigung  
von T agesaktivitäten , die von 50 ^Ci abweichen, sowie der in den Tabellen II 
und III  angegebenen K orrekturfaktoren für mehrmalige Zugaben pro Tag und 
verschiedene Periodenlängen. In der linken Skala in C erhält man daraus die 
tatsächliche E n daktiv ität (A e).
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A b b .  2. Nomogramm zur Ermittlung der Endaktivität und der notwendigen Abklingzeit nach periodischer Befüllung eines Behäl
ters mit flüssigen radioaktiven Stoffen. A — Ermittlung der Befüllzeit (fges) unter Berücksichtigung des Behältervolumens ( Fmax), 
des Tagesvolumens (V ^ )  und der Halbwertszeit. В — Anstieg der Aktivität im Behälter bei einer Tagesaktivität von 50 /tCi. C — 
Multiplikationskurven zur Ermittlung der Endaktivität. D — Bestimmung der spezifischen Aktivität im Abklingbehälter. E — 
Ermittlung des Abklingfaktors unter Berücksichtigung der gesetzlich vorgeschriebenen Freigrenzen. F — Notwendige Abkling

zeit in Tagen oder als Verhältnis t j T.
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Tabelle II

Korrekturfaktoren, mit denen die ermittelte Aktivität multipliziert werden muss, 
wenn die Aktivitätszugaben je Tag fraktioniert erfolgen, d.h. die Einzelaktivitäten 

50 mCi : u betragen (Periode: 1 Tag)

h n г  =  3 6 12 24 48 96 192 1420,8 [h]

2 0.5039 0.5442 0.6487 0.7726 0.8692 0.9297 0.9635 0.9949
5 0.2840 0.4186 0.5967 0.7555 0.8643 0.9283 0.9631 0.9949
8 0.2490 0.4001 0.5892 0.7530 0.8635 0.9281 0.9631 0.9949

3 11 0.2353 0.3928 0.5863 0.7521 0.8633 0.9281 0.9631 0.9949
14 0.2281 0.3888 0.4846 0.7515 0.8631 0.9280 0.9631 0.9949
17 0.2236 0.3863 0.5836 0.7512 0.8630 0.9280 0.9631 0.9949
20 0.2205 0.3847 0.5830 0.7510 0.8630 0.9280 0.9631 0.9949

2 0.5078 0.5625 0.6768 0.7973 0.8856 0.9391 0.9685 0.9956
5 0.3077 0.4567 0.6356 0.7842 0.8818 0.9381 0.9683 0.9956
8 0.2766 0.4412 0.6296 0.7823 0.8813 0.9379 0.9682 0.9956

6 11 0.2644 0.4350 0.6273 0.7816 0.8811 0.9379 0.9682 0.9956
14 0.2579 0.4317 0.6260 0.7812 0.8810 0.9378 0.9682 0.9956
17 0.2539 0.4297 0.6252 0.7809 0.8809 0.9378 0.9682 0.9956
20 0.2511 0.4283 0.6246 0.7807 0.8809 0.9378 0.9682 0.9956

2 0.5156 0.5884 0.7102 0.8242 0.9026 0.9487 0.9736 0.9964
5 0.3406 0.5037 0.6793 0.8147 0.9000 0.9480 0.9735 0.9964
8 0.3140 0.4914 0.6748 0.8134 0.8996 0.9479 0.9734 0.9964

9 11 0.3035 0.4864 0.6730 0.8128 0.8995 0.9478 0.9734 0.9964
14 0.2979 0.4838 0.6721 0.8125 0.8994 0.9478 0.9734 0.9964
17 0.2944 0.4822 0.6715 0.8123 0.8993 0.9478 0.9734 0.9964
20 0.2921 0.4810 0.6711 0.8122 0.8993 0.9478 0.9734 0.9964

2 0.5313 0.6250 0.7500 0.8536 0.9204 0.9585 0.9788 0.9971
5 0.3875 0.5621 0.7285 0.8472 0.9187 0.9581 0.9787 0.9971
8 0.3661 0.5531 0.7254 0.8463 0.9185 0.9580 0.9787 0.9971

12 11 0.3577 0.5494 0.7242 0.8460 0.9184 0.9580 0.9787 0.9971
14 0.3531 0.5475 0.7236 0.8458 0.9183 0.9579 0.9787 0.9971
17 0.3503 0.5463 0.7231 0.8456 0.9183 0.9579 0.9/87 0.9971
20 0.3484 0.5454 0.7229 0.8456 0.9183 0.9579 0.9787 0.9971

2 0.5625 0.6768 0.7973 0.8856 0.9391 0.9685 0.9840 0.9978
5 0.4567 0.6356 0.7842 0.8818 0.9381 0.9683 0.9840 0.9978
8 0.4412 0.6296 0.7823 0.8813 0.9379 0.9682 0.9839 0.9978

15 11 0.4350 0.6273 0.7816 0.8811 0.9379 0.9682 0.9839 0.9978
14 0.4317 0.6260 0.7812 0.8810 0.9378 0-9682 0.9839 0.9978
17 0.4297 0.6252 0.7809 0.8809 0.9378 0.9682 0.9839 0.9978
20 0.4283 0.6246 0.7807 0.8809 0.9378 0.9682 0.9839 0.9978

2 0.6250 0.7500 0.8536 0.9204 0.9585 0.9788 0.9893 0.9985
5 0.5621 0.7285 0.8472 0.9187 0.9581 0.9787 0.9893 0.9985
8 0.5531 0,7254 0.8463 0.9185 0.9580 0.9787 0.9893 0.9985

18 11 0.5494 0.7242 0.8460 0.9184 0.9580 0.9787 0.9893 0.9985
14 0.5475 0.7236 0.8458 0.9183 0.9579 0.9787 0.9893 0.9985
17 0.5463 0.7231 0.8456 0.9183 0.9579 0.9787 0.9892 0.9985
20 0.5454 0.7229 0.8456 0.9183 0.9579 0.9787 0.9892 0.9985

2 0.7500 0.8536 0.9204 0.9585 0.9788 0.9893 0.9946 0.9993
5 0.7285 0.8472 0.9187 0.9581 0.9787 0.9893 0.9946 0.9993
8 0.7254 0.8463 0.9185 0.9580 0.9787 0.9893 0.9946 0.9993

21 11 0.7242 0.8460 0.9184 0.9580 0.9787 0.9893 0.9946 0.9993
14 0.7236 0.8458 0.9183 0.9579 0.9787 0.9893 0.9946 0.9993
17 0.7231 0.8456 0.9183 0.9579 0.9787 0.9892 0.9946 0.9993

[ h ] 20 0.7229 0.8456 0.9183 0.9579 0.9787 0.9892 0.9946 0.9993
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Aus dieser resultiert über die in D aufgetragenen Endvolum ina (V e), 
die bei vollständiger A usnützung des Behälters F max entsprechen, die spezifische 
A k tiv itä t. Ü ber die höchstzulässigen K onzentrationsw erte zur B eseitigung  
flüssiger radioaktiver Abfälle gem äss den gesetzlichen Bestim m ungen wird in

Tabelle III

Korrekturfaktoreil, mit denen die in Tabelle I ermittelten Aktivitätswerte 
multipliziert werden müssen, wenn die Aktivitätszugaben je Periode fraktioniert 

erfolgen, d. h. die Einzelaktivitäten 50 mCi : n betragen; 
Periodenlänge beliebig (h =  tpl T, l =  iper/r)

h
2 3 4

n

5 8 11 14

0.1250 0.9788 0.9787 0.9787 0.9787 0.9787 0.9787 0.9787
0.2500 0.9391 0.9384 0.9382 0.9381 0.9379 0.9379 0.9378
0.5000 0.8692 0.8659 0.8648 0.8643 0.8635 0.8633 0.8631
1.0000 0.7611 0.7482 0.7440 0.7418 0.7390 0.7379 0.7373

0,0625 2.0000 0.6305 0.5907 0.5772 0.5704 0.5617 0.5583 0.5564
4.0000 0.5326 0.4402 0.4075 0.3911 0.3700 0.3617 0.3572
8.0000 0.5020 0.3560 0.2973 0.2674 0.2292 0.2143 0.2064

16.0000 0.5000 0.3347 0.2565 0.2135 0.1575 0.1360 0.1248

0.2500 0.9585 0.9582 0.9581 0.9581 0.9580 0.9580 0.9579
0.5000 0.8856 0.8831 0.8823 0.8818 0.8813 0.8811 0.8810
1.0000 0.7726 0.7612 0.7574 0.7555 0.7530 0.7521 0.7515

0,1250 2.0000 0.6363 0.5983 0.5854 0.5789 0.5707 0.5674 0.5656
4.0000 0.5341 0.4431 0.4109 0.3947 0.3740 0.3653 0.3614
8.0000 0.5021 0.3565 0.2982 0.2683 0.2304 0.2156 0.2077

