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INVESTIGATIONS ON THE Mige (d,a)Nage NUCLEAR REACTION

0. Hansen - E Koltay* - B. Madsen

Institute for Theoretical Physics,
University of Copenhagen. Denmark.

The correlation between the total cross-section for Mgie/d,a/ reactions to de-
finite states in NaZ3 and the spin | of this states has been investigated experimentally.
Bombarding energies from 3,35 to 3,70 MeV and from 7,1 to 7,7 MV were employed. In the
latter region the total cross-sections, when averaged over bombarding energy, were observ-
ed to be approximately proportional to /21 +1/. This empirical relation is used to deduce
the spin values for 7 excited states in Na2S. The interpretation based on the rotational
model at the Na23 level scheme is briefly discussed. From the quantitative evaluation of
the observed fluctuations of Ericson's type the averaged width of the excited compound
nucleus were obtained.

I. Introduction

The experimental conditions chosen in the present investigations made it
possible to get informations both for the life-time of the compound nucleus using the
Ericson fluctuations and for the spin values of the different states in the residual
nucleus by means of the (21 + I)-rule.

Ericson has predicted, that in the case of sufficiently high resolution
fluctuation should occur on the excitation functions by means of which tjhe averaged
width of the excited compound nucleus can be estimated. Namely the

Fle) - {[al/E ¢ €) - oAV][a(i) - *ANYAy 11

correlation function have to show an e dependence of the from It/(I"a+ea). The index
AV denotes the averaging over bombarding energy [1, 2].

* Permanent adress: Institute of Nuclear Research of the Hungarian Acadenmy of Sciences.
Debrecen.



E

It lias been shown theoretically by Ericson [1] and by MacDonald [3] and ex-
perimentally by Binds and Middleton [4] and more recently by Colli et al. [5], that
under certain bombarding conditions, the total cross-section o/J/ for populating a
definite final state with spin I in a nuclear reaction when averaged over bombarding
energy mey fullfied the (21 + 1)-rule, i.e.

PAV/I/ « /21 +1/ 121

The conditions relevant to such a situation are, according to the above authors;

1. The reaction mechanism should be compound nucleus formation.

2. The bombarding energy should be such that the compound states are si-
tuated in a region of many overlapping levels and the spin J of these states should
satisfy the condition J >1.

3. Thé energy of the outgoing particles should be large enough to ensure
that barrier penetration effects are negligible.

4. The cross sections a/l/ should be averaged over "sufficiently” many
compound states in order to destroy any special correlation, that nmay exist between
the compound states and the final states.

The present experiment demonstrates that the reaction Myb (d, a)Na#3 full-
fills the /21 + I/-rule for I <5/2 for bombarding energies E" between 3>35 and 3»70
MeV and for I at least up to 9/2 when 7,1 <E* < 7,7 MV.

From the 7 MV measurements spin values for the states 3> 6, 7, 8, 9, 10 and
11 in NaZ are suggested by applying the /21 + |/-rule. The level structure of NaZ3 is
briefly discussed in the light of these new spin values.

Il. Experimental Procedure

The 3>5 MV measurements were done at the 4 MiV electrostatic generator
whereas the 7 MV experiment was carried out at the Tandem Accelerator Laboratory.
In both cases the a-spectrum was recorded by a 2000 ohm-cm n-type silicon detector
in connection with a 512 channel analyser. In the 3»5 MV region an energy spread in
the beam of +4 keV was employed; the energy resolution as observed from the spectra
was %40 keV. The corresponding numbers for the tandem data were +15 keV and %60 keV.

In the 3 - 4 MV runs the first seven agroups from MyB appeared separat-
ed in the spectra, groups at lower energies than the sevenths were obscured by 0/d, a/
groups and by pile up effects from the elastic deuterons. In the 7 MV experiment the
first 12 agroups were clear of impurities and pile up effects, but the groups 4 -5
and 8 -9 could be resolved at back angles only.

The experimental procedure for the Mg2B/d,a/ reaction at 3»5 MV was to
measure angular distributions at 11 angles between 20° and 160° at bombarding energies
with an interval of 50 keV. In the 7 -8 MV measurements the angular interval was
25° to 160° and the energy interval was 100 keV. The low energy data were averaged
over 8 distributions the high energy data over 7 distributions. The statistical ac-
curacy of the individual measurements was from 5 %1° 15 %



The MyB target was made by vacuum evaporation of My in metal form enriched
to 95 %in MYB on to a 50 ug/cm2 carbon film.

Il. Results and discussion

The qualitative features of our data are in agreement with Ericson’s predic-

tions:

a. | The excitation functions for the different agroups show well define
fluctuations.

b. | There are no correlations among the fluctuations on the different exci
tation curves corresponding to different final states (Fig. 1.).

C. [ The angular distributions are not symmetrical with respect to 90° a

change rapidly with the bombarding energy (Fig. 2.).

Fig. 1. The low energy excitation functions for the different a-groups emitted in the
Mg~/d, a/Na23 nuclear reaction. The group numbering refers to the level scheme as given in
ref. [7].



Fier. 2. Angular distribution curves for the reaction Mg"/d, ct/Na23 (ground state) as a
function of the bombarding energy in C.M. system.

d./ When averaging over bombarding energy and/or final states the symmetry
with respect to 90° comes back (Fig. 3*)*

A more quantitative analysis for the low energy data was performed on the
basis of the correlation function.

a. / Using the definition given by the formula /1/ and the theoreticall
dicted form of He/ the I values corresponding to the best fitting of the both men-
tioned curves can be got for all the different «-groups. Two typical examples are
given in the Fig. 4. and Fig. 5 The I values obtained are gathered in the Table 1.
together with the averaged life time of the compound nucleus calculated from them.

b. / Ericson predicts, that the I' dependence of the correlation funct

the case of the differential cross-section has the same form as in the former case.
For the sake of control we determined the I value for the third group over the 3*0 -
-4,2 MV bombarding energy interval for ¢”™ab = 145° and got ' = 74,5 keV. Ore pos-
sible reason for the deviation of this value from that got according to a./ is the
invalidity of the assumption on the energy independence of agy using such a large
energy interval.

c. / It is cjb, iary to compare the quantities

- 0Ay)22omy ; and IAdn ,

here n is the number of the final states ordinarily taken as 21 + 1 (see e.g. [6]



Fig. 3. Angular distribution curves for the reaction Myp6/d, a/Na23
a./ averaged over bombarding energy interval 3,35 < Ed < 3,70 MV (ground state)

b./ averaged over bombarding energy interval 3,35 < EH < 3,70 MV and final states
from 0 to 6.

Fig. 4. Correlation function for the 2. a-group, (full line: T2(r2 +e2); I =88,4 kev-
normalised at e = 0! points represent the experimental values).



Pig. 5. Correlation function for the 4. a-group. ' = 82,5 keV.

Table 2.). In the more recent paper [2] Ericson shows, that n should be the effective
number of the entrance and exit channels where the angular momenta are to be takon
into account. Because of the high spin values in our case the effective number of
channels differs strongly from 21 + 1, as it can be seen on the Table 1.

Table 1.
Level  Spin I(a - 0AV)2 1 o kevd r sec
o : o1 41 N compoun
1 20AV ! nucleus Alz (@verage)
0 3/2 0,055 05 831
1 5/2 0,035 0,41 33,5
2 712 0,052 0,35 82,5 1,35.i0~20
3 172 0,091 0,70 46,5
4 1/2 0,074 0,70 32,5
5 9/2 0,022 0,31 55,0
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Fig, 6. MpPBd,a/Na23 yields integrated over scattering angles from B = 80° to B =160°
and averaged over 7 bombarding energies from Eg = 3,35 MV to Ep - 3,70 MEV. The abscissa
is the final state spin I. When | is known, (ref. [7]). aay/l/ is marked with a cross. The
straight line is drawn through the crosses only, apy for final states of unknown | are
marked by horizontal lines. The numbers appearing near the crosses or horizontal lines
are the level numbers according to Fig. 8.

The measured agy/1/ are shown in figs. 6. - 7« Across marks the Ogy/I/
for a final state whose 1 is given in [7], when | is not known a horizontal line in-
dicates agy. The curves shown are drawn through the points of known I.

Jig. 6. gives the 3 - 4 MV MyBd, a/ data. Anapproximately linear corre-
lationbetween agy and 1 is observed for I <5/2 for | >5/2 agy seems to become in-
dependent of I. Aspin of 1/2 for group 3 is suggested.

The main trend of Fig. 6. especially the I hdependence for high values of
I seems to be due mostly to two facts, a breakdown of the J >1 condition (i.e. E* is
too how) and barrier penetration effects on the a particles (i.e. #aistoo low).

The 7 -8 MY results on MypB/d,a/ illustrated in Fig. 7. seem to follow
the /21 + 1l/-rule for all states observed, i.e. for | at least up to9/2. The better
validity of the /21 +1/-rule at higher energies is qualitatively inaccordance with
the statistical model estimates, i.e. conditions 2./ and 3-/ of section |. are full-
filled to a higher degree. That the condition 1./ (compound reaction mechanism) is
relevant follows from Fig. 3-

W thus suggest that the J-values, that may read off from Fig. 7. (shown in
the insert of this figure) for the states % 6, 7, 8, 9, 10 and 11 are identical to
the spin of these states. It may be remarked that both high and low energy data yield
1 =1/2 for level 3 (cod f» 3/2 for state 6).



Fig. 7. MJiB/d, a/Na23 yields integrated over scattering angles from B = 25° to B - 160°
and averaged over bombarding energies from Eg = 7,1 MV to En = 7,7 MeV. The a-groups
corresponding to the levels 4 and 5 were resolved from each other for B >90° only. Their
yields were converted to total yields by multipying the agy[0 >90°] by

41 +apy(0 < 90°)/apy(£ >90°)] where the ratio is taken from the (4 +5) data. Asimilar
remark is valid for the groups 8 and 9. See otherwise caption Fig. 6.

IY. The NaZa level scheme

The level scheme of Na23 as given in ref. [7] is shown in fig. 8. The spin
values of ref. [7] are stated to the left of the level diagram, those suggested by
the present experiment are given to the right of the diagram. Our 1 = 1/2 assignment
for level 3 is in accordance with the measurements of Clegg et al. [8] and no as-
signment is in contradiction with other data (see e.g. refs. [7, B and [10].

In the right half of the figure we have indicated those states which must
be considered as intrinsic states i.e. state 0, 3> | and 10. The ground state rota-
tional band (see ref. [7]) is also shown. The remaining states cannot, we think, be
interpreted uniquely as rotational sequencies or instrinsic states on the basis of
present experimental data. The identification of the three spin 1/2 states, to some
extent, changes the basis of most theoretical calculations (see e.g. ref. (91). It
may be remarks however, that at least three levels of 1=1/2 are to be expected in
the lower lying excitations of Na23 from the theoretical level diagrams of Mottel-
son and Silsson [11]. An important clue to the understanding of the structure of NaZ3
would be the determination of the parities of the 1=1/2 states, because it is not
possible to identify these states in the Nilsson-Mottelson scheme without this know
ledge ad first after such an identification may the interband couplings be calcu-

lated on a safe basis.
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Fig. 8. Level scheme of Na2 . The level diagram and the spin values to the left are taken
from ref. [7]. The spin values to the right are suggested by the present experiment. Also
shown are the ground state rotational band and the three I = 1/2 levels which must be in-
trinsic states. Some of the remaining levels may of course also be intrinsic states.

Part of the evaluation work was carried out by B. Gyarmati*.

We are indebted to Dr. B. Elbek for putting the tandem accelerator with the ne-
cessary electronic equipment at our disposal. One of us (E.K.) wishes to thank Professors
A. Bohr and T. Huus for the kind hospitality extended to him at the Institute for Theore-
tical Physics in Copenhagen and the International Atomic Energy Agency for supporting his
stay in Denmark.

Institute of Nuclear Research of the Hungarian Academy of Sciences. Debrecen.
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VOTEIOBAHV/E MTIOBbK PACTPELEEHA PEAKLMA He3 + T

B. KiH - B. 3nBHK

M3vepeHbl YrioBble pacnpefenieHns 3apsHkeHHbIX 4acTul, AN BCeX KaHanoB peakuun Hea+T
npu aHepruax nagaswmx TputoHoB: 460 Kag; 665 Kag; 900 Kas u 1087 Kas. dopma MnonyyeHHbIX
pacnpefenieHuii He U30TPONHas WM MeHsfeTca C 3Heprueii. Ha OCHOBaHWMW YrnoBbIX pacnpefeneHUin un
onpejeneHns COOTHOLLEHUA MeX4y KaHalamy peakuuu Monay4yeHbl MOJHble CEYEHWS peakuMm U ceyveHus
ONA KXAOro OTAEeNbHOro KaHana.

1. BBepeHwue

ViccneposaHuio peakuun

He3 + T— »Hed4 +d + 14,31 MoB /1
— »Hed +p +n + 12,08 M. [2/
— »He6 +p + 11,18 Mos /3l

— »Hed4 +n +0,9 MoB

MOCBALLEHbI TPW 3KCMepuMMeHTaNbHble paboTbl [1-3]. B pa6oTtax C.D. Bodk [2] w Jn 'a BnR n gp.
[3] oObi HaiiaeHbl COOTHOLLEHUS MEXLy BETBAMU peakuuu W OnpefenieHbl MOJHble CeYeHUs BCeX
Tpex BeTBeil. [aHHble MO MOMHLIM CEYEeHUSM MOMyYeHbl Ha OCHOBaHWW W3MepPeHWs AuddepeHLmans-
HbIX CeyeHWin nog yrnom 90° W nocregytowero nepecyeta B MNPeANONOXEHUN W30TPOHHOCTU pac-
NpefeneHns BbIXOAOB KaXAOro U3 KaHaloB peakuumu.

MockosbKy NPeanonoXeHus 0 Cepryeckoin CUMMETPUM KKOOTO KaHana peakumn B WH-
TepBasie pacCMaTpUBaEMbIX 3HEPIUil He WMEeMN 3KCMEePUMEHTaNbHOro MOATBEPXAEHUS, HamMu Gbln
NpoBefeHbl 3TU UCCef0BaHUsA.2

2. MeTopguKa wnU3IMepeHUINn

W3mepeHns MpoOBOAUANCL C MOHaMW TPUTUSA, YCKOPEHHbLIMM 3/1EKTPOCTATUYECKUM TeHe-
patopom O/ HanpskeHne reHepatopa CTabunmanpoBanocb ¢ TodHocTbio 0,1 - 0,2 % un kannb-
pOBanOCh MO PE30HAHCHbIM NWKam peakuun F(p,y). VoHbl TpUTUS, YCKOPEHHbIe 3/IeKTpocTaTnyec-
KAM reHepaTtopoMm, npolgs Yepe3 MarHUTHbIA aHanu3atop u konaumatop (0 = 1,5 mm), nonaganu
Ha BXO[HOE OKOLIKO TOYEeYHOI/ ra30BOM MULLIEHW, MOMELLEHHON B LIEHTPe BaKyyMHOW Kamepbl [4].



Puc. 1. Cxema onbiTa.

Cxema orbITa npeacTaBfieHa Ha puc. 1. OKOLWKO ra3oBO MMLLEHM 3aKpbIBanoCb TOHKOM CAHOAAHON
nneHkon (npn Bp = 1 Ma, JE % 35 K3B). [aBneHne He3 B MvLEHM cocTaBnsno 40 mvm pT.cT.
TOK nagaBlUMX YacTuL, u3Mepsncs uuanHapom Papafies, COefVHeHHbIM C MHTerpatopoM Toka. Pac-
nonoxeHve uunuHapa Papages nokasaHo Ha puc. 1. [na nposefeHus usMepeHwuid nog 0° AHO
LinnmHgpa dapages 3aknemBanocb TOHKOW (DOMbroi M3 amoMuHMS (3 Mr/cm2), [OCTaTOYHOM Ans
MOT/IOLLEHMS MyYKa YCKOPEHHbLIX WMOHOB, HO MPOMYCKaBLUEl MPOAYKTbl peakuui.

