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EDITORIAL

In the realm of the international scientific journals two strong tendencies can 
be observed. On the one hand, most of the traditional “grand” journals were split 
up and the papers are grouped into specialised volumes A, B, C, etc. On the other 
hand, more and more journals are devoted ab ovo to well-defined specific subjects.

Looking at the list of the international journals of physics it is noted that 
no journal is devoted to heavy ion physics in spite of the fact that this branch 
of physics has been developing very spectacularly at least for two decades and we 
have well-established reasons to believe that this development will be continued 
in the future as well. The recently completed accelerators and those which are 
under construction provide a proof for this belief. The activity both in the theory 
and in the applications is also developing steadily. Considering these circumstances 
we decided to publish an international journal on “Heavy Ion Physics” . To this 
endeavour we would like to have the support of the European Physical Society and 
the interest of the Heavy Ion Physics Community.

To produce a good journal four ingredients are needed:
• a reliable Publisher,
• a highly qualified international Editorial Board,
• excellent papers and
• interested readers.

The last condition is the most important and the most difficult to meet. To 
attract interested readers and excellent authors we invite the most outstanding 
representatives of the heavy ion physics community from all over the world into 
the Editorial Board. Until now we asked a number of excellent scientists and the 
answers are very positive.

The financial support is granted by the Publishing House of the Hungarian 
Academy of Sciences. The “Heavy Ion Physics” will be a new journal, nevertheless 
in some sense it will be an old one since it will be published as the continuation of 
Acta Physica Hungarica.

More precisely the title will be the following:

HEAVY ION PHYSICS
ACTA PH YSICA H UNG A R IC A  NEW  SERIES

Acta Physica Hungarica was founded after World War II. It is reviewed by all 
of the major reference journals. Its volumes are on the first shelf of a great number 
of libraries of the physical institutes. We hope that the number of subscribers will 
increase due to the proposed transformation.

We will ask the Publishing Committee of the EPS to put “Heavy Ion Physics” 
on the list of the journals “Recognised by the European Physical Society” .

In 1995 we will start this “new-old” journal.

Budapest, December 1994 István Lovas 
Editor-in-Chief
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INVITED TALKS AND ORAL CONTRIBUTIONS

NEUTRONS IN THE PAST AND THE FUTURE

E dward T eller

Hoover Inst i tu t ion  on War, Revolution and Peace 
Stanford, USA

I should like to discuss some stories about neutrons which are not common 
knowledge.

In 1932, a couple of years after I received my doctorate degree, I was working 
in Göttingen with George Placzek on the Raman effect connected with the rotation 
of molecules. Placzek wanted to spend the spring recess in Rome and persuaded 
me to join him. Enrico Fermi, whom I had never met, wrote a remarkable (though 
rather untruthful) letter calling me a great physicist whose presence in Rome was 
absolutely necessary. It was accompanied by another note saying, “Dear Teller: 
Please excuse the overly formal nature of the accompanying letter,.but I thought 
that that way it would be more effective. At any rate, we should indeed love to 
see you here.” That was my introduction to a man who was great, wonderful and 
moreover, friendly.

The letter had its effect in that the Hungarian government gave me room for 
a few weeks in the Palazzo Falconieri, housing Hungarian students, mostly painters. 
The Palazzo was on the Tiber. I had a room in the attic containing a bed, a table 
and a chair. It was at a time of my life when I slept well and long, but made up for 
it the rest of the day. I must confess that I often slept until mid-day and my alarm 
clock was a cannon on the other side of the Tiber which was fired at 12 noon.

My work and my acquaintances with Fermi were fruitful and pleasant, but 
not connected with neutrons. I was aware of the fact that Fermi had undergone a 
terrific change from a brilliant theorist to a Nobel Prize winning experimentalist. 
He and his associates started to work on the recently discovered neutrons and were 
playing with many peculiarities that were, at that time, surprising and new.