16.0000 0.5000 0.3347 0.2565 0.2136 0.1578 0.1362 0.1251

0.5000 0.9204 0.9193 0.9189 0.9187 0.9185 0.9184 0.9183
1.0000 0.7973 0.7886 0.7857 0.7842 0.7823 0.7816 0.7812
2.0000 0.6487 0.6142 0.6025 0.5967 0.5892 0.5863 0.5846

0,2500 4.0000 0.5372 0.4490 0.4179 0.4023 0.3323 0.3744 0.3702
8.0000 0.5023 0.3576 0.2998 0.2703 0.2328 0.2181 0.2104

16.0000
}

0.5000 0.3348 0.2567 0.2140 0.1583 0.1368 0.1257

1.0000 0.8536 0.8493 0.8479 0.8472 0.8463 0.8460 0.8458
0,5000 2.0000 0.6768 0.6494 0.6402 0.6356 0.6296 0.6273 0.6260

4.0000 0.5442 0.4619 0.4331 0.4186 0.4001 0.3928 0.3888
8.0000 0.5028 0.3599 0.3034 0.2745 0.2379 0.2235 0.2159

16.0000 0.5000 0.3349 0.2572 0.2146
B k

0.1593 0.1381 0.1270

2.0000 0.7500 0.7357 0.7309 0.7285 0.7254 0.7242 0.7236
1,0000 4.0000 0.5625 0.4929 0.4688 0.4567 0.4412 0.4350 0.4317

8.0000 0.5039 0.3654 0.3114 0.2840 0.2490 0.2353 0.2281
16.0000 0.5000 0.3352 0.2581 0.2161 0.1616 0.1406 0.1297

4.0000 1 0.6250 0.5833 0.5692 0.5621 0.5531 0.5494 0.5475
2,0000 8.0000 0.5078 0.3802 0.3320 0.3077 0.2766 0.2644 0.2579

16.0000 0.5000 0.3360 0.2602 0.2194 0.1667 0.1464 0.1358

8.0000 0.5313 0.4375 0.4042 0.3875 0.3661 0.3577 0.3531
4,0000 16.0000 0.5001 0.3386 0.2667 0.2286 0.1798 0.1610 0.1511

8,0000 16.0000 0.5020 0.3555 0.2965 0.2664 0.2281 0.2131 0.2052
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Tabelle IV
Relative Veränderung der Endaktivität bei verschiedenen Periodenlängen 

iper bezogen auf fper =  24 h (r als Parameter)

<per[b]
‘gee • l J

3 6 12 24 48 96 192 384 768

1.5 1.3333 1.0667 1.0039 1.0000 1.0000 1.0000 1.0000 1 .0 0 0 0 1.0000
3.0 1.9922 1.3281 1.0625 1.0000 0.9961 0.9961 0.9961 0.9961 0.9961 für.
6.8 3.2008 1.8750 1.2500 1.0000 0.9412 0.9375 0.9375 0.9375 0.9375

1 2 .0 4.7139 2.5607 1.5000 1.0000 0.8000 0.7529 0.7500 0.7500 0.7500 const.
24.0 6.0244 3.1426 1.7071 1.0000 0.6667 0.5333 0.5020 0.5000 0.5000
48.0 6.9084 3.5290 1.8409 1.0000 0.5858 0.3905 0.3124 0.2940 0.2929
96.0 7.4251 3.7527 1.9170 1.0000 0.5432 0.3182 0 .2 1 2 1 0.1697 0.1597

192.0 7.7048 3.8733 1.9576 1.0000 0.5126 0.2834 0.1660 0.1107 0.0885
384.0 7.8504 3.9358 1.9786 1.0000 0.5108 0.2665 0.1448 0.0848 0.0565
768.0 7.9247 3.9677 1.9892 1.0000 0.5054 0.258? 0.1347 0.0732 0.0429

1536.0 7.9622 3.9838 1.9946 1.0000 0.5027 0.2541 0.1298 0.0677 0.0368
3072.0 7.9811 3.9919 1.9973 1.0000 0.5014 0.2520 0.1274 0.0651 0.0339

6 1.6067 1.4118 1.1765 1.0000 0.9449 0.9412 0.9412 0.9412 0.9412
12 1.4727 1.3657 1 .2 0 0 0 1.0000 0.8500 0.8031 0.8000 0.8000 0.8000

2 24 1.2780 1.2273 1.1381 1.0000 0.8333 0.7083 0.6693 0.6667 0.6667
48 1.1467 1.1230 1.0784 1.0000 0.8787 0.7322 0.6224 0.5881 0.5858
96 1.0748 1.0634 1.0413 1.0000 0.9273 0.8143 0.6790 0.5772 0.5453

192 1.0377 1.0321 1 .0 2 1 2 1.0000 0.9603 0.8905 0.7825 0.6521 0.5543 für

6 2.4007 1.7578 1.2451 1.0000 0.9412 0.9375 0.9375 0.9375 0.9375
12 2.3662 1.9280 1.4118 1.0000 0.8031 0.7559 0.7530 0.7529 0.7529
24 1.8821 1.6761 1.3657 1.0000 0.7083 0.5689 0.5354 0.5333 0.5333 fper

4 48 1.4655 1.3782 1.2273 1.0000 0.7322 0.5187 0.4166 0.3921 0.3905
96 1.2325 1.1941 1.1230 1.0000 0.8148 0.5966 0.4226 0.3394 0.3195

192 1.1153 1.0975 0.0634 1.0000 0.8905 0.7256 0.5313 0.3763 0.3023

6 3.0008 1.8677 1.2500 1.0000 0.9412 0.9375 0.9375 0.9375 0.9375
12 3.5355 2.4007 1.4942 1.0000 0.0000 0.7530 0.7500 0.7500 0.7500
24 3.0240 2.3662 1.6867 1.0000 0.6693 0.5354 0.5039 0.5020 0.5020

8 48 2.1583 1.8821 1.4727 1.0000 0.6224 0.4166 0.3332 0.3136 0.3124
96 1.5751 -1.4655 1.2780 1.0000 0.6790 0.4226 0.2828 0.2263 0.2130

192 1.2789 1.2325 1.1467 1.0000 0.7825 0.5313 0.3307 0.2213 0.1771

6 3.1883 1.8750 1.2500 1.0000 0.9412 0.9375 0.9375 0.9375 0.9375
12 4.4193 2.5507 1.5000 1.0000 0.8000 0.7529 0.7500 0.7500 0.7500
24 4.5184 2.9462 1.7005 1.0000 0.6667 0.5333 0.5020 0.5000 0.5000

16 48 3.4677 2.6571 1.7326 1.0000 0,5881 0.3921 0.3136 0.2952 0.2940
96 2.3197 2.0015 1.5336 1.0000 0.5772 0.3394 0.2263 0.1810 0.1704

192 1.6345 1.5126 1.3051 1.0000 0.6521 0.3763 0.2213 0.1475 0.1180

6 3.2008 1.8750 1.2500 1.0000 0.9412 0.9375 0.9375 0.9375 0.9375
12 4.6955 2.5606 1.5000 1.0000 0.0000 0.7529 0.7500 0.7500 0.7500

32 24 5.6479 3.1303 1.7071 1.0000 0.6667 0.5333 0.5020 0.5000 0.5000
48 5.1811 3.3085 1.8337 1.0000 0.5858 0.3905 0.3124 0.2940 0.2929
96 3.7274 2.8256 1.8042 1.0000 0.5453 0.3195 0.2130 0.1704 0.1604

[d] 192 2.4071 2.0657 1.5661 1.0000 0.5543 0.3023 0.1771 0.1180 0.0944

E der notw endige A bklingfaktor bestim m t. Daraus ergibt sich in F die erfor
derliche A bklingzeit entweder direkt in Tagen bei Verwendung der K urven für 
verschiedene H albw ertszeiten oder als V erhältnis t j x  über die ebenfalls e in ge
zeichnete Abkling-Gerade.
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A b b .  3. Beispiel zur Handhabung des Nomogramms: Behältervoluinen Kmax -- 100 1, Tagesvolumen =  1 1, Tagesaktivität — 
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B ei K enntis der erforderlichen Grössen kann prinzipiell an jeder Stelle 
des Nom ogram m s begonnen werden.

A nhand eines Beispiels (Abb. 3) soll die V erwendung des Nom ogram m s 
veranschaulicht w erden. Dazu wurden folgende D a ten  verwendet: F max=  1001, 
Vd =  1 1, A  =  100 ЦCi, tper= 1 d, n  =  1, r =  1 d , R  =  10-5 ytiCi/nd. Daraus 
ergibt sich: tges =  100 d, A e =  200 /zCi und ta =  7,5 d.