UacTuupl, o6pasytolumecs B pe3ynbTaTe AAepHOA peakuuw/ pepucTpupoBanncb Tenec-
KOMOM, COCTOSILLMM W3 MPOMOPLMOHa/IHONO CYETUYMKA U ManorabapuTHOro (oToymHOXUTens eay-31
¢ kpuctannom CsJ. TenecHblli yron teneckona coctasnan 1,34.10“2 ctep., a yrioBoe paspe-
LWeHre 7,5°. MponopumoHanbHbIA CHETUMK U (DOTOYMHOXUTENb GbUIM BK/IKOYEHbI B CXEMY COBMALEeHWi
4yTO 00€CmeuMBa/l0 yMeHblUeHMe (PoHa OT HEWTPOHOB W Y-KBAHTOB. PaspelleHue (oTOyMHOXWTESNS
QNS MPOTOHOB ¢ 3Hepruein 10 MeB coctaBnsano 10 % WMMynbCbl OT (HOTOYMHOXMTENS MOCAe yCU-
NEHNs MOfabla/ICb HA MHOTOKaHa/bHbIA aHanm3aTtop, paboTaBLMiA B peXxume COBNafeHUs. Yrpas-
NABLLMMU MMMYNLCAMW NS MHOTOKAHa/IbHOr0 aHanu3atopa ABAAANCh MMMY/bCbl OT NPONOPLUOHaNb-
HOro cyeTumka. MoHuTOpOM cryxun oToyMHOXUTENb PIY-C ¢ KpucTaniom CsJ, pacronoXXeHHbi
nog yrnom 4ff K nagasliemy nyyky WMOHOB TPUTKUA.

MocKonbKy [OelTpoHbl U3 BeTBM /1/ W NPOTOHbI M3 BeTBM /3/ WUMEKT 6/M3KMe 3Hep-
rMn, OHN TEeNeCKOMOM He paspellarotcsd. Heobxogumoe paspelleHvie MUKOB MPOTOHOB W AeMTPOHOB
peakumn /1/ wn /3] MOXeT ObITb MOSY4YEHO MYTOM WCMO/b30BaHWA Pas3nYMsg TOPMO3HOW Cnocob-
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HOCTW Ans [eATPOHOB M NPOTOHOB B HEKOTOPOM BellecTBe. B KauecTBe Takoro BellecTBa WC-
MOMbCOBANCA aMOMUHMIA. [Mpy MPOBEAEHWM WM3MEPEHWIA MOL Pas/IMUHbIMU YrlaMu 3afadva YCNOXHSEeT-
CA TeM, YTO 3HEpPrus [eiTPOHOB W MPOTOHOB M3 peakunii /1/ wn /3/ meHsetca c¢ yrnom. (Mpw
Er =900 Kas, Ed(0°) = 12,4 Mss, Ed(I153°) =7,8 Msg, Ep(0°) = 11,5 MsB u Ep(153°) =
= 8,2 Ma3B). 310 TpebyeT MCNOMb30BAHUA MPU PasINYHBLIX YriaxX antoMUHMEBLIX (DONLI Pa3IMYHbLIX
TOMWKMH. PacyeT nokasas, 4YTO MNpu M3MepeHusx nog yrnamm or 0° go 60° xopowlee paspeLueHue
MOXHO nonyuntb ¢ onbroii 90 mr/cm2, a nmpm yrnax ot 60° go 153° ¢ donbroii 60 mr/cm2.

MockonbKy 3TW TONCTblE OMbIY Ccpe3atoT OO/MbLUYD YacTb HEMpPepbIBHOINO CNekTpa,
COOTBETCTBYIOLLEr0 BeTBM /2/, HeobXoauMO [OMOSHUTENbHOE M3MepeHue 6e3 pasgensiowpmx onbr.
Ho Ta uyacTb HenpepbIBHOrO CreKTpa, Ha KOTOPYH HakIafblBalTCA WMMMNY/bCbl OT a-4acTul, Wu3
kakano /1/, /2/ w /3/, ocTaeTcs HeHabnogaemoid. B cBA3M C 3TMM M3MepeHWe YrNoBbIX pac-
npegeneHnii NPOTOHOB M3 KaHana /2/ npousBogmnock ¢ onbroin 7,4 mr/cmM2, KoTopasi nornowa-
Na BCe YKasaHHble a-4acTulibl. 3Ta Posbra COBMECTHO C OKOLIKOM W ra3oM cueTymMka cpesaeT
HerpepbIBHbIA cnekTp oT 0 go 2,6 Mass. [MofHbiA CNEKTP MOXET ObMb MOMYYeH pasyMHON 3KCTpa-
nonsumeli sKCneprMeHTaNbHO M3MEPEHHOM YacTW CMeKTpa K Hysio.

Takum o6pasom, 3afiavya pasfenieHus KaHanoB peakuuu BK/KOYaeT:

a. / wv3MepeHue YrnoBbIX pacnpegeneHuii B uHTepsane yrnos 0° - 153° 6e3 pasge-
NAOLWEA hoNbrw;

6. / u3MepeHMe YrnoBbiX pacrnpeaeneHnin B uHTepsane yrnos 0° - 60° c donbroi
90 mr/cmz;

B. / W3MepeHMe YrnoBbIX pacnpefeneHunii B MHTepsane yrnos 60° - 153° c ¢onbron
60 mr/cm2.

Mo M3MEPEHUN YINOBbIX PacnpeAeneHnin Ha TOYeYHON ra3oBOW MMLLEHW (hopma Hempe-
PbIBHOFO CMEKTpa MCKaXkaeTcs npoToHamy M3 peakumii O18 (t,p)018 mn C12(t,p)C *, npoucxo-
JAlMX Ha OKOLUKe MuLleHW. [nd nonydveHWs criektpa B 6ofiee 4yuMcToM Buie HeobXO4MMO, 4TOGbI
MPOAYKTbl peakuuil, MNPOUCXOAALMX Ha OKOLUKE MUWLLEHW, He nonajaiM B Teneckon. 3JTOMy Tpe-
60BaHWIO YAOBMETBOPAET “OAMHHAA" MuULeHb, nNpeAcTasBfeHHas Ha puc. 1. C nomowbo "AIMHHOR™
MULLEHM Oblia M3y4yeHa (opma HenpepbiBHOrO cnekTtpa nog yrnamm 30° - 145° B uHTepBane
3Hepruii 460 - 1087 KasB. B npegenax OWWGOK M3MepeHMiA (hopma CnekTpa OKasbiBasacb BCerpga
NpsMOYrofibHOM. 3TOT pe3ynbTaT NOATBEPAUICA MPU M3MEPEHUSX CMEKTPOB C (hoMbramMmu TOMLLW-
Hoii 90 1 60 mMr/cm2, rae 4acTo 6biI0 BO3MOXHO HabMHOAaTb HENPepbIBHbLIA CMEKTP BOGAM3M NUKa
MPOTOHOB peakummn /3/.

3. PesynbTarthtl M3MepeHNIW

Ha puc. 2. npepgctasneHbl (B CUCTEME LEHTpPA Macc) YroBble pacrnpefeneHns LenT-
poHoB KaHana /1/ peakumn He3 + T. CpefHekBajpaTUyHas OLMOKa KaXKOOW TOUKW pacnpepgene-
HWA He MpeBbilAeT +5 % Ha ocu opAuHAT 3TOr0 W NOCMEAYHLMX FpadiMKOB HaHeceHbl AuddepeH-
UManbHble cevyeHns. ABCOMIOTHbIE BEMUUMHBI 3TUX CEYEHWIA MOy4YeHbl HOPMUPOBKON OTHOCUTESb-
HOro Xoda KpWBbIX MO AaHHbIM AuddepeHUManbHbIX cedeHmii nog yrnom 90°, npeAcTaB/leHHbIX B
pabote [3].

VB pucyHKa BWAHO, 4TO YrnoBoe pacnpepgeneHne npu 460 KB CUMMETPMYHO OTHOCU-
TenbHO 90° M umeeT Makcumym npy 90a. C yBefMUYeHWEM 3HEPTUU TMOMOXKEHUE MaKCMMyma He Me-
HAETCHA, B TO BpemMs Kak AuddepeHUManbHOe cevyeHWe B Makcumyme pacTeT. [lpu aHeprum 665
K3B 1 Bblle HabnOAaeTcs acMMMETPUS B YI/IOBbIX pacnpefeneHusx, 3HayeHWe KOTOPOW MpeBbl-

LLAET OLMOKA M3MEPEHMWIA.



Puc. 2. ¥Yrnosble pacnpegeneHus geinTpoHOB KaHana /1/ peakumn He8 + T B cucTeme LieHTpa macc.

Ha puc. 3. npeacTaBneHbl yrioBble pacnpefeneHns MpPOTOHOB M3 KaHana /3/ peak-
um (B cucTeme LeHTpa Macc). CpeAHekBagpaTW4Has OLLMOKA 3TUX WM3MepPeHWin cocTaBnseT 20 -
- 30 % [ sHeprn 665 KaB B pailoHe 40° MOSBNSETCA LUMPOKUIA MakcMMyM. C pOCTOM 3Hepruii
MONOXEHWE 3TOr0 MaKCMMyMa CMeLUaeTcs B CTOPOHY 60MbLUMX Yr/iOB.

YrnoBble pacnpefefieHns HenpepbiBHOW 4YacTW CNeKTpa npuBefeHbl Ha puc. 4. 3
pacnpefiefieHns MpegcTasfieHbl B /1a60paToOpHON cucTemMe KoopauHaT. CpefHeKBafpaTUyHas OLLMOKa
Ka3foi 3KCMepuMMeHTa/lbHOM TOUKM He npeBbiwaeT 12 % Kak BUAHO M3 PUCYHKA, TMOMyYeHHble
pacripefeneHns aCUMMETPUYHbI OTHOCUTENbHO yraa 90°. Bbixog YacTWL B Majble Yribl 60/ee Be-
posiTeH. [Mpn BO3pacTaHWMM SHEPrMM 3Ta acUMMETPUS YBENUYMBAETCA.

MonyyeHHble pe3ynbTaThl MOKa3bIBAOT, YTO HaumHas yxe ¢ 3Hepruu 460 K3B yrioBbie
pacnpefeneHns NpoAyKTOB peakuuMn KaxAoro KaHana He W3TPOrHbI.

Ha ocHoBaHWWM u3MepeHWin crnekTpoB nog yrnom 90° npu sHeprusax 460, 665, 900 wu
1087 K3B onpegensnnch COOTHOLUEHUS MeXAY BbIXOAaMy MPOAYKTOB peakuuu KaXAoro KaHana.
Pe3ynbTaTbl M3MEPEHWIA M WX CpeAHeKBaApaTWyHble OWMOKM MpeAcTaBieHbl B Tabn. 1. Kak BUAHO
13 Tabnuupl, B Npefenax OWMOOK WM3MEpPEeHMA 3T COOTHOLUEHWS| HE MEHSIOTCS.



Puc. 3. ¥Yrnoeble pacnpefeneHus MNpoToOHOB KaHana /3/ peakuyun He3 + T B cucTeme LeHTpa Macc.



Puc. 4. YrnoBble pacrnpefeneHuss HenpepbiBHOTO CreKTpa MNPOTOHOB KaHana /2/ peakuwmn He3 + T B
nabopaTtopHoit cucteme. (Lkana opamHaT KpumBoin gnsi 1087 Kag cmeHeHa Ha 1 mb6/cTepag
BBEPX.)



Tabnmua 1.

COOTHOLLIEHMA MeXay BbIXOZaMKM pa3HbIX KaHanoB peakuum He® + T

OHeprus
460 Ka3B 665 KoB 900 K3s 1087 Kass
KaHan
KaHan /1/ (4352 % (455+2 % (4552 % (46 £2) %

kaHan /2/ (50 £ 6) % (485 +6) % (46.5+6) % (45 x6) %
kaHan /3/ (6 +15) % (615 % (7 +15) % (9 +15) %

B Tabnuue 2 v Ha puc. 5. nNpeacTaB/ieHbl CEYeHMS KaKAOro KaHana peakuum v non-
HOe ceyeHue peakumm He3 + T B MHTepBase 3Heprum 460 - 1087 Kas. CeyeHus nofy4veHbl Ha
OCHOBaHUW YI/IOBbIX pacnpejeneHuii, npeAcTaBneHHbIX Ha puc. 2., 3., 4. B atoii Tabnuue
npeAcTaB/eHbl CpefHeKBaApaTUUHbIe OLWMOKM B ONpefeneHun cedveHus. Ha puc. 5. Takke npepc-
TaB/MeHbl KpMBasi MOMAHOro ceyeHus peakumm He3 + T (kpuBas 6), u3mepeHHasa S Ma EHou u gp.
[3]. B cpaBHeHMs pe3ynbTaToB BMAHO, 4YTO HayuHasa C 3Hepruin npumepHo 650 Ka3B faHHble
3TUX aBTOPOB CYLUECTBEHHO PAaCXOAATCA C AaHHbIMUA HACTOsLEe paboTbl. ITO OOBLACHAETCA TeEM,
YTO BbIYMC/IEHME MOMHbIX CeYeHMA peakumn He3 + T B pab6oTe [3] 6bI0 NpoBeAeHO B Npeanosno-
YXEHUN CHeprYECcKOin CUMMETPUM YTNOBLIX pacnpefeneHnii NpogyKTOB peakuuu, BbICKa3aHHOM Brep-
Bble C.D. Moak [2]. Haum m3vepeHWss He NOATBEPAUIN 3TO MNPEANONOXKEHNUE.

Tabnuua 2.

MorHble ceyeHus peakuun Hed + T

QHeprusa

460 KoaB 665 KoaB 900 KsB 1087 KaB
KaHan

0 (mM6H) A 0 (M6H) A 0 (M6H) A a (M6H) A

KaHan /1/ 11,2 +0,6 0,41 169 +0,8 0,40 196 *1,0 0,39 21,0 1,0 0,40
KaHan /2/ 14,4 +1,7 0,53 22,5 +2,7 0,53 271 +3,2 0,54 275 +3,3 0,52

+

KaHan /3/ 1,7 + 0,3 0,06 2,9 +0,6 0,07 3,3 +0,7 0,07 4,4+09 0,08
No/NHblE 27,3 + 1,8 42,3 + 2,8 50,0 £3,4 52,9 + 3,6

(JaHHble B cTONGUE A NpeAcTaBnstOT AOMO BbIXOAAa COOTBETCTBYHOLLEro'kaHana no ot
HOLLEHVIO K MOSIHOMY CEYEHMIO peakuun.)