Why were neutrons activating materials much more readily when the appa­
ratus happened to be resting on a wooden table? Why, of course! The neutrons 
were slowed down due to collisions with protons in the wood from original speeds 
not much less than 1/1 Oth light velocity to mere thermal motions in the range of a 
kilometer a second. The proton-neutron cross section seemed huge. That was, in 
turn, due to a resonance, a virtual neutron-proton state at approximately 200 keV. 
If that was not enough, one further had to take into account the difference in neu­
tron-proton scattering for somewhat higher energy neutrons when the binding of 
the protons to the chemical surrounding could be neglected and for lower energy 
neutrons when the binding of the protons had to be taken into account. These were 
the early discoveries of Fermi.

Acta Physica Hungarica 75, 1994
Akadémiai Kiadó, Budapest



10 E. TELLER

The absorption of neutrons led to new radioactive isotopes which were pro­
duced when neutrons were allowed to bombard every élément in the periodic table. 
In the end, Fermi and his friends bombarded uranium and obtained incomparably 
more radioactive isotopes than in the bombardment of any other element. Why, of 
course. These had to be the transuranics and for these Fermi received the Nobel 
prize. The only hitch was that most of them were not transuranics at all, but fission 
products.

The story of fission is full of contradictions and tempts me in an irresistible 
manner to make comments that at best are half justified.

Some years before Fermi’s experiment, Dr. and Dr. Noddack (husband and 
wife) discovered elements 43 and 75 which, in memory of early German victories 
over the Russians in 1914, they called masurium and rhenium. Of these, rhenium 
element 75 can be found in the periodic table. Masurium turned out to be a mistake. 
Element 43 can be now found with the symbol Tc for technetium discovered by 
Fermi’s student, Emilio Segrè. In the early 1930s, Mrs. Noddack was still very 
much alive though her husband had died. Reading about Fermi’s discoveries, she 
wrote Fermi and suggested that what he had found in bombarding uranium were 
elements produced in the fission of uranium. Fermi took this suggestion entirely 
seriously, but reacted to it not as a new-born experimenter but as a true theorist. 
He calculated whether Mrs. Noddack’s suggestion was possible, and he managed 
completely to disprove it.

What he actually did was to realize that for uranium to break apart, it has 
to start to deform which would take more energy than the absorbed neutron could 
deliver. That in itself need not stop the process because, of course, in quantum 
mechanics, the system could penetrate through the Gamow barrier of this excess 
energy. Fermi calculated the probability of such penetration and found it absurdly 
small which ruled out fission.

It so happened that Fermi’s calculation was beautiful, imaginative and cor­
rect. However, it was based on nuclear masses measured by Aston and the binding 
energies derived from these measurements. Penetration through a Gamow barrier 
for relatively heavy masses depends sensitively on the energy. Aston’s measure­
ments happened to be somewhat mistaken, sufficiently so to lead to an exclusion of 
fission, of course, not in reality but in Fermi’s mind.

This was not the only time that Fermi almost discovered fission. I am tempted 
to say that the phenomenon of fission was flirting with Fermi and on one more occa­
sion, barely escaped being caught. Fermi theorized that the absorption of neutrons 
should also cause the emission of alpha particles with an excess of energy. In trying 
to discover these relatively rare events, Fermi bombarded uranium with neutrons. 
In these experiments, he should have seen the fission products that carried great 
amounts of energy. But in looking for the longer range alpha particles, Fermi did 
not want to be bothered by the normal alpha particles of shorter range. Therefore, 
he covered his uranium samples with a thin foil sufficient to stop the normal alpha 
particles. Unfortunately, that foil was just about thick enough to stop the fission 
products as well. So, Fermi again missed the discovery of fission.

Perhaps this circumstance was most fortunate. We now fully realize that from

Acta Physica Hungarica 75, 1994
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fission to nuclear explosives, only a short step was needed. Had Fermi discovered 
fission in the mid-30s, the American response in the military field would hardly have 
been forthcoming. It is much more probable that the first atomic bombs would have 
been produced in the Soviet Union or perhaps in Nazi Germany.