D ie folgenden Fälle skizzieren, ausgehend von  obigem  Fall (durchgehende 
Linie), die Änderung verschiedener Param eter und sind zu W ahrung der Über
sichtlichkeit nur in  ihren w esentlichen Punkten angedeutet und m üssten  analog 
dem beschriebenen B eispiel vollendet werden:
a) Änderung von tper au f 48 Stunden (strichlierte Linie) ergibt tges =  200 d
b) fünfm alige Zugabe pro Tag, tp =  6 h , tper =  1 d, A 0 =  20 /íCi, A  =  100 /iCi 

(punktierte Linie) ergibt m ittels des K orrekturfaktors a u sT ab .III ( =  0.7842) 
A e =  157 /iCi.

D iskussion

W enn tper ungleich  einem Tag is t , dann kann bei einmaliger Zugabe pro 
Periode sow ohl — w ie im  angeführten Beispiel gezeigt — die rein graphische 
M ethode als auch ein Korrekturfaktor aus Tabelle IV  in  K om bination m it dem 
zeichnerischen Verfahren verwendet werden. Um  bei mehrmaliger Zugabe pro 
Tag die M ultiplikation m it den F aktoren gemäss Tabelle II und I I I  zu um ge
hen, kann als eine für den Strahlenschutz ausreichende Näherung die Summe 
der A k tiv itä ten  der Einzelzugaben als T agesaktiv ität verw endet w erden. Der 
dabei erhaltene W ert für A  und A e sow ie ta ist etwas höher als bei Verwendung  
der K orrekturfaktoren, da das A bklingen der A k tiv itä t zwischen den einzelnen  
Zugaben nicht berücksichtigt wird (in  Abb. 1 ist erkennbar, dass die Tages
ak tiv ität kleiner als die Summe der E inzelzugaben ist).

Aus der K urvenschar В des Nom ogram m s ist ersichtlich, dass bei Ver- 
grösserung der Periodendauer und gleichbleibender Befüllzeit die erreichte 
E ndaktiv ität abnim m t, wobei das V olum en des B ehälters nicht voll ausgenützt 
wird. W eiters zeigt sich  aus dieser K urve, dass die Sättigungsaktiv ität nach 
jeweils 10 H albw ertszeiten  erreicht w ird.

E inen Sonderfall ste llt die U nterteilung einer Periode in viele Zugaben  
dar, sodass schliesslich ein kontinuierlicher Zufluss von  Abwässern, der nur 
durch eine nächtliche Pause unterbrochen ist, erreicht wird. Dabei strebt n ge
gen oo und t gegen 0. In  Tab. V sind die K orrekturfaktoren, mit denen die A kti
v itätsw erte in  C m ultipliziert werden m üssen, für den Fall einer quasi-konti
nuierlichen Zugabe und einer Periodendauer von 24 Stunden bei verschieden  
langen P ausen angeführt. Dabei wurde n m it 20 000 und t mit 3.24 Sekunden  
angenom m en.
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Tabelle V

Korrekturfaktoren für die Endaktivität bei kontinuierlichem Zufluss von 
radioaktiver Flüssigkeit in den Tank, der je Periode nur durch eine Pausenzeit 

tp  unterbrochen wird (n — 20,000, t  —  3,24 s, tper =  24 h)

* PO
3 6 12 24 48 96 192

1 0.1873 0.3500 0.5533 0.7307 0.8509 0.9214 0.9596
3 0.2045 0.3758 0.5793 0.7498 0.8626 0.9279 0.9630
5 0.2250 0.4049 0.6071 0.7696 0.8745 0.9344 0.9665
7 0.2496 0.4378 0.6369 0.7902 0.8867 0.9411 0.9698
9 0.2795 0.4751 0.6689 0.8116 0.8991 0.9477 0.9734

11 0.3164 0.5176 0.7032 0.8337 0.9117 0.9545 0.9769
13 0.3625 0.5661 0.7401 0.8567 0.9246 0.9613 0.9804
15 0.4208 0.6218 0.7798 0.8806 0.9377 0.9682 0.9840
17 0.4956 0.6858 0.8225 0.9054 0.9511 0.9752 0.9875
19 0.5930 0.7596 0.8685 0.9312 0.9648 0.9821 0.9910
21 0.7213 0.8451 0.9182 0.9579 0.9786 0.9892 0.9947
23 0.8929 0.9444 0.9717 0.9857 0.9928 0.9965 0.9983

Es ist klar, dass ein graphisches Verfahren dieser Art schon allein aus 
Zeichen- und drucktechnischen Gründen hinsichtlich seiner Genauigkeit 
lim itiert ist. W enngleich auch darauf geachtet wurde, durch die W ahl der ein
zelnen  Param eter eng beieinanderliegende K urven  zu verm eiden oder wie in  
K urvenschar F  noch  eine zw eite M öglichkeit zur Erm ittlung der Abklingzeit 
anzubieten, können  schliesslich auch Masstab und K urvendichte einerseits 
sow ie auch obere und untere G renzen der verschiedenen Param eter andererseits 
n ich t beliebig geändert werden. E ine Interpolation  wird daher im m er wieder 
vonnöten  sein. Im  allgem einen so llte  aber eine recht gute A bschätzung der 
W erte m öglich sein. Zur Verbesserung der G enauigkeit bei Verwendung des 
N om ogram m s, insbesondere zur W ahrung der A chsenparallelität der H ilfslini
en , sollte m it einem  auf das N om ogram m  aufgehefteten, transparenten M illi
m eterpapiers gearbeitet werden.

Dank

Für die Anregung zu dieser Arbeit wird dem Vorsitzenden der Arbeitsgruppe “Ra
dioaktiver Abfall” des Österr. Normungsinstituts (Univ. Prof. Dr. К. B u c h t e l a ) gedankt. 
Hofrat Dr. H. O l e x i n s k i  vom Amt der Kärntner Landesregierung und Univ. Prof. Dr.
О. B o b l e t e r  vom Institut für Radiochemie wird für die Ermöglichung der Durchführung 
und für Ihr Interesse an dieser Arbeit ebenfalls gedankt.

Acta Physica Academiae Scientiarum Hungaricae 52, 1982



NOMOGRAMM ZUR ERMITTLUNG DER ENDAKTIVITÄT 467

LITERATUR

1. E. T s c h i r f , Radionuklide in Technik und Medizin, Daten zum Strahlenschutz, Atomins
titut der Österr. Hochschulen, Wien, AI AU—77602, 1977.

2. International Commission on Radiological ProtectionKICRP^Publ. 5,ReportofCommitteeV,
Handling and Disposal of Radioactive Materials in Hospitals and Medical Research 
Establishments, Pergamon Press, Oxford, 1964.

3. J. B. K r a w c z in s k i, Radioaktive Abfälle, Thiemig Taschenbuch, Band 27, München 1967.
4. IAEA, Basic Factors for the Treatment and Disposal of Radioactive Wastes, Safety Series

No. 24, Wien, 1967.
5. B. M o s e r , Österreichische Strahlenschutzverordnung, BGBl. Nr. 47/1972.

Acta Physica Academiae Scientiarum Hungaricae 52, 1982





Acta Physica Academiae Scientiarum Hungaricae, Tomus 52 (3 — 4 ) ,p p . 469—473 (1982)

ACTIVITY DETERMINATION IN SAMPLES 
OF ISOTOPE MIXTURES BY USING SUM 

PEAKS IN Ge (Li) SPECTRA

I. U r a y , I. T ö r ö k  and E. G y a r m a t i

IN STITU TE O F N UCLEA R R ESEA R C H  OF TH E  H U N G A RIA N  ACADEMY OF SCIEN CES 
4001 D E B R E C E N , HUNGARY

The basic concepts of the absolute activity determination based on sum peaks are 
briefly discussed. A possible extension of the method to  measure the absolute activities of 
monoenergetic gamma sources is also given.

Introduction

The energies o f  coinciding gam m a rays absorbed in a detector giving  
energy proportional signals are added up. B esides photopeaks, th e  spectrum  
also contains sum peaks as a result o f coincidence. These sum peaks facilitate  
absolute activ ity  m easurem ents.

The basic form ula for the absolute activ ity  o f  a sample giving gamma rays 
in coincidence (derived b y  B r in k m a n  et al [1 ]) is:

N = [ R  +  T  +  T ,  (1)
I А г

where N  is the absolute activ ity  o f  the source, A 1 and A 2 are th e  measured  
count rates in the coinciding gam m a peaks, A 12 is the measured count rate in  
the sum  peak, T  is th e  area under th e  whole spectrum  divided b y  th e  measuring 
tim e, and R  is defined by Eq. (1). In  the scintillation  era the m easurem ents 
were done in the w ell o f w ell-type scintillators, so the dom inant term  in (1) 
was T . The poor resolution of the scintillation  detectors made the determ ination  
of the peak area uncertain while th ese  detectors h ave high efficiency b y  appro
x im ately  4л  geom etry. This technique was applicable only for the m easurem ent 
of single isotopes. U sing  sem iconductor detectors it  is possible to  perform the 
m esurem ents far from  the detector, when the dom inant term  is R ,  which is 
com pletely  derived from  the m easured peaks, and the T  term is on ly  a minor 
correction [2]. This fact makes it  possible to use th e  m ethod for m ultiisotopic  
sources.