Puc. 5. TlonHble ceyeHus peakumm He3 + T
KpuBasi 1 - kaHan /1/,

KpuBas 2 - kaHan /2/,

KpuBasi 3 - kaHan /3/,

KpuBass 4 - nonHoe oeveHue peakuuy He3 + T,

Kpueasi 5 - ceueHune peakuyum He3 + T, B3sToe M3 paboTbl lu Ma BHa n gp. [3]. m

ABTOPbI BblpaXKatoT ry6okyto 6narogapHoctb .M OceTuHckomy m M. B. Cun3oBy 3a noc-
TOSHHbIA WMHTEPEC W fAeHHble 06CyaeHus, .M. KocTpomudyy 3a W3roTOBNEHWUS Ta30BbIX MULLEHEW, a
TaKKe Tpynne 00CNYXMBAHWA 3/1EKTPOCTATUYECKOr0 reHepaTopa.
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NUOLEAR RECOIL IN 14,8 MV BNERGY NBUTRON REACTIONS

J. Csikai - Mrs.P. Bornemisza - |. Hunyadi

Institute of Nuclear Research of the Hungarian
Academy of Sciences, Debrecen, Hungary

1. Nuclear recoil and Cross section measure-
ment

The activation method is often applied for determining the fast neutron re-
action cross sections. Generally thin foils are used for measuring (e.g. [1-4]). Ne-
vertheless due to nuclear recoil during the activation a part of the active nuclei is
breaking off from the foil, which must be taken into consideration if the cross sec-
tion is determined from the measured activity. The ratio of the activities of the bro-
ken off nuclei (Ac) and that remaining in the foil (Af) depends on the thickness of
it. If the foil is thicker than the range (JO) of the recoil nuclei having the meximum
energy, then the activity of broken off nuclei is saturated, in which case there is a
simple relation between the ratio Ac/Af and the thickness X of the foil:

Ar
— » = /1/
Af

For a given saturated thickness X the value of the constant C can be computed simply
from the measurement of the ratio AjAf. Knowing C the value of the ratio Ac/Af can
be given for any thickness X >X0. The connection between the value A - Ac + Af which
is necessary to determine the cross section and the activity Af remaining in the foil
is:

IV

In many cases the relative method is used to determine the cross section values,
mainly choosing the reactions AlZ/ (n, a)Na24 and Qu63 (n, 2n) Cu& for the -standardisa-

tion.



Pig. 1. Targeting arrangement for irradiation. Ratio of the broken off (Ac) and produced
(A) active nuclei vs. target foil thickness.

W investigated the thickness dependence of the ratio of the broken off
(Ac) and the total (A) activities in the case of AlZ (n,p) MyZ and AlZ7 (n, a)Na4
reactions. The irradiation were performed by 14,8 MV energy neutrons, originating
from D + T reaction, the target arrangement can be seen in Fig. 1. The values of Ac
and Af belonging to the MgZ7 and Na24 nuclei was determined from the measurements
of the beta activities of the foils a b, c. It can be seen from the ratios AjA
plotted in the figure, that in the case of foil thickness used for the cross sec-
tion measurements the broken off activity can reach 8 - 10 %of the total activity.

In table l.are given the C values occuring in relations /1/ and /2/ for
some important reactionswith 14,8 MV bombarding neutron energy, in the case of sub-
stituting X mg/cm2.



Table 1.
. Meximum recoil
Reaction energy (VV) C
AIl27 (n, a) Na4 3,814 0,245
AlZ (n,p)MgZ 1,951 0,197
Co® (n, a)Mnée 2,17 0,104
Cue3(n, °n) Ce2 0,637 0,040
CuBB (n, 2n) CuB4 0,728 0,040
Cneb (n,p)Nies 0,353 0,050
Agl7 (n, 2n) Agl®B 0,471 0,014
AglD (n,2n)Agws 0,476 0,012
2. The .fange of recoil nuclei

The range and the range straggling of slow moving atoms is not cleared up in
the cases when the atomic number of the moving atom and the stopping medium is nearly
equal [5]. The investigation of the range of the recoil nuclei originating from reac-
tions (n,a); (n,p); (n,y); (n2n) in target material can provide important data for
the solution of the problem. Equations [1], [2] hold only in the cases of X > X0,
therefore the thickness X = X0 beginning when the value of Ac/A - C/X is not zero, is
just the range of the meximum energy recoil nuclei. With this method we examined the
range of recoil nuclei in aluminium, originating from reactions AlZ (n,p)MgZ/ and
AlZ (n, a)Na24 in the case of 14,8 MV neutron energy.

The range of the recoil nucleus can be measured by a simple method and with
very great accuracy in case of certain neutron reactions, namely if the direction and
size of the momentum of the recoil nucleus are nearly equal to those of the bombarding
neutrons. This happens for example in the (n,y) reactions and (n, 2n) reactions having
high negative Qvalues. In these cases at the calculation of the recoil energy one does
not need to take into account §he negligible energy and momentum of the emitted par-
ticles, and so the experimentally measured range can be ordered to a rather well-
defined energy. The energy of the recoil nucleus is given in a good approximation by
the formula:

p En
Er =T n 131/

where En is the energy of the bombarding neutron, and A the mass number o'f the target
nucleus. If the incident neutron beam is perpendicular to the plane of the target



foil, the range of the recoil nuclei may be determined in the following way:

R 14
Ac 4 AT

where X is the foil thickness and Ac and Af are the activities that recoil into the
catcher and retaind in the target foil, respectively. The value of X Ac and Af are
taken from the experiments. The above relation is valid only in case X >R. With
this method we determined the range of 140 keV Rh104 nuclei, originating from the
reaction Rms (n, yJRh10™ in rhodium.

Nielson gives a theoretical expression for the range:
_06{22* + 74 ) W At + A,
’ Zx Zs 4i

R A*Ei  (ué/on2) 5/

where Zu At and Zc, A2 are the atomic numbers and masses for the incoming particles
and the tarteg atoms, respectively, and Ex is the energy of the incoming particle in
keV.

Table Il. contains the range values determined experimentally and computed
from the relation given by Nielsen [6].

Table 11.
Recoil Eneecr(;ll/ Range
atom (VEV) (mg/u)
Meas. Calc.
g 1,95 0800 1,329
Ne24 381 1,500 2965

Rho4 0,14 0,089 0,043

Comparing the values measured and calculated it turns out that the ranges
determined by the Nielsen formula agree within a factor of two with our experimental
results (however the direction of the deviation is not the same). An extensive ex-
perimental program is in progress with the above mentioned method, for the range mea-
surement.



BB Observation of fast neutron reaction us
ing recoil technique

The occurrence of a reaction is often proved by the appearence of a radio-"
activity due to a residual nucleus of known half-life. Nevertheless if any concurrent
reaction of high cross section exists; it is practically impossible to show the pre-
sence of the low cross section activity, by analising the complex decay curve - espe-
cially if there is but a little difference between the half-lives. In the case of
short half-lives even the chamical separation cannot be applied. In some cases the
separation of the residual nuclei due to different reactions can be achieved through
nuclear recoil. Investigating fast neutron reactions, recoil technique can be applied
mainly in the observation of (n,a) processes. If the value of Q is negative the re-
coil nuclei from the (n,p) reaction cannot leave the foil backwards (i.e. ppposite the
bombarding direction). Almost in every case of (n,2n) reactions the recoil nucleus
emerge only into the forward direction, because of the great negative value of Q and
so no disturbance arises when observing the (n,a) reaction of considerably lower cross
section. In bombarding a Cu foil with 14,8 MY neutrons we obrained an activity of
half-lives 1,52 min. and 13,50 min. on the backward polyethylene which proves the
presence of Cuee (n, a)Coe2’ 8m reactions. W obtained as cross section ratio 1,4 how
ever it belongs only to the transitions Ea £ 3, 75 MeV because nuclear recoil occurs
in this case only backward.

Bombarding silver with neutrons, activities of half-lives 4,5 min. and 125
min. were observed in the backward direction, which proves the existence of reactions
AgI7 (n, YKNO4M and Aglle (n, oi)Rhloem.

Sore attempts will be made with the recoil technique to observe the (n,He2B
reactions, too, which were untill now unobservable, because of the great background
effects.
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VOTEOORAH/E SHEPTETVMECKOA 3AB/O/IVIOCT OTHOLLEHAA CEHEHAA VBOVEPOB

M. Bayo - KO YUvkan - #. [apoum
WHcTuTyT AnepHbix WccneposaHnii BAH [ebpeleH

1, BBepgeHuUe

B AgepHbIX PeakUMsiX KPOMe 3apsaja, 3Hepruu, pagumyca W YeTHOCTM Y4yacTBYHOLUMX
A4ep 3HAUUTE/NbHYIO POfb UrpaeT TakkKe WX MOMEHT KOMMYECTBa [ABWKEHWA. B C/ly4ae BbICOKUX
3Hepruii Bo30Y)XXAEHWST BMECTO MOMEHTA KOJINYECTBA ABWMXKEHMS OT/AeNbHbIX YPOBHE MOXHO FOBO-
pPUTb TOMbKO O pacnpefefieHn MOMEHTa KOMMYeCcTBa ABWXKEHMS YPOBHEA B Ma/loM WHTepBane
aHeprun. beTe [1] wn bnox [2] noka3anu, 4TO MNAOTHOCTb YPOBHEN C MOMEHTOM KO/nM4yecTBa
[BWWKEHNA J NPy 3HepPrum BO30YXaeHUs B paeTcs ypaBHEHWEM:

o) po) @l +1) € (3 + 1/2) */20*

roe 0(0) MNOTHOCTb YPOBHE C MOMEHTOM KOJIMYEecTBa [ABWKeHMst 0, O napameTp, [Jaloupid 3aBu-
CUMOCTb MNAOTHOCTM YPOBHEN OT ChAWHA.

B MHOrouMcneHHbIX SAAEPHBbIX peakuusxX KOHeyHOoe A4P0 MMeeT Takke AO/rOXuUBYLLee Me-
TacTabunbHOe COCTOAHME, CMNUH KOTOPOrO CW/bHO, 3SHEPrus HEMHOrO0 OT/AMYaeTCA OT, CMMHA K
3HEeprun OCHOBHOIO COCTOSIHUS. OTHOLLUEHME BEPOATHOCTE BO3HWKHOBEHMS OCHOBHOrO W MeTacTa-
OWNBHOTO COCTOSIHUA (M30MEPHOIA Mapbl) Ha3blBAETCSA OTHOLUEHWEM CEYEHWIA M3OMEPOB WM OTHOLLE-
HMEM BbIXOAOB M30MepPOB. OTHOLLUEHNE CEYEHMWIA M30MEPOB MPaBWIbHO OTpaXkaeT 3d(eKTbl, NpUYK-
HEHHble MOMEHTOM KO/IMYECTBA [ABWXKEHVS Ha SAAepHble peakuuu.

OnpegeneHve napameTpa O BO3MOXHO MyTeM CPaBHEHWSI OTHOLLUEHWIA CEYEHWIA U30MEPOB,
MONYYEHHbIX 3KCMEPUMEHTaNbHO M MO Teopuu cocTaBHOro sagpa [3-6]. Ecam cocTaBHoe A4po
MMeeT 060/bLUME MOMEHTbI KO/MYECTBA [BWKEHMS,, TOrfAa OTHOLLEHWE CEUYEHWI U30MEPOB CU/bHee
3aBMCUT OT 3HaYeHWs MapameTpao, M3-3" 3TOr0 uUccnefoBaHWe  3TOFO0 OTHOLIEHWA B 3aBUCKUMOC-
TW OT3Heprun 6GombGapaMpytoLLeil YacTWLbl JaeT BakHble fAaHHble AN ONpeAeneHns 3aBUCUMOCTM
NNOTHOCTU YPOBHeM OT cnuHa [5-8].

ﬁ?&nb HaLLel pa60Tb|[, Kp:!)nne LONOJTHEHNS sHaueHun’  ceueHniA peaKu,mvi)ﬂ,qep |r<)|_!|103’
In118 n 3r0l c HelnTpoHamu, faTb 3KCNEPUMMEHTa/bHbIE AaHHble AN5 3aBMCUMMOCTM MapameTpa a
OT 3Heprum BO30YXAEHMS.



2. MeTop M annapaTypa M3mMepeHMUi

V3MepeHus B cfiydae poaust U UHAMA ObU NPOBELEHbl aKTUBALMOHHLIM METOLOM Tep-
MWYECKAMM HEWTPOHaMM W HeWTpoHamu € 3Heprueid 24 n 116 k9B, 2,5; 3,1 un 14,7 Mas.
aKTVBaLMN TEPMUYECKUMM HEATPOHAMU OblMM MPUMeHeHbl Sh-Be (DOTOHEMTPOHHBIA MCTOYHMK [9],
MOMELLEHHbI BHYTPM napamHoBoro 670ka 6onbworo pasmepa, W metog Cd-pasHoctu (puc. 1A).
HeiiTpoHbl ¢ 3aHeprueil 24 k3B nonyumnuce n3 Sb-Be (OTOHENTPOHHOrO WMCTOYHMKA B Hepac-
CevBatoLLEli OKPY>HOCTU (puc. 1B6). HelATpoHbl ¢ aHeprueit 116 K3 ObIM MOAYYEHUWN U3 peak-
wm C12(d,n)N13, c aHepruein 2,5 n 3,1 NMsB u3 peakumm H2(d,n)He3 Ha yckoputene ATOVKI
Ha 800 kV kackagHoro Tuna [10], a c sHepruei 14,7 Mo n3 peakumm H3(d,n)Hed Ha HenT-
poHHOM reHepaTope Ha 100 kV [11]. [nA 06CONOTHOrO WM3MEPEHWs MOTOKa HEWTPOHOB W ANs
onpeaeneHnss ero BPEMEHHOW (AyKTyauuum Obin MCMOMb30BaH "MIMHHBIA cyeTumk" (puc. 1B).
[na onpefeneHns 06COMOTHONO 3Ha4YeHUs MOTOKA HEMTPOHOB "“[/IMHHLIA CHETUMK" KO/IMOpPOBAsICS
NCTOYHNKOM P0-Be C M3BECTHbIM MOTOKOM HeNTpoHOB [12]. 3aBMCMMOCTb YYBCTBUTENILHOCTM
OT 3HeprMm yumTbiBanacb Ha OCHOBe paboTbl Bauena u gp. [13].

D Jlyuok

Puc. 1. CxeMbl aKTUBAUMA HEWTPOHAMM PasNUuYHON 3Hepruu.
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ToNwyHbl MCNOMb30BaHHbLIX B M3MepeHmsx Rh u In ¢onbr 6o 124 n 153 mMr/cm2
COOTBECTBEHHO. R-aKTMBHOCLIb (hONbI AeTeKTupoBanach TOPLEBbIM CUYeTYMKOM [eiirepa, uM-
NynbCbl KOTOPOrO MofaBajnCb Ha nepecyeTHbIn npubop MC-10000. Ywmcna cueTa HenpepbiBHO
paboTatoLlero npubopa B OnpefesieHHbIX MOMEHTaX PErucTpupoBanuCb KMHOCHEMOYHBLIM annapa-
TOM.

B cnyuyae In116 onpeaenvnncbOTHOLIEHNS CEYEHWIA, M3-3a 3TOro Heobxoaumo 6bino
BHECTW MOMNPaBkW TONbKO Ha pasnyvMe B CaMOMOrfalweHuy WCTOYHMKA W B MOrnaweHnn OKHa B
CNefiCTBUE OTANYUA MaKCUManbHbIX 3Hepruin B-rpynn unsomepos In10 w Inllem. 3TM nonpasku
OblM paccuiTaHHbl Ha OCHOBe pa3ynbTaToBEakefa u Kaua [14], u Tawke BposeTTo M gp. [15].
B cnyuyae Rh108 onpegensinocb M 0OCOMOTHOE 3HAuYeHWE CeYeHWs U3 06COMHOTHOW aKTMBHOCTU
thonbrn. [Ana atoro cueTumk [elirepa kKanmbpoancs cTaHgapToMm U02S04, mcnonb3ys Te e reo-
MeTpUYeCcKMe YC/IoBUS, Kak W B Ciydae (hONbrK, W yyuTbiBas OTAMYUS B TONWMHAX U 6eTa-crek-
Tpax S0TOYHMUKOB.