As it happened, fission was discovered in the Kaiser-Wilhelm Institute by 
Hahn and Strassman. The fission products were seen in an ionization counter by 
Frisch and Meitner, and the news was brought to the United States in January 
1939 by Niels Bohr. By that time, Leo Szilard was fully prepared to understand the 
consequences of this discovery, and he managed to bring the importance of the new 
possibilities to the attention of President Roosevelt. At the same time, efforts were 
started in Nazi Germany and the Soviet Union. In the former case, the effort failed 
(in my opinion) due to the Nazis’ lack of interest in science and Heisenberg’s (who 
was the leader of the project) strong feelings against the Nazis. In the Soviet Union, 
Kurchatov made great progress that led to a Soviet atomic bomb only a short four 
years after the end of the Second World War. Had Fermi discovered fission in 1935, 
it is possible that today those of us who survived would speak Russian.

After injecting some potential uncertainties into the story of the past, I would 
now like to add one of my experiences with the use of nuclear energy together with 
a closely-related outlook on the not-so-uncertain future.

Technetium discovered with the help of neutron bombardment by Segrè has 
found its important diagnostic use by which I personally benefited. In 1984, I had 
open-heart surgery, and a few years later on a visit to Washington, I was dragged by 
one of the younger men who participated in that operation to Georgetown University 
in order to check on my heart. That was done by injecting a non-negligible amount 
of technetium into my blood and then placing counters pointing to my heart to find 
out how many decay processes of technetium occurred in my heart as it expanded 
and contracted. I passed the test not quite with flying colors. After all that was 
done, I went out for lunch with Jay Keyworth, the President’s Science Advisor.

No sooner did we sit down, here came the guard running, “Which one of you 
gentlemen carried in some radioactivity?” Fortunately, I had told Jay about my 
experience so he raised his eyebrows and said to the guard, “Don’t you know, this 
is the radioactive Dr. Teller!”

I am telling you this story because it is one of the instances of the useful 
medical applications of radioactivity which is being slowed down by exaggerated 
fears of such activity. But I want to continue and conclude telling you of the probable 
way how similar experiments will be carried out in the future. The suggestion I am 
going to discuss is due to my friend, Lowell Wood, and this suggestion has been 
followed up by his wife, Muriel Ishikawa.

Instead of technetium that emits one gamma ray, one should use an appro­
priate isotope of some element that emits at least two gamma rays in extremely 
rapid sequence so that they are practically simultaneous. From the intersection 
of the two lines of observation, one would then get a quite precise location of the 
emitter. All one would have to do is to administer the relevant non-radioactive 
isotope, irradiate by slow neutrons and look for the double event. This would result 
in less irradiation and much more information. Indeed, the presence or absence of
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appropriate chemicals containing the isotope in question could give us a wealth of 
information about normal and abnormal tissues.

The great changes due to the development and application of nuclear energy 
have produced widespread fears. Application of neutrons in biology and solid state 
physics could proceed much faster if we were not hampered by the fear of anything 
nuclear. I believe that a hundred years from now, the fear of neutrons will have 
disappeared the same way as the fear of witches. Our visitors in Hungary may not 
know that the Hungarians were practically never afraid of witches since in the year 
1100 when Könyves Kálmán (Bookish Kálmán) issued his important edict, “De 
strigis, quidem, quae non sunt, Nulla questio fiat.” Please do not misunderstand 
me. Neutrons do exist, but when used with a little care, they are as harmless as 
the non-existent witches.
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BUDAPEST NEUTRON CENTRE 
USER FACILITIES

AT THE MODERNIZED RESEARCH REACTOR

L. R o s t a

K F K I  Research Inst i tu te  for  Solid State Physics 
P .O .B .  43, 1525 Budapest, Hungary