Let us briefly enum erate som e advantages o f  this absolute activ ity  
m easurem ent m ethod, using m odern detectors [3]: a) The m easurable range 
covers several orders o f  m agnitude, from  about 10 B q  upwards, b) The formula
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uses directly  the raw measured quantities (A v  A 2, A 12, T). c) N o standard  
préparâtes are required, d) One saves instrum entation  and tim e b y  getting  
th e  coincidence in a single detector, using a sim ple spectrom eter instead  
o f  a com plicated m ultiparam eter system , e) No efficiency and absorption data 
are required, f) For pointlike sources th e  m ethod is rather insensitive to the 
geom etry (distance and angle betw een source and detector) [4]. g) The method  
can be used even  for extended sources w ith  distributed activ ity  supposing  
th a t the source can be arranged approxim ately on th e  surface o f a sphere, 
concentric w ith the detector, h) D ue to  the good resolution o f sem iconductor  
detectors, it  is possible to determ ine the sim ultaneous absolute a c tiv ity  for 
several different isotopes in the sam e sam ple, provided th at all the isotopes give 
d istinct sum  peaks, i) The calculation is simple.

Som e drawbacks o f  the m ethod are as follows, a) Unless at least one of the 
coinciding gam m a ray  lines is o f 100 percent abundance, the basic formula 
needs correction for branching, b) A ngular correlation effect should be consider
ed. c) Clear sum peaks should be available. It is necessary to take th e  cross
over transition  into account and, in  an y  case, a proper dead tim e and pile up 
correction are needed against counting losses, d) A fundam ental lim itation  is 
th a t th e  sum peak its e lf  is necessary. This problem em erges w ith every  isotope 
where the second, th ird  etc. gam m a transitions are very weak, or do not 
ex ist at all!

The combined sum  peak m ethod

In  m any practical cases the a c tiv ity  o f isotopes having on ly  a single 
gam m a-ray should be measured. These isotopes h ave, o f  course, no sum  peak, 
consequently , the sum  peak m ethod is not directly applicable [2].

In this paper we should like to  show that in such  cases the a c tiv ity  can 
be determ ined on the basis o f the sum  peak m ethod.

1.) I f  the sam ple to  be m easured has at least one com ponent w ith  coincid
ing gam m a rays, th e  absolute a c tiv ity  can be determ ined for th is com ponent 
w hich m ay appear further as an in ternal standard. This procedure compares 
th e  intensities o f  photopeaks, therefore the efficiency and the absorption effects 
should also be tak en  in to  account.

Such a com bined absolute-relative m ethod w as applicable in  the case 
o f th e  G-2 activ ity  intercom parison m esurem ent organized by the International 
A tom ic Energy A gen cy. The task  w as to  measure th e  activ ity  com ponents of 
f iv e  m ixed sources, each  com posed o f  57Co, 133Ba, 54Mn and 65Zn, hav in g  diffe
rent activ ities. W hile the 133Ba isotop e has more gam m a rays in  coincidence, 
its  absolute a ctiv ity  w as easy to determ ine by the help o f the sum peak  method. 
A s a second step th is activ ity  was used for the relative activ ity  determ ination  
b y  the com parison o f  photopeak intensities. The relative effic iency  of the
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Table I

Measured and nominal activities of the G-2 activity intercomparison standards

Source

14*Ba 47Co MMn u Z n

■^snm
[kBq] [kBq]

-^meas
[kBq] [kBq]

^meas
[kBq]

A 0
[kBq] [к В ,]

A 0
[kBq]

MIX08-1 20.5 21.2 15.6 16.8 22.0 23.4 44.6 46.5
MIX08-2 60.2 63.0 44.1 48.5 62.4 63.0 126 132
MIX08-3 132 129 96.2 99.3 130 129 264 258
MIX08-4 198 210 144 162 206 222 427 451
MIX08-5 270 298 194 226 274 312 562 627

detector, and the probabilities o f  gam m a-ray em ission were to  be taken in to  
consideration (Table I). As it is seen  all m easured values are in good agreem ent 
w ith  the nom inal activities.

2.) I f  the sam ple to be m easured has no com ponent w ith  coinciding gam 
m as, the task  is som ewhat m ore com plicated. A n external source should be  
placed close to th e  sam ple for standardization . U sing the photopeak efficiency  
calibration curve o f  the detector, th e  other activ ities can be determ ined relative  
to  th a t o f the standard. This part o f  the procedure is o f course very  sensitive to  
the m easuring geom etry. I f  th e y  are significant, absorption corrections also  
m ust be made.

F i g .  1. The complex spectrum of 60Co, 54Mn, 137Cs and 65Zn standard sources.
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Table II

Measured and nominal absolute activities using the parallel and the serial method

Isotopes
N ominal
ac tiv ity
[kBq]

M easured ac tiv ity  [kBq] Calculation

“ Parallel”  m ethod “ Serial”  m ethod
method

e0Co 8.89 8.95 9.15 from sum peak
137Cs 9.83 9.31 9.55 relative
54Mn 8.11 7.61 7.47 to 60Co
“Zn 5.22 5.55 5.24

To te s t  th is m ethod we took a collection  of standard gamma ray sources* 
o f  sm all volum e and put them  tigh tly  together, so approxim ating a p o in t like 
m ixed  isotope source, w hich was m easured b y  a Ge(Li) detector o f 12%  effi
ciency. To m easure the absolute a c tiv ity  the 60Co spectrum  was m easured in 
“ parallel” w ith  the spectra to  be m easured. Fig. 1 show s the spectrum obtained  
in  th is w ay . Table I I  gives the nom inal and mesured absolute activ ities o f the 
sources.

Table I I  shows th a t the m easured activ ity  va lu es are approaching the 
nom inal activ ities quite w ell. A t the sam e tim e, the in fluence of the geom etrical 
uncerta in ty  can be seen in  the larger dev ia tion  of the va lu e pairs.

In  one respect the com bined absolute-relative sum  peak m ethod explain
ed above needs a relative photopeak efficiency curve (F ig. 2) for th e  applied  
geom etry. On the other hand, to assess th e  absolute a c tiv ity  we have to  know  
the T  area as a part o f  the whole spectrum , belonging to the standardising  
isotope. W hile it  is im possible to  determ ine it  from a com plex spectrum  having  
more com ponents, it  is useful to m easure the p eak-to-tota l ratio separately,

F i g .  2 .  Peak-to-total and relative efficiency curve of the detector.

* The sources were made available and certified by the National Office of Measures
<0\1H)

Acta Physica Academiae Scienliarum Hun^aricae 52, 1982



ACTIVITY DETERMINATION IN  SAMPLES OF ISOTOPE MIXTURES 473

using isotopes em itting  m onoenergetic gamma rays at different energies. This 
curve in  F ig. 2 m ay help us to calculate Eq. (1). O therwise the T  term  m ay he 
m easurable, if  we h ave the different isotopes in separated sources, and measure 
all o f their spectra successively  in the sam e, strictly  know n m easuring geom etry  
(“ serial m ethod” , see last column in  T able II).

The estim ated error o f the m easured a ctiv ity  va lues is generally 5 — 10%, 
due to  som e statistica l errors in the evaluation o f  spectra, positioning errors, 
the uncertainty  o f  efficiency and peak-to-total curves, angular correlation 
am biguities, etc.

Conclusions

The sum -peak coincidence m ethod, using a sim ple spectrom eter consisting  
o f a h igh resolution, large volum e (high efficency) G e(Li) detector and a m ulti
channel analyser, is suitable to m easure absolute a c tiv ity  in a flex ib le  way. 
Coincidence events w ithout any coincidence circuit can he m easured by this 
m ethod b y  using a single detector on ly . As an absolute m ethod, it  gives the 
a ctiv ity  o f  the m easured isotopes w ith ou t any in ten sity  standard sources. 
It seem s to  f it  well in to  health physics laboratories, where it is often necessary 
to  m easure m any kinds o f  isotopes over a very large range of in ten sity .

W hile the original m ethod can on ly  he used for isotopes having tw o  coin
ciding gam m a rays, th e  com bined absolute-relative m ethod discussed in this 
paper can also be applied to m onoenergetic gam m a-ray sources. A ctiv ity  
determ ination is possible in  m any cases w ith an uncertainty  less th a n  10%. 
In health  physics practice such accuracy is sufficient in  m ost cases. T he method  
measures absolute a c tiv ity  in a very sim ple way, re latively  quickly and very  
cheaply.
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DIE ZULASSUNG YON BAUARTEN NACH DEM 
ÖSTERREICHISCHEN STRAHLENSCHUTZGESETZ

J . K. H ohenberg

BUNDESMINISTERIUM FÜR SOZIALE VERWALTUNG 
1030 WIEN, ÖSTERREICH

In Österreich sind die mit den umschlossenen radioaktiven Stoffen arbeitenden Geräte 
und die Strahleneinrichtungen von der Strahlenschutzbehörde genehmigt. Bei diesen Geräten 
ist die Dosisleistung in 10 cm Abstand von der Oberfläche in Wert 10-6 Sv/h maximiert. Es 
werden die Erfahrungen in Zusammenhang mit der Zulassung von Bauarten von Geräten 
zum Umgang mit ionisierenden Strahlen vorgezeigt.