3. MccnepoBaHUA4 3HepreTMnmyeckKoi 3aBUCUMOCTMU
OTHOWEHUMN ceyeHUMn BO3HWUKHOBEHMUSH M3oMeposB
Rh104»10M11 n In113 113mB peakKyunwu (n,y)

Mo cxeme pacnaga RhiM [16] s4po M3 MeTacTabuibHOro COCTOSIHUSI C BbICOKMM CMn-
HoM (Im = 5) nepexoAuT NpakTUYECKWU MOMHOCTbI0 B OCHOBHOE COCTOSIHWME C HU3KUM 3HAYyeHUeMm
cnuHa (lg =1). YyBCTBUTENbHOCTbIO HALLEro AeTeKTopa K BO3HMKAIOLWM Npu 3TOM Mepexoge Y-
Nyyam HU3KOW 3HEPrMM MOXHO MpeHebpeyb; MO KOMMOGPOBKe MCTOYHMKOM Celdl 3To MeHblie 0,4 %
Takvm 06pa3oM ornpefeneHve yucen figep Kak B OCHOBHOM, TaK M B MeTacTabu/ibHOM COCTOSHWUU
NpPou3BOAMNNOCL MyTEM W3MepPeHUsi B-3MUCCMM OCHOBHOrO COCTOSHMA. B 3ToM cnyyae u npu noc-
TOSIHHOM MOTOKE M aKTWBHOCTM HACbILLEHNS OTHOLLEHME CeveHWin 13omepoB (og/om) paetca B 3a-
BUCUMOCTM OT OTHOLLEHUS aKTMBHOCTel (AgQ/A”N  BbIpDKEHVEM:

roe \g u MOCTOSIHHbIE pacnaja OCHOBHOrO W MeTacTabu/ibHOro COCTOSIHUA COOTBECTBEHHO.

Io cxeme pacnaga In110 [16] s4po M3 MeTacTabwuibHOrO COCTOSiAaHUSI C BbICOKAM CMU-
HoMm (Im = 5) nepexogut B cTabunbHoe Aapo Snll0 4yeTbipbMsA B-rpynnamu, a OCHOBHOE COC-
TOSIHME C HM3KMM 3HauyeHuMem cnmHa [1° =0;1) ogHoin R-rpynmnoii. y-Mepexofd MeXay W30MepHbIMM
COCTOSHUAMU He WMMeeTcsi. [103TOMY B C/lyyae MOCTOSHHOrO MOTOKA W aKTUBHOCTU HacCbILLEHMS
OTHOLLIEHVE CEYEeHU A N30MEpPOB [AETCS HEMOCPEACTBEHHO OTHOLLEHWEM aKTMBHOCTEN.

Ecnv NOTOK HEWTPOHOB BO BPEMS aKTWBaLWUW W3MEHSeTCs, COOTHOLeHMe Mexgy Og/am
N AQVAT cnoXHee, HO HECMOTPS Ha 3TO, W3MEHEHWEe MOTOKA MOXET OblTb YUYTEHO C /I0BOA TOu-
HocTelo [17, 18].

MapamMeTpbl CNOXHLIX KPMBBLIX pacnaja 6buim onpefeneHbl metogoM “maximum likeli-
hood" [19, 20].

MonyyeHHble 3HAYeHWS OTHOLLUEHWIA CEYEHWIA M30MEPOB MPU YKAa3aHHbLIX BbLLE 3HEPTUAX
HEMTPOHOB faHbl B Tabnmue |.



Tabnuuya 1.

. cw  HEM
SuepreTuyeckas 3aBucumMocTb 0Ma™ B peakuuax Rh108 (n,y)Rh104' ,0*m u In118 (n,y)1ln

(Bcnyyae In ow = ou®WH + a”’®°%K) .

°g/°’m
B RhiB  In118
TepMmY. 11,53

24 KB 8,44 0,277
116 k3B 5,29
2,5 MbB 4,42

3,1 M= 0,201
14,7 MbB 3,28 0,194

VB HaLWX V3MepeHVin MOryT ObITb OMpeaesieHbl KPOMe [aHHbIX BbLLE OTHOLLEHMIA CeYeHWi
CrefytoLLyie HOBbE CeYeHVs:

24 k3B
Rh10- (n, y) =168 b3 ony=QqQ + Qu=1,89 b
In118 (n,y) og = 223 mB/ ony = 1028 mo/
2,5 Ms
Rh1X3 (n, o
(n,y) Y _ o
Rh1® (n, a) M ’
3,1 M8
In118 (n,y) Qy = 18 ntB any = 108 ntB
14,7 M
Rh1X (n,y) y=106nmb om=3,2nb = 13,8 nb
Rh103 (n,a) on(, =10,2 nb

a MouHives pesynbTaT am™=0,2 b Tamena 1 Mavepmsa [21].
6/ MMpuHumvas pesynbtar ol =805 nb U&wwHa n ap. [22].

B/ MomHnvast pesynbtar  am = 90 nb Koxana [23],



WHTepecHO OTMETUTb, 4TO B cnydae Rh Henb3s npeHebpeyb pacnagoMm Y-nepexonom
MO OTHOLLEHWO 3MUCCUM APYTUX YACTUL, JaXe NpU BbICOKMX BO30YXAEHUAX.

[na pacuyeTa OTHOLLEHWS CeYeHWiA M3oMepoB B cnyyae Bréd Kay v ap. [24] BBenm
T.H. OTHOLLEHME KacKafHOro pa3BeTB/EHWS, He3aBUCMMOE OT 3HEepPrum BO30YXKAEHUS:

4ncno nepexonos Ha OCHOBHOE COCTOAHME
4Ynucno nepexonoB Ha MeTacTabunbHOe COCTOSIHUE

rj o6o3HauyaeT 4acTOTy MEPEXOA0B MPOMEXYTOYHOIO f4pa C MOMEHTOM KanuyecTBa ABMXKEHMS
«KHAOCHOBHYIO M MeTacTabubHyl0 YpPOBHW. TakuM 06pas3om 3Has rj W pacnpefeneHne MOMEHTOB
KasM4yecTBa ABWXKEHUS MPOMEXYTOYHOrO figpa OTHOLUEHME CEYEHWU M30MEpPOB MOXET OblTb pacum-
TaHHO.

PacnpefeneHne MOMEHTOB KOSIMYECTBa [ABWMKEHUS J MPOMEXYTOUHOro afpa B 3aBUCU-
MOCTU OT 3Hepruv E pgaetcs -cregyroumm BbipakeHvem [25, 26];

'8 V “* 2] *1
a0E) M ZT o s+ eI+ A
S-\I-s\

roe X gnavHa BOMHbI [IB Bpoiina nafarollero HeMTPOHa, S CMWH HeWTpoHa, | cnuH sapa-MULLEHN,
S cnuH KaHana, Tj(A&) NpPOHULAeMOCTb MOBEPXHOCTW A4pa ANs HEWTPOHOB C 3Hepruein E u
opbUTa/IbHLIM MOMEHTOM |. 3HayeHus ) B CAy4yae HeWTPOHOB MOryT ObITb TOYHO paccyu-

TaHHbl [26, 17].
Hamm Gblna paccMOTpeHHa NPUMEHUMOCTb OTHOLLEHUS KackKafHOro pa3BeTBEHUSs, Xa-

pakTepusyloLlero pacrnaga, B cnyyae peakumnm Rh108 (n, Y)Rh104' to*T. B Tabnuue 2. AaHbl M3-
MepPeHHbIE W paccyuTaHHble 3HadeHus Og/om, u 3HayeHus a(J,E) u rj.

Tabnmua 2.

V3mepeHHble M pacuuTaHHble 3HaveHus Og/am u 3HadeHus a(J,E) u rj.

0 1 2 3 4 5 6 7 8 9 10 V&
E\ V3Me-  paccuu-
PEHHOe  TaHHoe
Tepmud. 0, 2500 0,7500 n53 123
24 K 0,2274 0,7160 0,0566 8,44 10,1
116 K 0,1792 0,6391 0,1744 0,0073 ' 529 7,0
2,5 MB 0,0497 0,2733 0,3328 0,2376 0,0912 0,0151 0,0004 442 20

14,7 Me 0,0117 0,0700 0,1144 0,1540 0,1824 0,1365 0,1519 0,0880 0,0328 0,0073 0,0009 3,28 0,44
r 1/0 91 2/1 11 172 1/9 0/1 0/1 0/1 011 0/1
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3MepeHHble N PacCUMTaHHbIe OTHOLUEHWSI CEYeHWUIi M30MEpOB YA0BMETBOPUTENIbHO COT-
NacytoTcs TONMbKO MY TEPMUYECKUX IHEPTUSX, B TO BPEMS KaK PacXOXAeHMe CTaHOBMTCS BCe
GO/bllee MPU BLICOKUX 3HEPrMaX. 3JTO 03HayaeT, UYTO OTHOLUEHWE KacKagHOro pa3BeTB/IEHWUS,
BBeleHHOe Kalom W p., He MOXET CUMTaTbCs OBLLEAEVCTBYIOLMM 3aKOHOM.

4. dapykKTyauwusa OTHOWEHMNSA ceydyeHMUI M3IoMeposB B
3aBucummocTMH oT 3Hepruwu ans peakuymuwu Br81(n, 2n)Br&

3-3a CTATUCTMYECKOW (NyKTyaumm ceyeHust [27] MOXHO OXnAaTb, UTO MPW XOPOLLEM
paspeLLueHun MosABASETCA (PAYKTyaums U B SHEPreTUYeCcKOW 3aBUCMMOCTU OTHOLLEHUIA CEeYeHWA 130-
MepoB. [ns nccnenoBaHMIn LieNecoo6pasHO BbIOPaTh PEAKUMIO C HU3KUM YPOBHEM BO30YXKAEHMSI KO-
HeYHoro agpa, 4ToObl YMEHbLUUTL YCpefHAOLWee BAUSHUE Y-KackafoB. [ns 3Toro peakuus
Brg81(n,2n)Br80' ®T Ka3anacb MOAXOAALIEA. IHepretTnyeckas 3aBUCUMOCTb OTHOLLUEHWIA CeYeHWit
M30MEPOB MCCnefoBasiacb METOOM aKTUBaUMKM MPU 3Heprusx HeintpoHoB Em = 13,5 * 14,7 Mo u
npy paspeLueHnn 100 k3B. HelTpoHbl nonyunaucs B peakumm D + T Ha ycKOpUTene HU3KOro
HanpsbkeHns (80 kV). 3Heprus mameHsnacb, Kak 3TO MOKa3blBaeTCA Ha puc. 2., pacrnosioxe-
HUEM MWLLEHW B pa3fMUHbIX HanpasneHusix. HaHoca ucnonb3oBaHHOe B uccnefoBaHuax LiBr Ha
KOHYCHble MOBEPXHOCTM pPa3HOro yrna pacTteBopa W3 (MAbTpoBaibHOW 6Gymaru, 06ecneynBanochb
BeCbMa CTpOroe orpejeneHne HaripaBieHus.

AKTMBHOCTb MULLIEHE OMpefensnack CUMHTWAMALMOHHBIM Y-CrieKTpomeTpoMm [28, 29].
MprMeHeHVEM y-CMEeKTpPOMeTpa C OAHOM CTOPOHbI YAanoch YMpPOCTUTL 06paboTKy CNOXHOW Kpu-
BOW pacnafa, C APYroil CTOPOHbI UCKNKOUYUTL aKTUBHOCTb Se8l, npoucxofsllero W3 peakuuu
(m,p) W MMetoLLEro MepuoA nonypacnaja, paBHbIA nepuody siapa Br

M-1Y4HOK

I/ Br

Puc. 2. Cxema akTmBaumm B cnydvae peakuuu BrOL (n.gnJBr80»eom.



£, (MeV]

Puc. 3. 3HepreTmyeckas 3aBUCMMOCTb OTHOLUEHWIA CEYEHWII M30MepoB Npu paspewweHun [EM ~ 100 K3B.

Ha puc. 3. MnokasaHWW M3MepeHHble OTHOLLEHWS CEYEHWIA WM30MEpPOB B 3aBMCUMMOCTW CT
3HEPrMU HeWTPOHOB. W3 KpMBOIA BUAHO, 4YTO MOSBASETCH, KaK 3TO U OXMAAIOCh, 3Ha4YMTe/bHas
(hyKTyaums B SHEPreTMYECKON 3aBMCHMOCTM OTHOLUEHUS CEYEHWU WN30MEpOB.

[na cpefHero 3HauyeHMs OTHOLUEHWIA CEYEHWIn M30MEepOB B WHTepBase 3Hepruin 13,5 *
+ 14, 7 MsB nony4unocb 3HauveHwue

o

g » 0, 755,
Or

Xopowo cornacytouleeca pesynbtatom 0,716 Ctpoxana v gp. [30].



B 3aKoueHnn aBTOPbl CUMTAKOT CBOMM [ONTOM BblpasuTb 6GnarogapHoctb T. banory (KLTE)

n M, Ypam (KFKI) 3a okaszaHHYH Ham MOMOLp B MaTeMaTM4eckoil 06paboTKe CIOMHBIX KPMBbLIX pac-

naga,

U VYiixeim 3a U3roTOB/IEHNE CTAaHAAPTHOrO MCTOYHMKA W nabopaHTy 1. BogHapy 3a ydactue

B HYMEpPWUYECKMX pacyeTax.
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PRCBLAVE AND RESULTS IN THECRETICAL AND EXPERIMENTAL
INVESTIGATIONS ON e/3+ RATIO

D Berényi

Institute of Nuclear Research of the Hungarian
Academy of Sciences, Debrecen, Hungary

The present state of the theory and the experiment concerning the electron cap-
ture to positron emission ratio is given. The experimental methods and procedures are re-
viewed too. Some application of the determination of the ratio and some open problems in
connection with it are discussed especially in the case of forbidden transitions.

1. INTRCOUCTION

Anong the phenomena and characteristics of beta-decay (i.e. negative and
positive beta-decay as well as electron capture) there are such which can obviously
occur only in electron capture and positive beta-decay processes, respectively. These
are the orbital capture ratios (KL, Lj/L-q etc.) and the branching ratio of electron
capture to positron emission (e/B+) in transitions of the decaying nucleus to the same
level of the daughter nucleus. One can use these to determine parameters of nuclear
levels and nuclear transitions but the relative probability of the capture of electron
from the different atomic orbitals or also the relative probability of the electron
capture and positron emission processes are interesting in themselves too, as phenome-
na, because they are not clarified in any respect especially in forbidden transitions.

In the present survey article the author tries to summarize the results and
problems in connection with the capture to positron ratio especially for forbidden
transitions for the above mentioned reasons. In the second section are reviewed the
experimental methods and procedures of the determination of e/B+ ratio (first of all
e™R+ ratio, as from the view-point of comparison with the theory, it is the most im
portant). After that the theoretical calculations and experimental results as well as
the comparison of these are discussed (Section 3) and finally some conclusions are
drawn for existing problems and necessary farther measurements and calculations (Sec-

tion 4).



2. BAERIMENTAL METHID6

The individual methods for the determination of the capture to positron
ratio are not universally valid. Partly they supplement one another, partly depend
on the actual decay scheme [1, 2].