T he B u d ap es t R esearch  R eac to r (BRR) was recently  re s ta r te d  a fte r  a  m ajo r u p ­
grad ing  an d  o p e ra tes  a t 10 m eg aw a tt nom inal pow er from  N ovem ber 1993. The re ac to r 
b u ilt in 1958, h a s  been fully reco n stru c ted  and u p g ra d ed  according to  m o d ern  scientific, 
technological a n d  safety requ irem en ts . T his u n ique  im p o rtan t n e u tro n  source in C en tra l 
E urope serves various purposes, such  as basic an d  app lied  research in  physics, chem istry, 
biology, m a te ria ls  science, as well as com m ercial u tiliza tio n . It is also m ea n t for an  ed u ca­
tiona l centre. A n in s tru m e n ta tio n  p ro jec t, su p p o rte d  by  national fu n d in g  agencies, allowed 
to  in sta ll a  basic  set of e x p erim en ta l sta tions. C onsiderable  effort is b e in g  m ade to  in sta ll 
a  liquid  hydrogen  cold n e u tro n  source to  widen th e  beam  line re sea rch  capacity. From  
1994 th e  follow ing experim en tal s ta tio n s  will be availab le  on n eu tro n  b eam s and  guides: a 
two-axis pow der d iffrac tom eter, a  dynam ic n e u tro n /g am m a  rad io g rap h y  sta tio n , a  sm all 
angle n e u tro n  sca tte rin g  device, a  th ree  axis sp ec tro m ete r and a p ro m p t gam m a ac tiv a ­
tion  analysis spec trom eter, as well as a  fast-rab b it irrad ia tio n  tu b e  sy s te m  w ith ad jo in ing  
activation  analysis equ ipm ent a n d  h o t a tom  chem istry  laboratory.

The B udapest Research Reactor

History. The nuclear research rector at the Central Research Institute for Physics 
(KFKI), Budapest was first started as a Soviet construction, in 1959. A first upgrad­
ing from 2 to 4.5 MW was carried out in 1967. In 1986 the reactor was stopped for a 
complete reconstruction. During the 27 years of exploitation no incident occurred, 
an extremely hard discipline and careful regime of operation was kept. In this period 
the research reactor played an essential role in establishing neutron-based research 
and technology in Hungary. It served as a basic facility for neutron scattering in 
condensed matter, nuclear physics, radio chemistry and radiation protection inves­
tigations, for establishing nuclear medical applications providing radioisotopes, and 
for starting a nuclear energetics programme through reactor operation and safety 
studies. It was an important center of university, postgraduate and professional 
training. Many fruitful, international co-operations were established and the reac­
tor laboratories served as home bases for activity at international organisations like 
IAEA and JINR Dubna.

In 1983 the government made a decision to reconstruct and upgrade the reac­
tor considering new trends in nuclear research and applications, as well as following 
modern reactor safety requirements. The upgrading programme prepared the reac­
tor for multipurpose utilisation according to the main objectives: basic and applied
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research with neutron beams as well as by means of complex irradiation; techno­
logical and commercial applications; education and training. The definition of the 
reactor parameters and the instrumentation programme was co-ordinated by a user 
committee, headed by N. Kroó. The neutron scattering project — the main research 
field — was led by F. Mezei [1].

Upgrading. The full scale reconstruction and upgrading was designed and imple­
mented essentially by Hungarian companies. The modernisation aimed at the fol­
lowing tasks: the substitution of the corroded components; the enhancement of 
reactor safety; the increase of reactor power. As a result, most of the technologi­
cal elements (core, tank, cooling circuits, ventilation, electronic control, etc.) were 
replaced and the complete infrastructure renewed. The reactor safety has been en­
hanced according to the relevant recommendations of IAEA. The actual core with 
VVR-SM fuel elements (stored for several years of operation) may provide an aver­
age power of 10 MW. The new cooling capacity will allow a further increase of the 
power up to 20 MW, this will, however, require a new type of fuel element [2].

Recommissioning. The reconstruction was technically finished in 1990, the recom­
missioning, however, took quite a long time. Because of the reorganisation of the 
KFKI and the need for a very careful investigation of the scientific community’s 
opinion as well as the complex procedure for the public acceptance, the KFKI-Atom­
ic Energy Research Institute, as a legally independent establishment, responsible 
for the reactor operation, applied for licensing only in 1992. The reactor became 
critical the 12 December 1992. The licensing and testing took nearly one year, the 
regular operation was started the 15th November 1993. The recommissioning was 
favoured by the following circumstances: evaluations and positive recommendations 
by different bodies of the Academy; user meetings, demonstrating considerable in­
terest in this “new” facility; an important grant for instrumentation improvement 
by the National Fund for Scientific Research (OTKA); the programme of interna­
tionalisation in the framework of the Central European Initiative (CEI), namely 
BRR was opened to the international user community [3]; positive balance of the 
public opinion, i.e. a harmonic dialog with the local authorities and population and 
openness to the public (e.g. the reactor is open to visitors — as in the past — on 
the last Friday of every month).