D ie gesetzlichen B estim m ungen au f dem Gebiete des Strahlenschutzes 
sehen die Zulassung von B auarten von  Geräten, die um schlossene radioaktive  
Stoffe enthalten , oder von  Strahleneinrichtungen vor. D er G esetzgeber berück
sichtigt zum Teil auch ein von  diesen G eräten ausgehendes G efährdungspoten
tia l und unterscheidet zw ischen Geräten, deren D osisleistung in 10 cm  E n t
fernung von  der Oberfläche 10~ e Sv/h unterschreitet oder überschreitet.

Ü berschreitet bei Geräten die D osisleistung in 10 cm  A bstand v o n  der 
Oberfläche IO"6 Sv/h n icht, ist deren B auart von der Behörde zuzulassen, wenn  
die in  den Geräten enthaltenen  radioaktiven Stoffe ständ ig  von einer H ülle  
derart um schlossen sind, dass bei üblicher betriebsm ässiger Beanspruchung ein 
A ustritt radioaktiver Stoffe m it Sicherheit verhindert wird. Diese Form ulierungо
brachte bei der Zulassung von  Ionisationsrauchm eldern, insbesondere solchen  
m it R adium -226 als radioaktive Strahlenquelle naturgem äss Problem e mit 
sich. W eiters wird für Geräte, die radioaktive Stoffe enthalten , die n icht vo n  der 
Bew illigungspflicht ausgenom m en sind, bestim m t, dass derartige G eräte nur 
nach Zulassung ihrer Bauart in den inländischen Verkehr gebracht und im  
Inland verw endet werden dürfen. D iese Bestim m ungen zeigen den W unsch  
des Gesetzgebers auf, Geräten die radioaktive Stoffe enthalten , auch dann, wenn  
deren D osisleistung an der zugänglichen Oberfläche rela tiv  gering ist, w esen t
lich grössere B eachtung zu schenken, als Geräten, die als Strahlenquelle z.B . 
eine Röntgenröhre besitzen. Für die Zulassung von Strahleneinrichtungen ist  
nur die D osisleistungsgrenze m assgebend.

Für die Zulassung der Bauart vo n  Geräten, deren D osisleistung den 
Grenzwert von  10-6  Sv/h in  10 cm E ntfernung von der Oberfläche überschrei
tet, wird gefordert, dass diese entsprechend den geltenden Strahlenschutz
bestim m ungen ausgeführt sind, hinsichtlich  ihrer betriebssicheren Ausführung  
den anerkannten R egeln der Technik entsprechen und eine sichere B edienung  
erm öglichen. W eiters wird für Geräte, die radioaktive Stoffe enthalten  gefor
dert, dass nur um schlossene radioaktive Stoffe eingebaut werden dürfen.
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A u f G ru n d  gesetz licher B estim m u n g en  s in d  haU artzugelassene G erä te  
d e re n  D osisle istung  den  G ren zw ert von  10~"6 S v /h  n ich t ü b e rsc h re ite t von  der 
B ew illig u n g sp flich t ausgenom m en . W ird  d e r angegebene G renzw ert ü b e r
s c h r i t te n ,  u n te rlieg en  die G erä te  d e r  B ew illigungspflich t, jed o ch  k a n n  anlässlich  
d e r  Z ulassung  d e r  B a u a r t  eine A usnahm e v o n  d e r  B ew illigungspflich t ausge
sp ro c h e n  w erden . A lle G erä te  d e re n  B a u a rt zugelassen  w urde , un te rlieg en  einer 
M eldep flich t.

D ie p ra k tisc h e  B ed eu tu n g  d e r  Z ulassung  v o n  B a u a rte n  lieg t darin , dass 
d ie  V erw endung  v o n  G erä ten , d ie rad io ak tiv e  S to ffe  e n th a lte n , oder von S tra h 
le n e in ric h tu n g e n  d u rc h  die b e im  üblichen  b e trieb sm äss ig en  U m gang eine 
G e fäh rd u n g  v o n  M enschen n ic h t  zu  e rw arten  i s t ,  e rle ich te rt w erden  soll. D ies 
t r i f f t  sicher fü r  d ie  Z u lassungen  von  G erä ten  zu, deren  D osisle istung  den 
G ren zw ert von  1 0 ~ 6 Sv/h  n ic h t ü b e rsch re ite t, obw ohl h ier be i e iner N ovellie
ru n g  d er gese tz lichen  B estim m u n g en  sicher a u c h  noch  an d ere  G efäh rdungsm o
m e n te , als n u r  d e r  G renzw ert e iner D o sis le istung  u n d  die ausschliessliche 
B e rü ck sich tig u n g  des be trieb sm ässig en  U m ganges he ran zu z ieh en  w ären . 
E rg a b e n  sich in  d e r  P rax is  bei e in em  ty p isch en  V e rtre te r  d ieser G e rä tea rt, dem  
Io n isa tio n sra u c h m e ld e r, S chw ierigkeiten  n ic h t so sehr bei be triebsm ässigem  
G eb rau ch  als v ie lm e h r  bei d er erfo rderlichen  W a r tu n g  u n d  ev en tu e ll n o tw en d i
g en  R ein igung  d e r  S trah len q u e llen  sowie b e i Z w ischenfällen , wie B rän d en . 
D ie  e rw äh n ten  Io n isa tio n s ra u c h m e ld e r  ste llen  sow ohl im  H in b lic k  au f die Z ah l 
d e r  b isherigen  B a u a rtz u la ssu n g e n  als auch h in s ich tlich  der Z ah l der in  V erk eh r 
g e b ra c h te n  G erä te  d ie  b e d e u te n d s te  G ruppe d a r . E s w urden  b ish e r 19 v ersch ie 
d en e  G eräte  zug e lassen , w obei die A k tiv itä t d e r  v e rw en d e ten  S trah len q u e llen  
zw ischen  18.5 k B q  u n d  2.7 M B q bei A m ericium -241 sch w a n k t. D er einzige 
zugelassene M elder m it einer R ad ium -226  S trah len q u e lle  w eis t eine A k tiv itä t  
v o n  2.2 kB q  au f. Z u  der re la t iv  hohen  A k tiv i tä t  von  2.7 M B q w ird  b em erk t, 
d ass  es sich be i d iesen  G erä ten  u m  den e rs te n  zugelassenen  Io n isa tio n sra u c h 
m eld e r h a n d e lt, d e r  h eu te  fü r  die E rric h tu n g  n e u e r  A nlagen  n ich t m ehr e in 
g e se tz t w ird, so n d e rn  n u r m e h r  als A u stau sch m eld er fü r  b esteh en d e  B ra n d 
m eldean lagen  z u r  V erfügung s te h t .  F ü r  die Z u k u n ft w ird  s icher an g e s tre b t 
w erd en , A k tiv i tä te n  von  m eh r als einigen zig k B q  n ich t m eh r zuzulassen. A uch  
w ird  genau  b e o b a c h te t w erden , w ie in te rn a tio n a l die V erw endung  von R ad iu m - 
226 b eu rte ilt w ird . V on diesen  19 zugelassenen  Io n isa tio n srau ch m eld ern  s ind  
15 G erä te  fü r d en  E in b a u in  geschlossene B ran d m e ld ean lag en  vorgesehen , 4 G e
r ä te  als so g en an n te  E inzel- o d e r H eim m elder fü r  die V erw endung  in  W o h n u n 
gen , E in fam ilien h äu se rn , B o o ten , W ohnw agen  e tc . vo rgesehen . W ährend  v o n  
d e r  e rs tg e n a n n te n  K ateg o rie  b ish e r etw a 300 000 S tück  in  V erk eh r g eb rach t 
w u rd en , sind  es v o n  den so g en an n ten  H e im m eld ern  w ahrschein lich  d erze it 
k a u m  m ehr als e in ige  h u n d e r t S tü ck .

A uch w u rd e n  fü n f  w e ite re  G e rä te ty p e n , w ie D icken- u n d  D ich tem ess
g e rä te , R ö n tg en flu o reszen ze in rich tu n g en  sowie ra d io ak tiv e  S ta tic -E lim in a to re n
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zugelassen ; bei d iesen  G erä ten  w ird  der D osisle istungsg renzw ert v o n  10-6 S v /h  
ebenfalls n ich t ü b e rsc h ritte n . H iev o n  w u rd en  jew eils n u r  geringe S tü ck zah len  
in  den  V erk eh r g eb rach t.