Ore of the simplest procedures is the comparison of the annihilation peak
and the peak corresponding to X-ray radiation following Kcapture in the scintilla-
tion y-spectrum. In addition to the usual correction (energy distribution), fluores-
cence yield and internal conversion - if it is present - also have to be considered.
Furthermore, also in case of an appropriate decay-scheme, the K-X-ray peak can be
compared with a Y~peak [3]. It is likewise possible to determine the ejj/R+ ratio by
measuring the area of the annihilation and an adequate Y-peak. Here of course, the
usual corrections also have to be made. For the latter, one of the latest examples is
the measurement of Monaro et al. for Zr8 [4]; while the former ones could rather be
applied to nuclides of higher atomic number.

The proportional counter, as is well-known, is generally suitable for the
spectroscopy of radiations with low energy. Under suitable conditions, the eg/3+ ra-
tio can be determined by applying a high pressure proportional counter with an inter-
nal source. In this way the peaks from the positrons and X-ray quanta, as well as the
Auger electrons can be compared after the necessary corrections.

In magnetic R-spectrometers, the continuous positron spectrum can be compar-
ed with peaks corresponding to the Auger electrons. This method is applicable only at
higher atomic numbers where the energy of Auger electrons is high enough to be re-
liably detected in the magnetic spectrometer. However, to determine the ej™R+ ratio,
here also in the same way as in the former methods, it is necessary to know the fluo-
rescence yields. Theoretically it is possible to determine the ratio of electron cap-
ture to positron emission also by comparing the continuous [+spectrura with a suitable
internal or external conversion line, if the internal conversion coefficient, i.e. if
the cross-section of the photo or Compton effect is known,

The second and frequently used group of methods.for determining the ejR3+
ratio include procedures which apply the former apparatuses in coincidence. For the
application, for instance, of a proportional counter and scintillation techniques in
coincidence, some of tbe latest examples are [5] and [6]. The scintillation method
combined with a magnetic spectrometer in coincidence is used in [7]« In the case of
[8] three scintillation crystals are in coincidence, two of which detect the annihi-
lation quanta.

Then it is possible to determine the ej™/R+ ratio by applying different me
thods and perhaps other samples to obtain separately the positron ratio and separate-
ly the capture (X-ray) ratio to a third radiation (R*-rays, Y-rays or conversion elec-
trons) present in the disintegration. Examples in this case are [9-11].

Therefore, as we can see three main types of method used for the determina-
tion of BB+ ratio can be distinguished. The first one determines the ratio of elec-
tron capture and positron emission by applying the same source and making measurements
in the same apparatuses (scintillation counter, proportional counter, magnetic -
spectrometer). In the second one the same source for measurements in used but the ap-
paratuses above are in coincidence. Finally, the branching ratio can be determined



3.

by measuring separately the coefficient of electron capture for a given transition
and separately the coefficient of positron disintegration referred to a third radia-
tion so that different apparatuses and maybe different samples are used in the two
separate measurements, and from that data on the eg/R+ ratio can be calculated.

3. THECRETICAL CALAJATIONS AND EXPERIVENTAL RESULTS

3.1. Allowed transitions

The branching ratio of electron capture and positron emission can be obtain-
ed by dividing the probability for the two processes, i.e. by the Mdller’s formula and
the Fermi’s formula [1]. This way the capture to positron ratio for s-electrons

es a (#o + ) 29g*
v /B-V
@ + Yo }‘ Vpq'FO+{Z,tr)dtf

In this formula the used notations are the following: If0 is the total disintegration
energy (in units nec2) available for the transition (pest mass of electron is not in-
cluded); is the total energy of a |l or Aj electron in units nec2 (rest mass includ-
ed); gs is the large radial function of the electron; Yo ” (I - a2Z) , where a is
the fine structure constant; If is the total energy of positron in units nmec2; p »
= (2 - I) Y« , momentum of positron; <% Wa— H energy of tiieneutrino; FO*(Z,lIf)
is the Coulomb correction factor in normalized form, FO{Z » O =1,

The formula gives the electron capture from shells Kand Aj if ejj and
respectively are substituted for es, and at the same time gj and g~ respectively are
substituted for gs.

It is not worthwhile here to consider the capture from other shells because
with energies where positron emission also is possible (If0 > 1,02 M), the capture
takes place almost entirely from the s-orbits, and predominantly from the 1-shell [12].
1-capture here is about ten-times more probable than Aj-capture, while Ajjj-capture is
forbidden in allowed cases and so thus makes a negligible contribution to allowed
transitions. The capture from the Ajj-subshell is less probable at least by one, but
at lower atomic numbers by two or three orders of magnitude than Aj-capture [2, 12].

Feenberg and Trigg [13] were the first to make calculations about e”/R+ rar-
tio, for allowed cases, and they gave the results diagrammatically. These workers used
simple Coulomb wave-functions and ignored screening effects by electron-shells. In
Zweifel’s calculations that were carried out for six Z- and IS energy-values, these
effects has already been taken into consideration [14]. Zweifel’s values are inter-
polated and given in a graphical form in the ffapstra s Nuclear Spectroscopy Tables

(15
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There are several smaller corrections neglected by Zweifel in his calcula-
tions. Recently Perlman et al. [16] and Depommier et al. [17] have made calculations
for the £r/ 3+ ratio. The former have made their calculations mostly for the first
forbidden transitions, but for allowed ones too. They are more accurate about the
screening effect of the electron-shell both for positron emission and electron cap-
ture. Also they use a more precise value for function FO0*(Z,Ne) [18] and they take
into consideration the finite size of nucleus. Furthermore, Depommier et al. perform-
ed the calculations with the supposition of the VA interaction. Perlman and Depommier
do not give a Table like Zweifel’s. Partly they report formulas and partly the re-
sults of numerical calculations for some specific transitions.

In Table I. are assembled the pertaining data on the basis of the tables
in [1] and [17] supplemented with a few recent results in calculated and measured
ejNI3+ -values for allowed transitions.

4s it can be seen, there is quite a good agreement between theoretical and
experimental values. It is generally within 5 per cent. More significant discrepancy
is noticeable only where Sc4 is concerned.

3.2. Forbidden transitions

In allowed transitions the ratio of electron capture to positron-emission
is independent of the matrix-elements as they are cancelled in forming the ratio.

As to forbidden transitions, the case is far more complex and different,
depending on whether unique or non-unique forbidden transitions are concerned.

3.2.1. Unique forbidden transitions

For unique forbidden transitions, O =n +1, Ar» (-1) , the ratio is a
again independent of matrix-elements [17] inasmuch as, in this case also, the same
nuclear matrix-element is involved in the expressions of probability for both elec—
tron capture and positive beta-decay [2, 12].

In unique first forbidden transitions, Al = 2; An = -1, from the division
of the two corresponding probability formulas, it follows that the ratio will in-
crease by factor 2[(Fo +1)/{Fo -1)1 as against the ratio in allowed transitions
[12].

In the case of unique second forbidden transitions, Al = 3; An = +], it
likewise follows, that here the ratio will increase to about the same extent as it
did in the case of unique first forbidden transitions as compared to the allowed
ones [12]. The comparison of experimental data available with numerical values cal-
culated on the basis mentioned above are assembled on the basis of [1]. (Table I1.).

Experimental data - as can be seen - are available only for the unique first
forbidden transitions. Recently [21] positrons have successfully been demonstrated in
the unique third forbidden decay of RA0 and it has even proved possible to determine
their spectrum and number per disintegration too but in this case, there is no experi-
mental data on the disintegration rate to the Ard ground-state and so this on the
e+ ratio.



Nuclide transition

CLL(3/T — »3/2™)

FI8(1+— 0+)

Na22 (3+— 2+)

SCF* (24— »24)

V8 (4+—4+)

MB2 (6+— 64)

Co® (2+—*-2+4)

QL (3/2-— 3/2")

QuB4(l+— 0+)

Zne5 (5 /1 —*3/2")

Zr80 (9/2+— » 9/24)

Cd107 (5/2+— »7/2%)

Snll (7/2+— 9/2+4)

118 (1+— 0+)

a
b
c

Measured and calculated values concerning transitions allowed for
the e%/B* ratio

Al [l

0, no

I,no

I,no

0,no

0, no

0, no

0,no

0, no

I,no

I,no

0,no

1,no
I,no
Seereference

Seereference
See reference

1

e+

963

649

541

467

695

575

472

1205

657

325

901

320

1510

245 1?1

[23]
[24]
[1]

Table |,

Measured values

0,0019*0,0003 Scobie and Lewis&

0,030+0,002

0,103+0,006
0,122+0,010
0,102+0,003
0,112+0,004

0,067+0,016
0,021+0,019

0,62+0,11
0,70+0,09
0,63+0,02
0,69+0,03

1,34+0,22
1,31+0,07
1,36+0,09

5,4+0,2
6,1+0,8
5,2+0,16
5,13+0,2
5,08+0,17
4,3340,1

0,18+0,03
0,250 C3
0, 2240,03
0,27

1,75+0,2
2,6+0,3
2,32+0,28
1,81+0,2
2,0+0,2

28,0+3,2
32,5+6
2643

30

25+2

2.7
3.7
3,54+14

320430

2,5d0,25
1800+400
d See reference

e See reference
f See reference

Drever et al.C

Sherr and Millerc
Allen et al.c
Konijn et al.c
Ramaswamya

Blue and Bleuier0
Konijn et al.c

Sterkd
Book0
Konijn et al.c
Konijn et al.c

Sehrc
Konijn et al.c
Konijn et al.c

Cook and ToTnovecc
Grace et al.c
Konijn et al.c
Ramaswamy”™
Ramaswamy”
KramerZ

Huber et al.c
Bouchezd
Bouchezc
Cookd

Huber et al.c
Bouchez and Kayasc
Reynoldsc
Plassmand
Plassmand

Perkins and Haynesc
Sakaia

Avignon0
Perrinc
Gleasonc

Goldhaber et al.c
Shore et al.c
Monaro et al.*1

Bradt et al.c

McGinnisc

Langhoff et al. 1

[17] g See reference [6]
[19] b See reference [4]
See reference [9]

[20] i

Calculat.ed values

0,0021

0,029
0,029

0,104
0,107

0,044
0,045
0,042

0,70
0,66
0,73

1,82
1,9
1,77

5,0
5,2
4,9
4,37

0,29
0,29
0,23

2,13
2,3
2,07

30
30,7

2,8
3,40

325
SI0

331

1,5

Zweifelb

c
Perlman et al.
Hguyen-Khacd

Zweifelc
Nguyen-Khacd

Zweifel”
Perlman et al.c
Hguyen-Khacd

Zweifel
Hguyen-Khacd
Perlman et ai.c

Zweifel
Perlman et al.c
Hguyen-Khacd

Zweifel”
Perlman et al.c
Aguyen-Khacc
Hguyen-Khacd

Zweifel™
Perlman et al.c
liguyen-Khacc

Zweifel™
Perlman et al.c
Hguyen-Khacc

Zweifelc
Hguyen-Khacc

Perlman et al.c
Zweifelh

Zweifel
Perlman et al.c
Nguyen-Khacr'

Perlman et al.c






Table I1.

Measured and calculated values concerning transitions unique first
forbidden for the Eg/R+ ratio (Ol » 2,yes)

Nuclid Calculated values
uchde Al Art %/nax Measured values
transition Allowed  Forbidden Author
Rb4(r—04) 2,yes 1700 2,06+0,36 Melkera 0,26 0,83 Perlman et al.a
1,12+49,25 Konijnc 0,280+0,008 0,9140,02 lonidnc
Sb1” (r—a+) 2,yes 55 300+130 Claubnarfi 48,6 285 Hguyen-Khac0
300550  Perlman et al.a 49 275+60 Perlman et al.a
" (2"—o0% 2,yes 1155 18+0,3 Perlman et al.a 4,6 17,34! Perlman et al.a
a See reference [1] b See reference U7) c See reference [33]

3.2.2. Non-unique forbidden transitions

3.2.2.1. First forbidden transitions. For the non-
unique forbidden transitions, only the first forbidden disintegrations /T »0,1; Ac -
* -1 have been analyzed theoretically [12, 16, 17, 22, 27] and only for these are - at
least partly - experimental data available (cf. Table Ill. compiled on the basis of
the corresponding table in ref. [1]). In these cases, according to Brysk and Rose as
well as Depommier et al. no deviation is to be expected from the allowed eR/R+ ratio
or the discrepancy may be but extremely slight owing to the preponderance of Coulomb-
terms [12, 17].

Experimental data however, for the AL=1, yes transitions are not available
at all, for the JT =0, yes case some measured value in transitions 2“ 2+ indicate
a marked deviation from the allowed values [7], rising even to as high as 50 per cent.
(Table 111.) Attempts to elucidate this phenomenon have been made by Perlman et al.
[16, 17] and recently by Konijn et al. [22] each following different courses. Perlman
et al. suppose that in this transitions not only AL=0 and 1, but the spin change
Al =2 also is involved to a considerable extent. Accordingly the eg/R+ ratio takes
the values actually allowed in the part of the transitions, in which A =0, and 1,
and the discrepancy being ascribable to the admixture of O/ = 2

In the other view [22], the ratio of electron capture to positron emission
generally deviates from that of the allowed transitions. In order to come to a sui-
table decision further experimental data are needed [7]¢ Measurements for TI200
(2-— »24) recently made by Nooijen et al. strongly point to the second interpretation

17].

3.2.2.2. Higher forbidden transitions. Concern-
ing the higher non-unique forbidden transitions, e.g. the second forbidden transition
Al =2, Ac = +1, the theory cannot state anything exact in the expression of ep/+
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ratio owing to the presence of various unknown matrix-elements(cf.[16] for the cor -
responding general formulae). One statement may, however, be safely mede theoretically
and it is that the value of the e”/3+ ratio can be expected to increase in non-unique
higher forbidden transitions as against allowed transitions, and the higher the order
of forbiddenness, the greater deviation is to be expected [12]. Nevertheless it must
be noted that evidence for this theoretical prediction exists only recently in the
case of the CI3%6— »83 transition [29-31]« This is the first experimental evidence
that the value of e”/RB* ratio increases in forbidden transitions of highere then order
in comparison to that of the allowed ones.

Table HI.

Measured and calculated values concerning transitions non-unique first
forbidden for the eg/0+ ratio (I = 0,yes)

Nucl!d_e N, A BRdy Measured values Caloulated values
transition Allowed  Forbidden Author
AsT*(2~—*2+4) 0, yes 920 1,5 Perlman et al.a 1,17 1,47 Perlmn et al.a

1,50+0,16 Johansson et al. 1,1640,03 1,50+0,04 Barmer and
and Scobiec Perlmanb
1,16+0,03 1,70 Konijn et al.®
1,72

Rbe*(2~—*-2+) 0,yes 782 5,1+0,'4 Perlman et al.a 3,4i0,3. 4,2+0,4 Perlman et al.a

5,72+0,12 Konijn et al.d 4,09 4,98 Banner and
3,340,3 4,2+0,4  Perlmanb
4,1+0,4
3,4+0,3 4,73 Konijn et al.0
4,86
| I« (2~—*-2+) 0,yes 459 148 Perliman et el.a 122 143 Perlman et al.a
145+4 Banner and 13H6 145+7 Banner and
Perlman” Perlman*
1 25+7 164 Konijn et al.®
162

CsIM (2"— 2+ 0,yes 2150

?
0,006 Taylor et al.K
TI”° (2"-~24) 0,yes 1068 HO+10 Konijn et al.° 63,2 Banner and
Perlmane
102+9 Booljen et al.® 57+2 9 Konijn et al.0
74
a See reference [16] d See reference [26] f See reference [7]

b See reference [25] (e Promreference [22] g See reference [28]
¢ See reference [22]



4. CONCLLEIONS

Let us summarize the information we can obtain by experimentally determining
the ej[/R+ ratio and the open questions or theoretical predictions not verified experi-
mentally.

41. Allowed and wunique forbidden transitions

As we can see in the case of allowed and unique forbidden transitions the
nuclear matrix-elements disappear in the expression of the e”~/0+ ratio, if the Fierz
interference terms are equal to zero. It means that the determination of the tyjR+ ra-
tio in these cases render a good test of the validity of the present (3-disintegration
theory if the present theory satisfactorily describes the phenomenon electron capture
and positron emission. Recent experimental data agree very well with theoretical ones
(cf. Section 3*1» and 3*2.1.).

As the theory may be regarded as justified concerning allowed and partly in

unique forbidden transitions, the wave-functions of the captured electron and emitted
positron also can be controlled by taking into account the finite size of nucleus and
the screening effect of atomic shell [1].

With unique forbidden transitions, the branching increase according to the-
ory in a calculated measure and so the measurement for ej”3+ ratio may serve the pur-
pose of identofying such transitions and to draw conclusions about the order of for-
biddenness of it.

However it is worthwile to mention, that up till now there is no experimen-
tal evidence of increasing of the ej(/R+ ratio by the calculated factors for higher
than first uniquely forbidden transitions. Furthermore, there are some more or less
inaccurate data on the e”/R+ ratio of allowed and uniquely first forbidden transi-
tions which would be worth-while to controll (Sc44, Snl1l; Rb84; cf. Table I. and

1.).

42. Non-unique forbidden transitions

As to non-unique forbidden transitions, the situation can be regarded much
more perplexing.

First of all there are no experimental data available for the AJ » I, yes-
type ofnon-unique first forbidden transitions. Whereas in the case of Al » 0, yes-
types, at least at the measured 2“— »2+ transitions, there appears a significant
20 - 25 per cent deviation from the corresponding allowed values (cf. Section3*2.2.1.
and Table 111.). The reason for these deviations has notyet been clarified. Two in-
terpretations have been suggested. Although one of the latest experimental data [71
points to one of them [22], yet the question cannot be regarded as settled. It must
be noted that, at the same time, if the other view [16, 27] were valid, the presence
of nuclear matrix-element Z |[B I* and its extent could be demonstrated concerning
non-unique first forbidden transitions more reliably than through studies of the
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spectral shape according to the opinion of Earner and Perlman [27]. Similarly Perl-
man et al. [16] consider experimental evidence lacking even for other non-unique
first forbidden transitions differentiated according to shell-model (e.g. Al =0,
aj *0, i.e. 0—™=0 transitions).

In the expression of eft/R+ ratio for higher non-unique forbidden transi-
tions, the unknown nuclear matrix-elements also are involved (see Section 3*2.2.2.).
Consequently, theory cannot make a quantitative prediction for the numerical value
of them only it shows an increasing tendency for higher forbiddenness (experimental
evidence of it recenty in the case of Cl3e).

Such investigations, however, can give information on the nuclear matrix
elements and help us to differentiate between unique and non-unique transitions be-
couse in the case of an actual order of forbiddenness transition the increasing factor
in comparison to the corresponding allowed case is definite in tjie unique transition
and practically indefinite in the non-unique one.
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BXPECTED a-DECAI DATA OF THE RARE EARTH NUCLIDES ON THE BASIS
CF DIFFERENT SYSTEVIATICS
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Academy of Sciences, Debrecen, Hungary

and
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This work summarizes the a-decay data of rare earth nuclides. Ther presently ex-
isting experimentally measured a- and g-decay energies allow the computation of the decay
energy of some 30 further nuclides. By plotting the a-decay energy vs. atomic number, the
expected «-decay energy of nuclides, the «-activity of which has not yet been detected ex-
perimentally, has been estimated. The estimation of the a-decay energies for the above
nuclides on the basis of the available mass data as well as p and n separation energies
has also been performed. The expected apartial half-lives were also estimated from the
gained a-decay energies using a semiempirical relation (see [16], p. 6) expressing expli-
citly the dependence of the half-life on the atomic number. Finally, some questions about
the possibility of experimental detection of the a-activities, having not yet been mea-
sured, are discussed.

1. Introduction

It is known that for nuclides having mass number greater than about 140 a-
decay is allowed energetically [1], but in most cases the half-lives are so high that
the disintegrations have not yet been detected experimentally.

The probability of the a-decay in the region of great mass numbers is high
especially for nuclides containing protons or neutrons of magic number plus 2, 3>eee
[2], because the binding energy of nucleons just above a closed shell is small and so
the energy loss of the ot-particles due to the binding energy is small. Tnh the medium
heavy region those are the nuclides of neutron number 34, 85,........ etc.
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It is known too that anmong the nuclides of the same atomic number (far from
magic numbers) the smaller is the number of neutrons in the nucleus, the greater is
the disintegration energy [2], as the repulsing effect of protons in that case has
relatively more influence.

Starting from these points the a-radiation of many neutron deficient rare
earth nuclides has been experimentally detected - especially during the last 14 years.
A detailed discussion of the literature up to 1959 can be found in paper [3].

The aim of this work is to summarize up to the middle of 1962 the data of
a- and B-decays of the rare earth nuclides recently measured and computed from mass
data, to complete them with disintegration energies calculated from a - 3 decay cycles
and draw conclusions on the a-decay energy of the rare earth nuclides whose a-decay
has not yet been observed. The disintegration energies mentioned above were computed
also by means of energy cycles composed by using known ot-“decay and proton (neutron)
separation energies. Conclusions have also been drawn on the expected partial half-
lives from the disintegration energies, using the semiempirical formula discussed in

[151.

2. Summary of experimental a-decay data

See table 1.

The sources of the data are indicated in the last column. W& have sometimes
used the data of works [4] and [10], but have not referred to them. Paper [3] is a
comprehensive work containing further references.

Table 1.

Data of a-aetive rare earth nuclides. The total decay energy was gained from the expres-
sion

Q- E+Y £ * (653 Zfe - 80 Z «)I0~¢,

where Q total decay energy (MeV),

£ Kkinetic energy of a-particle (MeV),

m mass of a-particle,

H mass of daughter nucleus,

Z atomic number of parent nucleus.

The first member of the expression gives the kinetic energy of the a-particle, the second

the kinetic energy of the recoiled daughter nucleus, the third the correction for electron
screening.



Nuc-
lide

ei Pa

a, 9n

a3ku

e.Gd

Mass
num-
ber

Q)

144

145

146

147

14S

149

147

148

149

150

152

a-particle
energy (MV),
In brackett:
the total
alpha-decay

energy (MEV)

1901 0,1

1,83t 0,03
(1,902)

2,24 +0,04
(2.32)

2,55 40,05

1

2,18 =+ 0,02

2,23 10,02

2,20 +0,02

2,19 +0,01

2,21 +0,01
mean
(2, 293)

2,14 +0,03
(2, 220)

1,84 + 0,05

(1,91)

2,88 +0,10
(2,93)

2,91 +0,01
(3,01)

«

3,16 1 0,10
(3.27)

3,18 +0,01
(3.29)

3,00 +0,15
(3.11)

2,70 +0,15
(2,80)

2,563 £ 0,05
(2,62)

2,55 +0,05
mean of the
first two
data

(2,64)

2,73 + 0,01
(2:83)

1,7

2,14 + 0,03
(2.22)

Method of
detection

nuclear
emulsion

ion.chamber

ion.chamber

nuclear
emulsion

ion.chamber

ion.chamber

ion.chamber

ion.chamber

ion.chamber

ion.chamber

ion.chamber

ion.chamber

ion.chamber

ion.chamber

ion.chamber

nuclear
emulsion

ion.chamber

Total
half-life

17,7 i 0,4 years

24 +2 days

>35 years
~130 years

9,0 + 1 days

%3-106 years

Other decay altotal
modes decay
observed ratio
natural @
stable
e--capture (2,8 +0,6)
10-%
0-stable
natural O-
stable
natural O-
stable
natural O-
stable
e--capture *10"3
(2,2 +0,6).
10"
0-stable >25 %
®
e~-capture 7.10-*
0-stable
natural B-
stable

a-partial
half-life
(Ta)

si, 5 10«
years

(2,4 +o0,3).
101* years

(6,3 + 1,4) .10®
years

5,107 years

<3.10e years

~1,3-1011lyears

(145 i o0,05).
1011 years

(1,17 +o0,05).
1011 years

(1,13 £ 0,05).
1011 years mean

(1,2 +0,3).1013

years

>2.1014 years

(4 £ 2).10u
years

>1.1016years

4,4.103 years
n6.103

(within a mul-
tiplying fac-
tor 3)

%.,3-102 years
(within a mul-
tiplying fac-
tor 3)

84+9 years

s4.103 years
(within a mul-
tiplying fac-
tor 3)

£3.106 years

3.10e years

(2,1 10,3).10*
years

n1015years

(1,08 +0,03)10

years

Method of
measuring

from decay
rate of a
iven num
er of atoms

X-ray
ratio

estimated from
reaction yield

from decay
rate of a
iven num
er of atoms

N

u

X-ray
ratio

a
X-ray
ratio

estimated from
reaction yield

from decay
rate of a
given number
of atoms

a
X-ray
ratio

from decay
rate of a
given number
of atoms

w

ti

Production
(bombarding energy)

natural

23,33 %

Smil44 (n, y)Smi4S

Smi43-----—»Pmi43
capture

with thermal neutrons

Nd143 (a, n)
1id130 (>10* years) 3 »

natural 15,09 %
Pmi47 (2,6 years)— »

w33 (n, fission)

natural
(11,35 4 0,09) %
natural
(13,96 +0,10) %

S1i47 (p,n)3,5 MV
Smi47 (d, 2n) 19
Smi43 (d,3n)19 "

Smi47 (p,n) 9,5 MV

Smi47 (a,3n)36 MV
EuT*1 (p,4n) 32

Eu(p, xn)100 MV

SmA7 (a,2n)30 MV
Tb148 (4, I*)e"-capture

Eu?1 (d,3n)19 MV
Euld (13,7h) o-

Eur*1 (y, n) Eu1o
Eul® (13,7h) 6”

SMI® (p,n)9,5 MV
Eul® (13,7h) T

natural 0,2 %

Refe-
rences

®

©

[1s]

(3]

i5)

[5]
[3]

[22]

[26]

(3]
[22]

[26]

[22]
Bl

[

[19]
preli-
minary
report

[26]
[23]

B






Mass
Nuc- num-
lide ber

Q)

«Th 149

149
be-
ta-
stable

151

152

150
151

152
153

154

07Ho 151

151™

152
gora

152
g orm

153
eeEr 152
153
154

gelro 153

154

ot-particle
energy (M&V)
In brackett:
the total

alpha-decay
energy (M&V)

3,99 +0,03

3,44 +0,1
(3,55)

4,21 +0,06
(4,35)

4,06 +0,04
(4.19)

3,66 = 0,05
(3,78)

3,4S + 0,05
(3,59)

3,35 +0,05
?

2,95 + 0,05
(2,95)

4,51 +0,02
(4,63)

4,60 + 0,02
(4.73)

4,45 +0,02
(4,57)

4,38 +0,02
(4,50)
3,92 +0,03
(4,03)

4,80 +0,02
(4,95)

4,67 i 0,02
(4.82)

415 1 0,02
(4,23)

(5,27)

5,04
(5,20)

Method of
detection

a-spectros-
cope

ion.chamber

ion.chamber

ion.chamber

ion.chamber

ion. chamber

ion.chamber

ion.chamber

ion.chanber

ion.chamber

solid state
ion.chamber

Total
half-life

(4,10 +0,05)
hours

(1,3 +0,2)
minutes

l9 +1 hours

17,51 0,7
hours

17,4 40,3
hours

(4i 0,5 mi-
nutes

7 1 2 minutes

19 ¢ 4 minutes

(2,31 0,2)
hours

5+0,5 hours

13 +2 (7)

hours

>10 years,if
exists B+

35,6 +0,4 sec

42+4 sec

52,31 0,5 sec

2,36 1 0,16 min

9+2 min

10,7 +0,5 sec

36+2 sec

45 i 1,0 min

1,12 sec

3,10 sec

Other decay
modes
observed

e'k

e“-capture
and B+

e“-capture

R+stable
e“-capture
(e+,e--cap—
ture)"

e“-capture
and R+

e--capture
and B+

e“-capture
and R+

indirect
proof for
e“-capture

no observed

no observed

e~-capture. R+

e~-capture,
R+

altotal
decay
ratio

0,1
0,16 ¢ 0,04

310or*

a

x-ray (K)"
ratio
5(2.10*)"

0,20 +0,05

~0, 28
(within a
factor of 2)

0,19 +0,05

m0,30
(within a
factor of 2)

(3 +2).10s

0.907;n

0,95S:7

«-partial
half-life

(T")

36+7 hours

7,4.10s years

51,45 years

5:13,4 years

510" years,
(within a mul-
tiplying fac-
tor 3)

Method of
measuring

Ta

a

total
decay ratio

X-ray
ratio

estimated from
reaction yield

growth of
daughter

excitation
function

detection of
daughter

excitation
function

Production
(bombarding energy)

Eul* (a, 6n)60 MV

fM(p,xn) 32- 200-«-
ITi(p, fission)

Lal* (Ole,6n)Th1l‘n
30-140 MV
linear accelerator

Gd(p,xn)100 MV
Eul 1(a,4n)45 MV

Eul® (oc,3n)44 MV
Gdl" (p,n) 11 MV

(mm from raetastable

state)

Th1* (p,xn)100 MV

Cd(a,...)

Gd(a,...)43 MV
from a sample enriched
in GdiM

Pr141 (Ole,6n)
75-137 MV

1

Pri41 (Ole,5n)
75-137 MV

1

Pri4l (Ole,4n)
75-137 MV

Nd14S (Ole,6n)
75-151 MV

Nd14S(0In,5n)
75-151 MV

Ndl4S (Ola, 4n)
75-151 MV

Ndl4S(FI® ,...
WO Mz\/ )

Refe-
rences

[21]

[3]

[171

B]
[21]

(3]
[21]

@

@l

(3]

Bl

(23]

[251

[25]

[25]

[25]

[27]

(27

[27]

(28]

[28]






B R-decay data

The disintegration energy values of the Bt-decays (including electron cap-
tures) are contained in tables'Il, Ill, IV, V concerning the a - B decay cycles. The
data are taken from [10] and [11], as well as from the recent papers (up to about the
middle of 1962). When the latter case holds, the source is indicated in the tables.
The Everling, Gove, Lieshout systematics [131 recently published shows the 0~-decay
and e--capture energies vs. mass number for even and odd nuclides respectively. This
systematics in some cases makes it possible to estimate the energy released in [*-
decay (electron capture) processes, wfiich have not been measured experimentally.

4, Computation of a and R decay energies by
means of <closed decay <cycles

Tables 11, 111, IV, V allow to compute new energy values from known decay
cycles.

The alpha disintegration energies computed from closed decay cycles, con-
taining only experimentally measured disintegration energies, are presented in table
V1.

The 0-decay energies computed from a - R decay cycles are shown in table
VI1I. Throughout the calculations cycles were used containing only experimental data
and occasionally single inter- or extrapolated R-decay energy value from fig. 1.

5. Dependence of a-decay energy on mass
number

Figure 1. shows the decay energies (QY vs. mass number (A).

In the systematics the curves : = const, and N = const, are drawn in ma
jority through the measured points within the limits of error, in order to get a better
agreement with the general tendency of the curves, Linearity or at least quasi li-
nearity was accepted as a general tendency, supported by analogy with the behaviour of
the corresponding curves in the region of heavy nuclides (far from magic numbers).