D ie Z u lassung  d er B a u a r t  von  G erä ten , deren  D osisle istung  in  10 cm  
E n tfe rn u n g  v o n  d er O berfläche m eh r als 10“ ® S v /h  b e trä g t, h a t  in  V erb in d u n g  
m it e iner jew eils ausgesprochenen  A usnahm e v o n  der B ew illigungsp flich t 
grosse B e d eu tu n g  fü r  zahnm ediz in ische  R ö n tg en e in rich tu n g en . So w u rd e n  
b ish e r 13 v ersch iedene G e rä te ty p e n  zugelassen. D ie Z ahl d er a u f  G rund  d ieser 
Z u lassung  in  V e rk eh r g eb rach ten  G eräte  b e trä g t  e tw a 1500.

N eben  zahnm ed iz in ischen  G erä ten  w u rd en  auch  fü r d re i Iso to p e n a rb e its -  
g e rä te  zu r ze rstö rungsfre ien  W erk sto ffp rü fu n g  B au a rtzu la ssu n g en  e r te ilt . 
H iev o n  sind  e tw a  50 S tü ck  in  V e rk eh r g eb rach t w orden . D a rü b e r  h in au s w u rd en  
fü r  a c h t w eitere  Mess- u n d  P rü fe in rich tu n g en , wie F lächengew ich tsm esse in rich 
tu n g e n , F eu ch te -D ich te -M essein rich tu n g en  Z u lassungen  m it e in er A usnahm e 
v o n  d er B ew illigungspflich t e r te ilt . D ie in  V e rk eh r g eb rach ten  S tü ck zah len  s in d  
vergleichsw eise gering.

A uch  w u rd en  fü n f  v ersch iedene S tra h le n sc h u tz b e h ä lte r  fü r  F ü lls ta n d s 
k o n tro lle in ric h tu n g e n  zugelassen, w obei je d o c h  im  H inb lick  a u f  die V ielfalt 
d e r A n w endungsm ög lichke iten  in  diesen F ä llen  keine A usnahm e von  der B e 
w illigungsp flich t e r te il t  w urde.

A u f G ru n d  d e r b isherigen  E rfah ru n g  k a n n  zusam m enfassend  gesag t 
w erden , dass die Z u lassung  v o n  B a u a rte n  eine geeignete M öglichkeit d a rs te llt , 
G erä te , die in  grösseren  S tü ck zah len  in  V e rk eh r geb rach t w erd en  u n d  e in e r 
w e itgehend  g le ich artig en  V erw endung  un te rlieg en , einem  e in fachen  u n d  k o s te n 
sp a ren d en  V erw altu n g s v e rfah r en  zu  u n te rw erfen , w obei als B eisp iele vor a llem  
die Io n isa tio n srau ch m e ld er u n d  die zahnm ed iz in ischen  R ö n tg en e in rich tu n g en  
d ienen  sollen.

A bsch liessend  soll a u f  e ine w eitere B eso n d erh e it b a u a rtz u g e la ssen e r 
G erä te  h ingew iesen w erden . G e rä te  oder A n lag en  zum  U m gang  m it ion isieren
den  S trah len , die a u f  G rund  e in er B ew illigung d e r ö rtlich  zu s tä n d ig e n  B eh ö rd e  
b e tr ie b e n  w erden , un te rlieg en  e in e r jäh rlich en  Ü b erp rü fu n g  d u rc h  die B ew illi
gungsbehörde . F ü r  b au a rtzu g e lassen e  G erä te  is t  eine d e ra rtig e  Ü b erp rü fu n g  
n ic h t vorgesehen . D ieser P u n k t w ird  aus A nlass e iner ev en tu e llen  N ovellie rung  
d e r s tra h len sch u tz rech tlich en  V o rsch riften  n e u  zu  ü b erd en k en  sein, da zu m  
T eil doch  M ängel fe s tg este llt w erd en  m u ssten , die an lässlich  e in e r zu m in d est 
e inm aligen  Ü b e rp rü fu n g  der G e rä te  n ach  ih re r  In b e tr ie b n a h m e  le ich t abges
te l l t  w erden  k ö n n te n .
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INVESTIGATIONS ON MICROWAVE RADIATION
EXPOSURE

T . P redm erszky , L. Ba lla y , E . B ölöni, L . D . Szabó and L . Vámos

“ FRÉDÉRIC JOLI ОТ-CURIE” NATIONAL RESEARCH INSTITUTE FOR 
RADIOBIOLOGY AND RADIOHYGIENE 

1775 BUDAPEST, HUNGARY

The extensive use of microwave devices calls for the rad ia tion  contro l of equipm ent, 
w ork places and environm ent also in  H ungary . Because of the lack of com prehensive know
ledge about the biological effects of m icrow aves there exist no in ternationally  accepted safety 
standards. The power density  values m easured a t work places seldom exceed the level of 
100/iW /cm2 recom m ended in  H ungary. Investigations were made w ith hum ans and animals. 
Several persons working in  telecom m unication for more th a n  five years com plained of headache, 
fa tigue , irritab ility  and some vegetative sym ptom s, bu t no expressed health  dam age was observ
ed. Experim ents on anim als supplied new  da ta  about the  therm al effects of microwaves on 
em bryos, including effects on liver and  brain . To solve the problems of microw ave radiation 
p ro tec tion  H ungarian researchers have sta rted  interdisciplinary cooperation.

In tro d u c tio n

T he w id e-sp read  use of e q u ip m e n t g en e ra tin g  m icrow ave ra d ia tio n  
b eg a n  du ring  th e  2nd  W orld  W a r . A t th e  beg inn ing , th e se  procedures 
w ere  th o u g h t to  be harm less to  th e  h ea lth  an d  it  w as only  in  th e  early  50s 
t h a t  several p a p e rs  w ere p u b lish e d  ab o u t th e  b io logical e ffec ts  o f m icro- 
w aves on m an.

M an is exposed  to  e lec tro m ag n etic  ra d ia tio n  from  b o th  n a tu ra l  an d  m an 
m ad e  sources. T h e  exposure  from  m an -m ad e  sources is p e rm a n e n tly  increasing.

The te rm  m icrow aves m ean s th a t  p o rtio n  o f  th e  e lec tro m ag n etic  ra d ia 
t io n  sp ec tru m  w hich  lies b e tw een  th e  frequencies o f 300 M Hz a n d  300 GHz. 
I n  th is  range th e  q u a n tu m  en e rg y  of th e  p h o to n  is no t su ffic ien t to  cause 
io n iz a tio n  in  th e  ir ra d ia te d  liv in g  system .

The effects o f  m icrow ave ra d ia tio n  on a bio logical sy stem  can  be d iv ided 
in to  tw o m ajo r sec tions; th e rm a l a n d  n o n -th e rm al. T h erm al effects in  th e  living 
o rg an ism  occur w hen  th e  m icrow ave energy is co n v erted  in to  h e a t  causing 
h y p e rth e rm ia  an d  o th e r  bio logical responses a t  h igh  exposure levels an d  th e  
h e a t  reg u la to ry  m echan ism  of th e  organ ism  is n o t effective en ough  to  e lim inate  
th e m . N o n -th e rm al effects o ccu r w hen  th e  m o lecu la r bonds a re  stressed  or 
th e  b iopolym ers a re  enhanced  o r  destroyed .

A de ta iled  know ledge a b o u t th e  bio logical effects is n eed ed  to  set 
a n  a p p ro p ria te  p ro te c tio n  s ta n d a rd  for w ork ing  conditions.

T he organs o f  th e  b o d y  m o st suscep tib le  to  th e rm a l effects are  th e  
te s tic le s  and  th e  eyes (Table I) . T h e  red u c tio n  in te s tic u la r  fu n c tio n  due to
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Table I

Thermal-biological effects of microwaves

F requency [MHz]
W avelength

[cm]
Site o f m ajor 
tissue effects M ajor biological effects

10 000 3 Skin Skin surface acts as reflector absorber 
w ith heating effects

10 000 3 Skin Skin heating  w ith sensation of warmth
10 000 to  3 300 3 to  10 Top layers of 

skin, lens of 
eye

Lens of eye and testicles particularly  
susceptible

10 000 to  1 000 3 to  30 Lens of eye Critical wavelength band for eye cata
racts and testicular damage

1 200 to  150 25 to  200 In ternal body 
organs

Damage to  internal organs from over
heating

150 Above 200 Body is transparent to  waves above 
200 cm

Table II

Neurological effects

Clinical m anifestation of chronic occupational exposure of hum ans to  microwave rad iation  [25J

1. Bradycardia
2. D isruption of the endocrine-humoral process
3. Hypotension
4 Intensification of the ac tiv ity  of thyroid gland
5. E xhausting  influences on the central nervous system
6. Decrease in sensitivity to  smell
7. Increase in  histam ine content of the blood