In one single case - that of Nd49 - the curves are drawn beyond the limits
of error. This was suggested by experimental evidences. The decay cycle - from which
the R"-decay energy of Nd14S was computed - contains the [*-decay energy of Celds. W
accepted the value 2,0 + 0,1 MV for this energy given in [10] and [11], while paper
[20] gives 2,6 + |<0,51 MV for it. Therefore it is probable that the a-decay energy
of Nd148 is lower than 0,81 MeV.

The effect of the magic number N = 82 is evident from fig. 1. For a given
atomic number the a-decay energy increases gradually as the number of neutrons de-
creases down to ~ “ 84 and then there is a sharp cut off. See cases of Pr*2, w4443,
Sy®, Eult*and BB? > respectively.

It is also clear that passing on from atomic number 64 to 65 the a-decay
energy increases more rapidly than it generally does, this fact is related to a closed



Figure 1. The totai a-decay energy (Qa) in function of the mass number of the parent nu-
clide. Table of symbols:
o experimentally measured value,
X value computed from experimental data on the basis of a - R decay cycles
(only those are presented which have an error <800 keV),
N value gained from mass data (see [11]), (also only those which have an error
<800 keV).
+ 0Oa c°nPuted from a - R decay cycle containing also an inter- or extrapolated
value gained from R-systematics [13] besides the experimental data.
--------- connects the values belonging to the same atomic number,
connects the values belonging to the same neutron number.



Tables 11, 111, IV, V.

a - B decay cycles in the rare earth region. Explanation of the symbols written after

decay energies:

e
ecc
m
mcc

icc

experimental value,

value computed from decay cycle containing only experimental data,

value gained from mass data having an error <200 keV,

value computed from decay cycle containing also a decay energy calculated
from mass data besides the experimental ones,

inter- or extrapolated value on the basis of figure 1.

value computed from decay cycle containing also an inter- or extrapolated
value on the basis of figure 1. or [13] besides the experimental data.



Table I11.



Table V.

subshell at Z = 64 predicted by the independent particle model. (See for example [14]).

It is surprising that the decay energies of Sml82, Gdi83 and Gdi184 are con-
siderably lower than one might expect them to be on the basis of the general tendency.
It seems that the disintegration energy decreases essentially in many cases as the
neutron number increases from 88 to 90. This effect has already been remarked by Toth
and Rasmussen [31 and the new data support that positively. It is to be noted that
Hacfarlane [24] found 1,5 MeY for the a-decay energy of Dyl8 having calculated it
from the Cameron mass formula. This also confirms the effect mentioned above.

From Fig. 1. some inter- and extrapolated energy data can be got for nu-
clides, the a-decay of which has not yet been observed or if it has been, the value of
a-decay energy has not been measured. The data gained by this method are presented in
the second column of table X In the second place of the same column values of a-decay
energies computed from mass data as given by [11] as well as in the third place a-
decay energies calculated on the basis of closed decay cycles from proton (neutron)
separation energies are also set out. The proton and neutron separation energies are
given in [20]. "Decay cycles™ constructed by taking separation energy data into ac-
count can be found in tables VIII. and IX. The last method of computation was carried
out only in cases where we gained an energy value also by other methods*. Finally
there are data in table X calculated from a - 0 decay cycles too.

+ This way of computation was not carried out for other nuclides because of the great er-
rors in separation energies (although these errors seem to be overestimated in many
cases).



a-decay energies computed only from experimental data on the basis of a -

Table VI.

B decay cycles

as well as some data gained from other sources for the purpose of comparison.

N uclide

c . 144
c - 146

e 144

P rlas

P oril4s

N d148B

n o 147

N dlde

N dl4e

e m 144

Puw 148

e uw 147
e uw 148

Puw 14s

e 1600

sm 146
sn 16D

Sm 162

E uldsb
E ul48
1?2 140
ftu

E u1lBO

E u1l52

G d 147

E

xpected

Q« (Mev)
0,364 . 0,04
0,07 . 0,33
1,104 . 0,04
0,973 . o 052
0,7 + 1< 0. 54
1,60 . 0,041
0,70 . 0,21
0,81 . o.:5
- 0,647,
-0,437
1585 . o .0
ls:: 0,08
1,166 . 0,07
0,77 .+ o s
1,165 . o .04
0,40 . ..
2,182 . .05
1,639 . 0,08

-1,32

a-decay

from

CL (Mev)

11,

0,345 .
- 0,095 .

1,075 .
0,815 .

1,435 .
0,975 .
0,975 .
0,415 .
0,925 .

1,995 .
1,515 .
1,335 .
1,275 .
1,21 .

1,595 .
0,365 .

1,615 +

energy

D eviation

of th e

o f 2!\(" colum n

See figure 1 (MeV)
0,09 0,0
0,084 0,04
0,16
0,16 00
0,17 -0,12
0,084 0,0
0,16 -
0,235 0,2
0,1 0,0
0,084 0,0
0,15
0,2 0,0
0,49 -

0,0
0: 9 -
0,18 -
0,17
0,175



Table YII.

Electron capture and O+decay energies computed from closed decay cycles

@ from decay Qo from decay cycles Q& from

cycles based containing beside syste-
. Type of on experimen- the experimental matics
Nuclide decay tal data only data a single inter- [IS!
(MV) or extrapolated (VeV)
(VeV)
Euld0 ©'-capture 0,67 0,70
or 3+
Gd10 - - 1,30
Thlde >3,74 3,9 —
Tbleo 5,08 —
ThiBL - 1- 2,90 —
Thl® >4,36+ —
Dy181 >2,38
Dy189 1,94 —

6. Dependence of half - Life on the disintegr a-
tion energy

It is known that the connection between half-life and decay energy for the
ground state transition of even-even nuclides is given by the equation

166 Ta /1

where the coefficients A and B are functions of atomic number only. For this reason
in the region of heavy nuclei they usually connect the points belonging to the same Z
when plotting the function Ta = f{Qa) e« This method of plotting does not seem to be
suitable in the medium heavy region because there are only a few isotopes belonging to
the same atomic number and having known a-partial half-life. (Even the known half-life
values are not too reliable.)

Recently Taagevera and Nurmia [15] suggested an approximate formula, derived
from the adecay theory of quantum mechanics, which gives explicitly the Z dependence
of the coefficients A and B. According to this formula for the transition between the

The decay energy of Eulde in systematics [13] is about 3,4 MV, while the experimental
value is >3,37 MBV. It seems therefore that the true value of the decay energy of ThiE
does not exceed the calculated one very much, they are probably equal.
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Table VIII.
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Table VIII. and IX.

Computation of a-decay energies using proton and neutron separation energies [20] cn the
basis of closed decay cycles.
Table of symbols:

* experimental value,

+ experimental value corrected within the error,

() estimated value,

a value without mark: computed value,
oc value computed from cycle.

Errors: the last numeral written below: 0,04< <0,25,
" and ~ 1 0,25< <0,50.

n(6M9) P(~33)

oC \oc oC

+0.05 2.52+\<0,351CC 22491003 269-\-i
2,66+£\5035ICC-~-

06\ -Jcm \
[Sm I'n 637 vp77 ) JTO/n* PN o)
aC
229-\-0,35\CC
44- 1—Q35\CC 2,219+0,03 P6.97
'P&S

ground states of even-even nuclei we have

Zog Ta=C+D

where C and D are constants independent of the atomic number,.



12

Ta » partial half-life of ot-decay,
Zd m atomic number of daughter nucleus,

E = kinetic energy of a-particle.
In figure 2. there are presented the values of Qa and Ta known for rare

Figure 2. Relation between the logarithm of a partial half-life and a particle kinetic
energy of rare earth nuclides. 7" is the atomic number of daughter nucleus. The straight
line connects the data of even-even nuclides (see formula [2]). Only experimentally mea-

sured data are presented in the figure.
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earth nuclides, and the points representing the data of even-even nuclides are con-
nected by a straight line.

There are four nuclides whose data deviate considerably from this line:
Smi48, Snl46, Gd1® and Thlel .

As for the data of Sml88 we refer to paper [7]. The kinetic energy of the
a-particle - given by this paper - seems to us for some reason too high. First, it
does not fit the decay systematics of figure 1., second, it is much greater than the
value gained from mass data, third, the Qa of Pmil# calculated from the closed decay
cycle containing Qa of smi18 is also higher than Qa of Pmi48 computed from mass data
and it does not fit the systematics too. If we had decreased the Qa value of Smi43
then X would be increased and so the fit would be better, although - according to re-
ference [5] - Ta is also greater than that of [7], to be more exact Ta >2.1014 years.

W took 4.1014 years for the partial half-life of Sml4e as given in [7]. If
Ta >1.1016 years had been accepted - given by [51 - the fit would have been better.

The kinetic energy of Gd180 according to reference [3] is 2,7 £ 0,15 MV,
while according to ref. [19] this is 2,53 1 0,05 MeV. The value we accepted was the
mean of these weighted by the reciprocal square of errors. Ref. [3] gives Ja —3.10b
years and [19] gives Ta *~33108years. There is no reference to the errors in either
paper but in both cases the half-lives are probably approximate ones as indicated by
symbol & in paper [3], and by the remark of [19], which is only a preliminary report,
that the more exact results will be published later.

As for the case of Tblsl the oc-decay is likely hindered which is the more
probable because the number of protons in this nucleus is odd. The logarithmic hind-
rance factor Hwill then be in the case of TblBL

T .
lexperimental

H= Zogl0 2,88 - 0,92 =1,96 .

Tpredicted

where Tpredicted Is the value given by the straight line in figure 2.
The data of the other nuclides either fit the straight line within the

limits of error or their Hvalue is lower than 0,8.

Heavy even-even nuclides containing protons or neutrons of magic number +2 or a
little more, exhibit higher half-life than indicated by the general tendency. (See e.g.
Po*£, roise 11 bp-61). This fact is probably connected with the sharp change in nuclear
radius taking place by the process of a-decay. Weé disregarded this effect in the medium
heavy region when plotting the line of fig. 2. for two causes. First, in the region of
the rare earth there is but one single neutron magic number, 82, influencing the a-decay,
the number of protons is not magic and a smaller diviation from the general tendency in
the nuclear radius and half-life can be expected than in the case of the Po isotopes men-
tioned above. Second, the known energy and half-life data in the rare earth region are not
precise enough to get an altering beyond the limits of error, when taking into account
this effect.

It can be seen from table I. that Dyl®) and Dyl5l have experimentally mea-
sured decay energies but their a-partial half-lives are unknown. W computed also
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these half-lives on the basis of fig. 2., and of data [3]. The results are presented
at the end of table X

Basing on the line in fig. 2. we estimated, what a-partial half-lives are
to be expected for rare earth nuclides, the a-decay of which has not yet been observed
or, if it has been, the a-decay energy or the partial half-life has not measured. The
results can be seen in table X

The supposition of an essential hindrance not arising by a-decay is justi-
fiable but for transitions between the ground states of even-even nuclei. For nuclides
of odd mass number the only thing to be expected is that H does not surpass the value
1,5. This suggestion is based on analogy between heavy nuclides having a proton number
82 +2, » 4, 5 (and neutron number >127) and nuclides having a neutron number 82 +
+ 2, 3, 4, 5 (and proton number also far from the magic). Indeed, using data measured
spectrometrically the logarithmic hindrance factor does not surpass the value 1,5 and
in most cases it is even below 1. See [2], p. 122. This suggestion is supported by the
work [15] of Taagepera and Nurmia too. who concluded, on the basis of generally ac-
cepted and rather precise-looking experimental data, that for nuclei far from magic
numbers the value of Hrarely surpasses 1,2.

Here "nucleus far from magic number' means such nucleus the proton and neu-
tron number of which are beyond the environment +1 of any magic number.

Paper [I5] presents the mean logarithmic hindrance factors (H of 71 nu-
clides whose Z and ¥ are far from the magic numbers in the above sense. Taking H » 0
for even-even nuclides we get

mean H

Z odd, N even 0,38
Z even, fi odd 0,16
Z odd, N~ odd 0,69

Column 5* of table X shows the a-partial half-lives for each type of nu-
clides gained by supposing hindrance [31.

It is to be noted that for nuclides presented in table X there are no known
spin values except in a few cases.

In column 5- of table X the errors of the predicted a-partial half-lives
arise from three sources.

First, there is a contribution from the error of the approximate decay ener-
gy. For example in the case of Eul*8 attributing an error +0,1 MY to the value Qa

Table X

The expected parameters of a-activity from atomic number 60 to 66 and from neutron number
84 to 88*. In this table are presented only those nuclides having an expected a-decay
energy greater than 1,8 MeW+ and the a-partial half-life and a-decay energy of which has
not yet been measured experimentally (except the cases of Dyleo and Dy where the a-

decay energies are known).

* Beyond this region the estimation is rather uncertain.
+ At present this value seems to be the lowest limit of detectability.



L 2. 3. 4. 5.
The eXpected

total energy of log Ta taking Tg partial half-

Nuclide Ground of calcu- a-decay into account life (in years)
lation of energy Qa (Mev) no hindrance taking into ac-
data (Ta in years)  count average
hindrance given
by [3]
fig. 1. 3,83 1/0,1/ -0,87 6,7 10-1
mass data
hdgo
ool 'd8 separation energy 3,87 =1<0,7I -1,15 3,5 10-1
a - B cycle
fig. 1. 3,22 +1/0,1/ 3,42 1,3 10*
T2 mass data
Oo158? separation energy 3,24 =|<0,71 3,28 0,93 10*
a- Bcycle
fig. 1. 2,73 +/0,1/ 7,95 2,1 10e
- mass data
PP separation energy 2,69 =+ 1<0,551 8,35 5,4 108
a - B cycle
fig. 1. 2,48 i /0,1/ 10,1 170 10e
mass data
eMV separation energy 259 + 10,351 8,8 9,1  10e
a - B cycle
fig. 1. 269 +/0,1/ 70 56 108
mass data
BEMal™  separation energy 2,78 + 1<071 6,14 6,8 108
a - Bcycle
fig. 1. 2,44 x=/0,1/ 9,9 17 108
mass data
separation energy 2,29 i 1<0,351 11,8 1400 108
.En.1?
a- B cycle
(See [131, @8 in- 252 =+ /0,1/ 8,91 2 108
terpol.)
fig. 1. 2,19 +1/0,1/ 13,1 66 1018
mass data 2,305 + 0,17 11,5 1,7 1018
separation energy
a - B cycle 2,182 + 0,05 13,2 78 1018
fig. 1. 1,93 =+/0,1/ 17,2 360 1017
3ELJ gL Mass data 2,025 £+ 0,180 15,6 9,1 1018
#SE99 separation energy 1,81 + 1<0,351- 19,3 46000 1018
a - Bcycle
fig. 1.
11'1-517546 mass data 1,995 i 0,1 14,5 14 10“
o separation energy 1,96 i 1K), 351 15,0 49 10*
a - B cycle 2,015 + 0,053 14,2 6,9 10“
aaDyef experimental 4,35 + 0,06 -3,36 4,37 10-*

BBOYal  experimental 4,19 i 0,04 -2,54 4,17 10>
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taken from figure 1., we get AZogl0 Ta =+£1,1, i.e. an error a little more than an or-
der of magnitude. This error is decreased because of the possibility of computing Ta
from Qa values got by different methods.

Second, the estimation of Ta is influenced by the uncertainty in drawing
the straight line of fig. 2. through the experimental points for even-even nuclides.
The experimental data deviate from this line not more than by a value AZog Ta = 40,8
apart from the four nuclides mentioned above (Smi48, Smi40, Gdl160, Tb16l) which cases
are more or less explainable.