Subjective complaints
1. Increased fatigability
2. Periodic or constant headaches
3. E xtrem e irritability
4. Sleepiness during work

th e  th e rm a l effects a t  10 m W /cm 2 appears to  be te m p o ra ry  an d  p ro b ab ly  
rev e rs ib le  [!]•

T h e  p o ssib ility  o f  dam age to  th e  eye is a v e ry  serious aspec ts  o f m icro- 
w av e  ra d ia tio n . T h e  ca ta ra c to g e n ic  effect a t  100 m W /cm 2 in c id en t pow er d en 
s i ty  is w ell e s tab lish ed  in  e x p e rim e n ta l anim als. B ecause  of th e  la ck  o f blood 
vessels th e  c ry s ta llin e  lens o f th e  eye is easily  o v e rh ea ted , th e  lens becom es 
n o n - tra n sp a re n t w ith  su b seq u en t d eve lopm en t o f a su b cap su la r c a ta ra c t  a n d  
loss o f  vision.
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C ontinuous a n d  pulse m o d u la ted  m icrow ave exposu res affect hem oglobin  
sy n th es is  an d  red  cell p ro d u c tio n . S everal au th o rs  rep o rted  gene tic  effects 
a n d  chrom osom e ab e rra tio n s , to o . C hanges in  th e  d ev e lopm en t o f chick 
em bryos an d  m am m alian  fe tuses w ere also o b ta in ed  b y  m icrow ave exposure.

M any p ap ers  deal w ith  th e  effects on  th e  n erv o u s system  a n d  b eh av io u r 
(T able I I ) .  In  e x p e rim en ta l an im als ch ron ic  and  re p e a te d  exposu res lead  to  
d is tu rb an ces  in  co n d itio n ed  reflexes an d  to  b eh av io u ra l changes a t  inc iden t 
pow er densities o f  0.1 — 1 m W /cm 2.

Some au th o rs  re p o rte d  on clin ical evidence o f th e  effect o f ch ro n ic  low- 
p o w er-density  m icrow ave ra d ia tio n . T h e ir ch ief ch a rac te ris tic s  lie in  th e ir  
in fluence  on th e  c e n tra l an d  th e  v e g e ta tiv e  nervous system  [2].

E p idem iological s tud ies re p o rt on su b jec tive  com p la in ts  e .g .: increased  
fa tig a b ility , period ica l or c o n s ta n t h ead ach es , ex trem e  ir r i ta b ili ty  a n d  sleepi
ness [1].

T he m ain  d ifficu lty  lies in  th e  com p lex ity  o f  th e  w ork ing  e n v iro n m en t 
— te m p e ra tu re  a n d  h u m id ity  v a ria tio n s  in  th e  w o rk ing  area, no ise , d is tu r 
bances in  th e  n o rm a l rh y th m  o f sleep a n d  w ak ing  periods caused  b y  w ork 
sh ifts .

T he X -ra y  exposu re  o rig in a tin g  from  m icrow ave g en e ra tin g  tu b es 
p re sen ts  a sm all b u t  u n av o id ab le  h a z a rd . T he shield ing o f  th e  eq u ip m en t m akes 
no d ifficu lties th o u g h  i t  m u s t n o t he rem oved .

In  sp ite  o f th e  re su lts  o f m a n y  ex perim en ts th e re  is a serious d isagree
m en t a b o u t th e  ap p lic a tio n  o f th e  a p p ro p ria te  risk  analysis .

P ro te c tio n  s tan d ard s

In  th e  U SA , th e  U n ited  K in g d o m  a n d  C anada th e  officially  a d o p ted  
th re sh o ld  lim it v a lu e  is 10 m W /cm 2 fo r occu p a tio n a l exposures fo r w orkers 
an d  fo r  people in  th e  v ic in ity  of m icrow ave em itte rs . T h is value is b ased  on 
th e  fa c t th a t  th e  h ig h  pow er d e n s ity  o f m icrow ave ca n  re su lt in  p a th o p h y s io 
logical m an ifesta tio n s o f th e rm a l n a tu re  (Table I I I )  [3].

T he p ro tec tio n  s ta n d a rd s  in  th e  Soviet U nion, P o la n d  an d  C zechoslovakia 
are b ased  n o t on ly  on  th e  th e rm a l effects o f  m icrow aves h u t  on th e  n o n -th e r- 
m al effects an d  on th e  effects on th e  n erv o u s sy stem , to o . A ccord ing  to  the  
Sov iet s ta n d a rd  th e  in te n s ity  of m icrow ave ra d ia tio n  a t  w ork  p laces shou ld  
n o t exceed  10 ^iW /(cm2)/w orking  d ay . T he values o f th e  P olish  an d  Czechoslo
v a k ia n  s tan d a rd s  lie in  th e  sam e ran g e .

R ep o rts  on th e  effects m ade on  h u m an s were issu ed  in  H u n g a ry  in  th e  
la te  50s. The w ide use o f m icrow ave devices a c tu a lly  s ta r te d  a b o u t 10 y ea rs  
ago. T h e  sa fe ty  reg u la tio n s  fo r te leco m m u n ica tio n  a p p a ra tu se s  issued  in  1971 
cover th e  ra d io p ro te c tio n  o f  m icrow ave devices as w ell.
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Table Ш

Radiofrequency standards for occupational exposure 
to  continuous wave fields (working day)

C o u n t r y
Radiation frequency 

[GHz]
R F R  intensity  

[m f /c m 1]

U nited  States
ANSI* 0.0 1 -1 0 0 10
OSHA** 0.0 1 -1 0 0 10
ACGIH*** 0.1 -1 0 0 10

G reat B rita in 0.3 -  30 10
Canada 0.1 -1 0 0 10

(1 proposed)
Sweden 0.3 -  3 1
Poland 0 .03 -3 0 0 0.2
Czechoslovakia 0.3 -3 0 0 0.025
U.S.S.R. 0.3 -3 0 0 0.01

* A m erican National S tandards Institu te 
** Occupational Safety and H ealth A dm inistration 
*** American Congress of Governmental Industrial Hygienists 
N ote: Some countries have more permissive intensities for 
shorter exposure times and more restrictive intensities for 

exposure of the general population.

The n u m b e r  o f  persons ex p o sed  to  m icrow ave ra d ia tio n  a t  th e  w ork  
p laces  or in  th e ir  v ic in ity  a m o u n ts  to  a few th o u sa n d . In  v iew  o f th is , th e  
c o m p e te n t H u n g a r ia n  H ea lth  A u th o ritie s  h av e  m ade p re p a ra tio n s  fo r an  
a d e q u a te  p ro g ram  to  contro l e q u ip m e n t, w ork p laces and  th e  e n v iro n m en t and  
to  d ra f t  th e  H u n g a r ia n  S afe ty  S ta n d a rd s  on  M icrow ave R a d ia tio n .

In v es tig a tio n s  a t w ork  p laces

T he f irs t  t a s k  w as to  c o n tro l th e  ra d ia tio n  a t  w ork  p laces in  connection  
w ith  b ro a d c a s tin g  a n d  te lev ision  a n d  to  m o n ito r  th e  energy  p o llu tio n  in  th e ir  
e n v iro n m e n t. W e h a d  to  superv ise  th e  m an u fa c tu re  of m icrow ave ap p a ra tu se s , 
th e  d iffe ren t in d u s tr ia l  uses w ith  special re g a rd  to  d ry ing  processes an d  to  
p la s tic -cu rin g  a n d  w elding. B o th  in  th e  ca te rin g  in d u s try  an d  p r iv a te  k itch en s 
th e  u tiliz a tio n  o f  m icrow ave ovens is sp read ing . W e h a d  to  co n tro l g round- 
b a se d  ra d a r  e q u ip m e n t n ecessary  fo r a ir tra ff ic . A  special use o f  ra d a r  a p p a ra 
tu s e s  is th e  fo re c a s tin g  of h a ils to rm s . M icrow ave d ia th e rm ic  devices a re  used  
in  m a n y  H u n g a r ia n  in s titu tio n s  o f  p h y s ico th e rap y .
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Table TV

Epidemiological tests on 450 persons working in telecommunication

Subjective com plaints
Irritab ility

Vegetative.„up
Headache Fatigability

symptom s

1 — 2 y e a r 44 % 69% 13% 20 %

5 y e a r 70% 7 5 % 2 2 % 31 %

T he m easu red  pow er d e n s ity  values a t  w ork  places ra re ly  su rpass th e  
levels o f 100 /iW /cm 2 recom m ended  in  H u n g a ry . I n  a few  cases we h av e  m easu r
ed  h ig h er va lues, h u t  th e y  h av e  n ev e r reach ed  th e  levels recom m ended  in  
th e  U SA. A c tu a lly  no h ea lth  h az a rd s  have  b een  observed.