Finally, a hindrance fluctuation can take place in the case of nuclides of
table X., although the mean hindrance was taken into account by [3]. The mean hin-
drance is of course of an approximate character, nevertheless, it is probable that the
error because of the hindrance is [OZogl0 Ta <1, 2,

If all these are taken into account we have an error % (x1,5) for the values

ctmean*

7. Concluding remarks

Although some advances have been made in the a-spectroscopy of neutron defi-
cient rare earth nuclides (the a-spectrum of some 27 nuclides were measured) still
many nuclides exist the disintegration energy and half-life of which are in the mea-
surable region, but their a-decay have not been detected.

One of the main difficulties - if one uses an ionization pulse chamber - is
the fact that the value of the branching ratio (-m 's decay ratio) is very small in
many cases. The expected value of the branching ralio is ~10-0 for the majority of
nuclides in table X which makes difficult, and in some cases, even impossible to
carry out measurements by means of an ionization chamber.

Asignificant development can be expected in this region by using electro-
magnetic "giant" spectrometer where the electron capture or B~-decay have but a very
small disturbing effect. If the source area is some cm2, the effective solid angle is
about 1CI3 of 4tand the source thickness is some-fold 10 pg/cm2, then up to fa £ 1010
years the @partial half-life is measurable. It can be seen from table X that many
a-partial half-lives are below the above mentioned limit.

Remark

Reports on Ho [25], Er [27], Tm [28] and some Eu and Gd [26] isotopes were
brought to our knowledge only after despatching the paper for publication. The data of
[25], [26], [27] and [28] are presented in table I., but otherwise were not put into use.

The authors are very much indebted to Professor A Szalay for interest in this
work.
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A METHID OF ELIMINATING SUPERPOSED PULSES IN NUCLEAR SPECTROSCOPY AND
INVESTIGATIONS ON THE DECAY SCHEVE OF Cr-A|

Gy, Méathé

Institute of Nuclear Research of the Hungarian
Academy of Sciences, Debrecen, Hungary

I.Introduction
Last year, the Cr~51 nuclid was examined from the viewpoint of nuclear spec-

troscopy. Its decay scheme had not been fully elucidated in the literature. The pro-
blem was as follows.

Pig. 1. Decay scheme of Cr-61 (after Ofer and Diener)
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Several authors investigated the decay scheme of Cr-f)l and found an excited
level about 646 keV in addition to the familiar one of V-51 at 3”3 keV [1-4]. Accord-
ing to some of the authors, the nucleus returns from this level to ground level with
an intensity of 2,6.10%4 cross-over transitions per decay [1], other authors claim
this value to be 5¢10~e [2]. The latter authors have found an additional cascade tran-
sition from this level. However, the coincidence spectrum published by them is not un
ambiguous; this fact was admitted by the authors themselves.

2. Experimental methods

To clear up the problems, a single spectrum of Cr-51 was taken by the scin-
tillation method.

Unfortunately, the spectrum visible in the higher energy ranges is not due
to 645 keY gammes but to pulses coming from 33 keY gammes that arrived in a quick
succession; as a result, their amplitudes were added together. This effect can be
reduced through the use of a source of lower intensity.

In the case of Cr-51 this did not work because at lower source intensities
undue long measurement periods were obtained.

Fig. 2. Scintillation spectrum of Cr-61.



Pw/se amplitude

Pig. 3* T3 scintillation pulse wave-forms, a./ Normal pulse; b./ Pulses superposed within
the rise-time.

The problem could be solved in a different way along the following concept:
The electric pulses due to the absorption of a single particle are of normal course.
The pulse includes a leading portion determined by the decay time of the scintillar-
tor and an exponential trailing portion determined by the integrating time constant
of the RC component in the multiplier plate circuit, (see Fig. 3/a.)

On the other hand, pulses due to the absorption of two or more particles
are distorted (see Fig. 3/b.).

To eliminate those distorted pulses, the following pulse-shape discrimina-
tion has been carried out.

The pulses were differentiated by a suitable RC circuit and their phases
were inverted. In the cases of normal pulses, each differentiated pulse crosses the
time axis at a well defined moment - irrespective of its amplitude (see Fig. 4). In
contrast to this, that crossing point always lags with distorted pulses (see Fig. 5)

If a suitable delay is applied, than coincidence can be made between the
leading edge and the crossing point of the pulse; consequently, the coincidence device
will count only pulses of pre-determined shape - preferably the normal ones.

The following electronic system has been employed for the measurements.



Pir. 4. The normal pulse wave-forms and their differentiated shapes after reversal of
signs.

Fig. 5. The superposed pulses wave-forms, and their differenciated shapes after reversal
of signs.



Fig. 6. Block-scheme of the apparatus eliminating pulses arising from superposition, with
wave-forms for each point.

The pulses coming from the detector are amplified and then conducted in
three different directions. In the middle, they are selected for amplitudes by means
of a differential discriminator. In the left-hand arm they are differentiated and
their signs inverted. Subsequently using the method known in the fast coincidence
technique, the positive part of the pulses are delayed at the place marked “'ds™ by a
few times 10-7 seconds and they are shaped to fit the coincidence circuit. In the
right-hand arm, the original pulses are delayed in "ds' and shaped. Care should be
taken to adjust the delays so, that the signals should arrive simultaneously at the
fast part of the coincidence circuit, when normal pulses are concerned. Passing under
the gate signal of the differential discriminator, the pulses of the fast part deliver
pulses for the scaler.

The coincidence circuit employed had a resolving time of 3*HO"™8 sec. When
two pulses arrive within 3-FKO-8 seconds, the Tinit will count them as a single normal
pulse. If, however, additional delay is employed in the right-hand arm, the pulses
arriving accidentally during the time of resolution of the coincidence circuit can be
counted and taken into account - similar to the accidental coincidence numbers.

It should be noted that the accidental coincidence™ spectrum obtained in

this way is displaced along the discriminator scale towards lower energies. This is
due to the application of delay in which pulses are selected with their component

pulses starting at different times; the resultant pulse will thus be smaller than the
sum of the two initial pulses.

The extent of the displacement of the "accidental coincidence' spectrum can
be determined by means of standard préparates (here Hg-203) in which there is no gam
ma-transition in the higher energy levels.



Fig. 7- Spectra of Cr-61 taken by the apparatus eliminating superposition of pulses. Curve
a is the uncorrected spectrum, b is the spectrum corrected for superposition, c is the
spectrum of superimposed pulses arriving within 3.10-0 sec, and d is the background effect,
(a) collimated spectrum, (b) summing spectrum.

A



Fig. 8. Coincidence spectra. Sum coincidence spectra, (a).the sum channel is set at 630
keV with no anti-Compton shield, (b) The sum channel is set at 470 keV with anti-Compton
shield. Normal coincidence spectra in coincidence with the 323 keV line, (c) without and
(d) with an anti-Compton shield. The solid curve disignates the uncorrected results and
the dotted curve shows the chance-coincidences.



Fig. 9. The proposed decay-scheme of Cr-61.

3. Results

xhe equipment described above was used to take the collimated and summing
spectra of Cr~51 (7/a. and 7/b. respectively).

Tn the spectra, the curves "a" indicate the amplitude distributions without
any correction applied. Curve "O" represents the background, and curve "J* stands for
the superposed pulses arrived accidentally within 3.10~e sec. Curve "b" is the dif-
ference between curves '@’ and ''c'.

On ground of an analysis of the two spectra, it may be claimed that there is
a cascade transition from the 630 keV level. Its intensity is 1,0 +0,4.10-B per dis-
integration. Presumably, there is no cross-over transition from this level; if yet, it
cannot have an intensity above 7.FHO-8 per disintegration. A new cascade transition has
been found at 470 keV; and parallel with it a cross-over transition also exist. The
cascade transition lias an intensity of 7,6 £ 1,3.10"\ that of the cross-over transi-
tion is 3 + 2.10~e.

ihe Cr-jl was examined by normal as well as sukicoincidence methods. The coin-
cidence spectra and the measuring geometry employed are shown in Fig. 3.
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The curves "d" are representing the results of measurements without correc-
tion; curves 'b" are the accidental coincidences; Oa and 3b are sum coincidences,
while 8c and 8d are normal coincidence measurements. On the basis of an analysis of
the single and coincidence spectra, the disintegration scheme of Cr-51 is established
as follows (see Fig. 9)e

Apart from the familiar excited condition at 323 keV, there is an additional
level at 630 keV; hence, the nucleus returns to ground level through a cascade transi-
tion of 323 - 307 keV.

Anew level needs to be assumed at 470 keV from where the nucleus returns to
ground level partly through cross-over, partly through a cascade transition of 323 -
- 147 keV.

At present, a new application of the above pulse-shape discrimination is
being studied in co-operation with Hr. Balint Schlenk. It is intended to separate
charged particles, making use of the fact that in certain scintillators the decay time
of the light pulse is a function of the particle mass.
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SILICON JUNCTION DETECTCR IN A MAGNETIC BETA-RAY SPECTROVETER

By D. Berényi and T. Fényes

Institute of Nuclear Research of the Hungarian
Academy of Sciences, Debrecen, Hungary

Weé put the silicon junction detector in the focus of a toroid sector type beta-
-ray spectrometer. In the magnetic beta-ray spectrometer using Co80 and Cs1'7 sources we
investigated the relative detection efficiency of the semiconductor detector, its pulse
height - energy linearity, and the alteration of the full width at half-maximum of
the total absorption peak as a function of energy, concentrating our attention mainly to
the region of the minimum detectable energy.

Semiconductor counters may be applied as detectors in magnetic beta-ray
spectrometers as well as counter tubes or scintillation counters. Their great advan-
tage against the scintillation counters is their insensitivness to the presence of
magnetic field, and at the same time with their aid one can discriminate energy, and
this fact is a great advantage over the GM tubes.

W have to mention the relative simplicity and handiness of the semiconduc-
tor detectors, in these respects they surpass not only the formerly mentioned type of
detectors but the proportional counters too.

In a toroid-sector type heta-ray spectrometer fl, 2] we used silicon junc-
tion detector for counting beta particles. The crystal consists of a p type Si semi-
conductor, its electrical resistivity being >10* I.ct. The sensitive area of the de-
tector is 5 mm2. The depth of the frontal n layer 0,2 p. W operate the detector at a
bias of 15 V. In this case the barrier depth is about 120 p and this correspondes to
the range of~150 keY electrons. As for the arrangement see Fig. 1.

The area covered by the focused electron beam was considerably larger then
the sensitive area of the detector.

The preamplifier connected to the detector has a cascode input stage and in
many respects similar to that suggested by Cottini and his collaborators [33-"The
characteristic maximal R.C. integrating time constant of the amplifier system is equal
to the minimal differencidting time constant and both have a value of 0,7 psec.

First we examine the alteration of the relative detection efficiency with
special respect to low electron energies.



FiEf. 1. Arrangement of the semiconductor detector in the B-ray spectrometer
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Fig. 2. Detection efficiency curves for low energy electrons in the function of the elec-
tron energies at different setting of the discrimination level (integral setting).

The magnetic beta-ray spectrometer may be applied also as a source of mono-
energetic electrons and with its aid we investigated the pulse height - energy linea-
rity of the detector in the region formerly mentioned, and the alteration of the re-
solving power as the function of energy.

The relative detection efficiency was determined by the detection of the
Co® R-ray spectrum in the well known manner [4, 51 by the deviation of the Fermi-
-Curie diagramm from the linearity at lower energies (Fig. 2.). With the aid of the
curves it is possible to answer such a practical question as to which discriminator
position is the most advantageous to be choosen in the case of a given measurement.
It is obvious that the detector examined has a cut-off practically about 50 keV, even
at the most suitable discriminator position. On the other hand if it is not necessary
to detect such low energies, it is not advantageous to choose such relatively low
discriminator position, because the signal to noise ratio will be very small in this
case and the measurement becomes unreliable. See fig. 3*

Here the signal to noise ratio means the ratio of counting rates measured at
the intensity meximum of the Co30 beta-ray spectrum i.e. at electrons of %450 keY and
in case current does not flow through the betar-ray spectrometer coil.
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Fig. 3- The signal-to-noise ratio in the function of the discrimination level. The sig-
nal/ncise is given here as the ratio of the counting rate at the intensity maximum of the
Co*0 R-ray spectrum and at the magnetic field of the spectrometer switched off.
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Fig. 4. The pulse height in the function of electron energy for the total absorption peaks
in the spectrum taken by the detector as a R-ray spectrometer for monoenergetic electrons.
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Putting Cs197 source in the magnetic beta-ray spectrometer and calibrating
the spectrometer with the K conversion line, we set different current-intensities in
the coil of the beta-ray spectrometer and thus different near monoenergetic electrons
reached the semiconductor detector. Than we analised the beam at the different elec-
tron energies using tjhe semiconductor detector as a spectrometer.

The pulse-height (i.e. the magnitude of the total absorption peak expressed
in terms of the discriminator veltages) as a function of electron energies is plotted
in Fig. 4.

W may see that the function shows deviation in the examined interval from
the linear dependence only if the energy of electrons exceeds the energy of those
electrons the range of which equal to the barrier depth. Towards small energy values
up to the smallest examined energy (60 keY) we did not find any deviation from the
linearity. The similar investigations referred to in the literature led to the same
result. McKenzie and Ewan [6], Bosch et al. [7] investigated the pilse - height -
energy correlation down tp 100 keV and to 195 keY, respectively. W checked the linea-
rity of the electronic system with two different precision mercury relay pulse genera-
tors. The pulse-height measured at the output of the amplifier depends linearly (within
+1,5 % on the magnitude of signal measured at the input of the amplifier.

In the former measurements we determined also the full width of the tjotal
absorption peak at half meximum (PFAHV) as a function of energy. The values are plot-
ted in Fig. 5 (circles).

The detector leakage current noise and tjhe noise of the electronic system
(together: system noise) in the investigated interval had a constant value of 20
keV. W got, this value by giving monoenergetic signals to the input of the amplifier
from a mercury relay pulse generator and measuring the PAHM at the output of the
amplifier.

Oe may see in Fig. 5- that the PAHMincreases with the increasing elec-
tron energy. This increasing may have been expected because not wholly monoenergetic
beam reaches the detector from the spectrometer and with increasing electron energy
the energy dipersion of the beam will also increase. To characterize increasing of
PAHMto be expected, we plotted in Fig. 5 the

guantity (crosses), where
as is the PAHMgenerated by the system noise,
af} is the PAHMgenerated by the electron energy dispersion in the beta-
ray spectrometer,
a is the PAHMgenerated by both system noise and electron energy dis-
persion.
The df} quantity was determined by taking up a conversion e~ peak spectrum
as a function of magnetic field strength (at constant radius of curvature). At this
measurement we used the semiconductor only as a detector.
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Fig. 5. shows, that the PFAHMis nearly equal to the a quantity, i.e. about
60 keV electron energy the system noise, and at increasing energies - the system noise
and the energy dispersion of the ‘electron beam are mainly responsible for the full
width at half-maximum.

m easured

Ha/f_-width of half-w id th
the fines (keV) cal/cu/ated

40
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Fig. 5. The variation of the half-width of the total absorption peaks for monoenergetic
electrons with electron energy (circles). Crosses: calculated half-width on the basis of
system noise and electron energy distribution due to the final resolution in the R-spec-
trometer.

The authors express their thanks to Prof. A Szalay, Director of the Institute,
for excellent working conditions in the Institute and to our physicist colleaque I. Ma-
fiunka for help in different problems. A knowledgement is due to Mrs. T. Halasz for tech-
nical aid at the measurements.
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