T he p ro p e r fo rm u la tio n  o f  sa fe ty  s ta n d a rd s  is o f g rea t im p o rta n c e  in  
H u n g a ry , because som e m icrow ave devices o rig in a te  from  co u n trie s  w here 
th e  perm issib le  leve l is 100-tim es h igher. U n til now  we have  h a d  no d iffi
cu lties w ith  re sp ec t to  ra d ia tio n  sa fe ty ; these  a p p a ra tu se s  also co rresp o n d  to  
th e  h ig h er re q u irem en ts  o f o u r s ta n d a rd s .

W e carried  o u t epidem iological in v es tig a tio n s  (Table IV) on  450 persons 
w o rk in g  in  te leco m m u n ica tio n , in c lu d in g  ex ten siv e  m edical an d  psychological 
te s ts  as well as a d e ta iled  in te rro g a tio n  on su b jec tiv e  com pla in ts . W e d id  n o t 
f in d  a n y  ob jec tiv e  h e a lth  dam age due to  m icrow ave ra d ia tio n  b u t  persons 
em ployed  for m ore th a n  5 years com plained  m ore o ften  of h ead ach e , fa tig a b i
l i ty , i r r i ta b ili ty  a n d  som e v eg e ta tiv e  sy m p to m s.

N evertheless, a t  w ork p laces exposed to  m icrow ave ra d ia tio n , th e re  are 
m a n y  o th e r  fac to rs  w hich  m ay  a ffec t th e  h e a lth  o f s ta f f  m em bers, so som e of 
th e  com p la in ts  m a y  h av e  been due to  causes o th e r  th a n  m icrow ave ra d ia tio n .

E x p erim en ts  on an im als

To in v e s tig a te  w h e th e r m icrow aves h a d  a n y  effect on p reg n an cy  an d  
th e  d ev e lo p m en t o f  th e  em bryos, we ca rried  o u t ex p erim en ts  on chick 
em b ry o s [4].

T he in c u b a tio n  te m p e ra tu re  o f  eggs was 38 ^  0.5 °C, th e  re la tiv e  h u m i
d ity  w as 65 ±  5 % .

T he m icrow ave source w as a con tinuous c a v ity  ir ra d ia to r  (Siem ens 
m odel E lec tro n ic ), a t  a freq u en cy  o f 2.45 G H z ^  50 M Hz. T en  eggs w ere 
exposed  a t  one tim e  to  th e  c a v ity  ir ra d ia tio n  sy stem . T he a m o u n t o f energy  
ab so rb e d  b y  th e  eggs an d  th e  re su ltin g  te m p e ra tu re  increase w ere m easu red  in  
th e  eggs b y  a sm a ll th e rm is to r  a f te r  th e  m icrow ave fie ld  w as sw itch ed  off. 
E ie ld  in h o m o g en e ity , m icrow ave reflec tions fro m  a d ja c e n t eggs, d ifferences
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in  egg size cause th e  am o u n t of ab so rb e d  pow er a n d  th e  te m p e ra tu re  o f eggs 
to  d iffer.

P o w er a b so rb ed  b y  th e  eggs w as d e te rm in ed  using  a cooling cu rv e  [5]. 
T h e  cooling cu rve  w as o b ta ined  fro m  th e  m o n ito red  eggs b y  m easu rin g  th e ir  
f in a l te m p e ra tu re s . T h e y  were ex p o sed  to  c o n tin u o u s  ir ra d ia tio n  u n t i l  th e y  
reach ed  th e ir  f in a l te m p e ra tu re s , so th e  energy  ab so rb ed  w as eq u a l to  th e  
en e rg y  lo st.

T herefo re ,

(AQ/At)ln =  (AQ/At)l0SS =  m ■ c(AT/At)i0SS,

w here  m  is th e  m ass o f  th e  egg; c is th e  specific h e a t;  (4 lT /Z li) l0SS is th e  te m p e 
ra tu re  loss p er u n i t  tim e .

M easuring  th e  m ax im um  a n d  th e  m in im u m  te m p e ra tu re s  on  th e  eggs,, 
th e  (ZlT/zlt)l0SS can  b e  dete rm in ed  fro m  th e  slope o f  th e  cooling cu rve  (F ig . 1) 
b e tw e e n  th e se  te m p e ra tu re s , w h ich  a re  2.2 °C /m in an d  0.95 °C /m in.

T h e  average  w eig h t o f th e  eggs w as 50 g o f w hich  46 %  w as y o lk  and  
54 %  w as a lb u m in .

A ssum ing  t h a t  th e  te m p e ra tu re  loss is th e  sam e fo r th e  y o lk  a n d  th e  
a lb u m in  th e  en e rg y  abso rbed  in  u n i t  tim e  can  be e v a lu a te d  from :

(AQIAt)ln =  myCy(ATIAt)loss +  m aCa(A T/A t)l0SS,

w here  th e  su b sc rip ts  “ y ”  an d  “ a ”  re p re se n t y o lk  an d  a lb u m in  v a lu es  [5]* 
resp ec tiv e ly .
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7.

Fig. 2. Irrad iation  of chick embryos, о------ о 2nd day of incubation; • ------ о 5th day  of incuba
tion; X --------- X  7th day of incubation; о _____ О 16th day  of incubation.

enzyme C MW C MW C MW C MW

Fig. 3. Changes of ac tiv ity  of the am inoacyl-tR N A  synthetase-tR N A  system. tR N A — transfer 
ribonucleic acid; enzyme — am inoacyl-tR N A  synthetase; C — control; MW — irradiated

by  microwave.

B y  th is  eq u a tio n , ab so rp tio n  ra te s  o f  th e  pow er/m ass u n it w ere ca lcu 
la te d  to  be m in im um  51 m W /g a n d  m ax im u m  115 m W /g.

I n  th e  bio logical ex p erim en ts  we com pared  th e  su rv iv a l o f ch ick  em bryos 
u s in g  th e  above m en tio n ed  m icrow ave source. The ir ra d ia tio n  w as p erfo rm ed  
on  th e  15 th  d ay  o f in cu b a tio n .

I n  th e  ex p erim en ts  (F ig. 2) we com pared  th e  su rv iv a l cu rves o f chick 
e m b ry o s , w hen  th e  ir ra d ia tio n  w as ca rried  o u t a t  d iffe ren t ages o f  em bryos: 
o n  th e  2nd , 5 th , 7 th  an d  16th  d ay . I t  is to  be seen th a t  th e  L D 50 v a lu e  is
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sh if te d , p re su m a b ly  due to  th e  grow ing c a p a c ity  o f th e  h e a t  reg u la to ry  
m ech an ism  o f em b ry o s.

In  close re la t io n  to  th ese  bio logical effects o f  m icrow ave ra d ia tio n  we 
s tu d ie d  th e  effects on  certa in  co m p o n en ts  o f p ro te in  syn thesis .

I t  is g en era lly  accep ted  t h a t  th e  f irs t  e v e n ts  in  p ro te in  syn th esis , th e  
a c t iv a tio n  o f am in o  acids and  th e ir  b ind ing  to  tra n s fe r  ribonucleic  ac id  (tR N A ) 
a re  ca ta ly se d  b y  specific  am in o acy l tR N A  sy n th e ta se s . T he grow ing chick 
e m b ry o  shows a v e ry  rap id  d ev e lo p m en t fo r 21 d ay s  of its  in c u b a tio n , th u s  
a h ig h  ra te  o f p ro te in  syn thesis  c a n  be observed  in  all o f its  o rgans.

In  our e x p e rim e n ts  we chose tw o organs fo r a sh o rt tim e  irra d ia tio n : 
th e  b ra in  an d  th e  liv e r  (Fig. 3). T h e  changes in  th e  p ro te in  syn th esis  were 
m e a su re d  b y  su ita b le  tra c e r  te c h n iq u e . T he co m b in a tio n  o f tw o  com ponen ts 
(enzym e an d  tR N A ) from  co n tro l a n d  m icrow ave ir ra d ia te d  em b ry o s shows a 
s ig n if ic a n t in c rease  o f  th e  p ro te in  sy n th e tic  a c t iv i ty  in  th e  b ra in  an d  a t  th e  
sam e  tim e  a s lig h t decrease in  th e  liver.

T he resu lts  o f  th e  p re sen t biological s tu d y  a t  th e  specific  abso rp tio n  
r a te  used  show  m a in ly  th e  th e rm a l effect o f  m icrow ave ra d ia tio n s . I n  th e  
b iochem ica l e x p e rim e n ts  w here w e used  th e  sam e specific a b so rp tio n  ra te , 
b u t  sh o rte r  tim e  o f  exposure, th e  th e rm a l an d  n o n -th e rm a l effects can n o t 
be  sep a ra ted .

D ifferences be tw een  th e  r a te  of p ro te in  sy n th es is  in  th e  b ra in  an d  in 
th e  liv e r  are in  good  co rre la tio n  w ith  l i te ra tu re  d a ta  concern ing  th e  effect 
o f  m icrow aves on  th e  b ra in  fu n c tio n  [6].
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