Reactor specifications. BRR is a light water moderated and cooled, tank type nucle­
ar reactor [2]. Its central object, the heavy concrete reactor block surrounding the 
core, is situated in a hall which represents a semi-hermetically sealed, individually 
ventilated, rectangular structure with approximately 600 m2 area. The top of the 
reactor can be reached by means of a bridge on the second floor, which is the level 
of the control room situated in the attached building. The first level of the reactor 
hall allows access to the experimental facilities at the horizontal beam tubes, while 
the primary pump room and the hot cells can be found in the basement. Fig. 1 
shows a schematic vertical cut of the reactor block.
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The cylindrical reactor tank is made of aluminum alloy (R-AlMg 2,5). Its 
diameter is 2300 mm, with the height of 5685 mm. The base of the reactor core 
is a hexagonal grid plate with 397 identically formed holes. Into these holes can 
be placed the fuel elements, the beryllium and aluminum elements, and the guide 
tubes of the absorber rods.

The standard VVR-SM type fuel is an AI-UAI4 alloy with 36 % enrichment, 
aluminum cladding. The average U235 content is 39 g/fuel. The fuel elements are 
of hexagonal shape, the active length of a fuel is 600 mm. The equilibrium core 
contains 223 fuel elements.

There are 3 safety, 14 shim and 1 automatic rods which can be positioned 
by means of ropes, driven by servo motors. All the absorber rods are of boron- 
carbide, except the stainless steel automatic control rod. Depending on their depth 
of insertion they absorb a certain amount of neutrons — the simple way to suppress 
(or increase) the chain reaction. To improve the neutron economy, the core is 
surrounded by beryllium in order to reflect neutrons escaping from the core back 
to the fission process.

The water volume of the reactor pool serves for radiation shielding, core 
cooling and moderation or slowing down the fast neutrons. To cool the fuel elements 
a continuous flow of water passes through the core raising the water temperature 
from 50 °C to 60 °C. The outlet water is pumped through heat exchangers. The
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heat released by the primary system is transferred from the heat exchangers to the 
Heller-Forgó type cooling towers. The secondary cooling circuit is also a closed loop 
and it has higher pressure than the primary one.

fast neutron 
channels/ \

Fig. 2. H orizon ta l section  of th e  re a c to r  block a t 1 m  level with th e  n e u tro n  beam  tu b e  a rra n g e ­
m ent

The utilisation of the reactor is provided by means of different irradiation 
holes and beam tubes with the adjoining auxiliary equipment. A detailed map 
of the reactor is shown in Fig. 2. 51 vertical irradiation channels with various 
geometrical and spectral parameters are available in the reactor core and vessel. For 
the neutron beam measurements different types of horizontal channels have been 
implemented. Besides the six radial thermal and two fast (looking directly at the 
core) neutron channels, a new tangential beam tube has been installed. The former
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T a b le  I
M ain  param eters o f th e  VVR-SM B u d a p e s t Research R e a c to r

Pow er 10 M W att
Peak  T h erm al N eu tro n  Flux

Flux trap 1.6 • 1014 n / s  cm 2
Reflector 1.2 ■ 1014 n / s  cm 2

Peak  Fast N eutron F lux 1 • 1014 n / s  cm 2
Core:
R adius 1 m
Height 0.6 m
Loading 220 fuel e lem en t (equilibrium )
Life 40 days

M odera to r/co o lan t H20  (H /U = 2 .3 5 )
Fuel Elem ents:

T ype VVR
E nrichm ent 36 % 235U

Shielding:
T herm al W ater-h eav y  concrete
Biological concrete

N eu tro n  Ports B eam  tubes:
R adial 8
Tangential 2
Vertical 6
N eutron guides 3 (th e rm al neutrons)

C ryogenic Facility H2 cold sou rce  (under co n stru c tio n )
V ertical Thim bles:

In-core 16
In reflector 19

R a b b it tubes:
Near-core 1
In reflector 1 (under construction)

thermal column hole is used to take off neutrons tangentially for the neutron guide 
system and later to install a liquid hydrogen cold neutron source. The horizontal 
channels are equipped with shutters and proper physical and biological shields. The 
neutron guide system [4] consists of three glass-mirror guide tubes. The 1.65 m in­
pile section is coated with 58Ni while the outer section, which continues into the 
guide hall, has natural Ni coating. The first tube is straight, the second is curved, 
and the curved third guide is to be installed. A new 15 x 27 m guide hall extends 
from the reactor hall, housing the guide instruments.

The reactor cycle is about 40 effective days (for the equilibrium core) which is 
followed by a reshuffling period of one week. The operation regime is the following: 
from Mondays 5 or 11 days of continuous operation, as a total ~  3600 hours per year. 
The reactor at KFKI has had a good reputation to keep very tight the exploitation 
schedule. According to different kinds of experimental requirements, however, the 
timetable can be planned (or modified) in a flexible manner. The reactor staff is 
well experienced in assisting physical experiments and radioisotope production.The 
principal reactor characteristics are summarized in Table I.
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N eutron research and applications

The Budapest Research Reactor is a unique neutron source in Central Europe. 
It will provide attractive possibilities in many fields of basic and applied research, in 
particular when equipped with a cold neutron source. The utilization of the reactor 
for basic and applied research is considered by the following means [5]:

1. Neutrons produced in the reactor core with an important flux can be guided 
to the measuring instruments for investigation of elastic and inelastic scattering 
phenomena, i.e. neutrons can probe in condensed matter structural properties in 
the 0.01-1000 Á size range and particle interaction behaviours in the 10 9- l  eV 
energy range.

2. Investigations related to nuclear reactions based on neutron capture (fun­
damental physical problems, nuclear astrophysics, activation analysis, etc.).

3. The reactor provides experimental basis — as complex irradiation source 
(neutrons, alpha, beta, and gamma rays) — for materials testing, hot atom chem­
istry, irradiation damage, biological irradiation, dosimetrical, nuclear safety inves­
tigations.

The research activity at BNC is classified into the following areas:

Nuclear and fundamental physics. Polarized and unpolarized neutron-induced nu­
clear reactions, namely radiative neutron capture, can be utilized in the studies of 
problems related to nuclear and fundamental physics, nuclear astrophysics and in 
the development on unique analytical methods [6].

The nuclear physics programme is mainly based on the study of radiative neu­
tron capture. The high neutron flux and extremely low background expected at the 
end of neutron guide No.l will provide unique possibilities for gamma-spectroscopic 
studies of nuclei. Special emphasis is made on measurements of nuclear level life­
times using novel fast ~fn77(t) coincidence and Doppler-shift timing techniques. The 
(n, y) station and the Compton-suppression/pair spectrometer will alternatively be 
used for neutron-capture prompt-gamma activation analysis (PGAA).

For nuclear astrophysics, to investigate stellar nucleo-synthesis, neutron-cap­
ture cross-section measurements in the energy range relevant for the astrophysical 
s-process are planned using a filtered beam device, to be constructed at one of the 
radial fast neutron beam ports. The study of fundamental problems — such as time 
reversal and parity violation in polarized neutron capture, or a measurement of the 
neutron lifetime — is another field of interest. It will be exploited as soon as a 
polarized neutron guide becomes available. Activities in nuclear solid state physics 
and chemistry are also envisaged (e.g. super source-based M össbauer spectroscopy).

Neutron scattering in condensed matter. The main research activity at the upgrad­
ed reactor is the neutron scattering for condensed matter and materials science 
investigations. Thermal neutrons have proved to be a very useful tool for investiga­
tion of condensed matters, since they have energy in the range of the kinetic energy 
of atoms, molecules and particle aggregates, and wavelengths comparable with the 
atomic distances. These are the basic conditions to obtain maximum information 
on positions as well as motions and interactions of structural units in condensed
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matters such as solids, liquids, gases, chemical, biological and technological sys­
tems. Some examples describing the scope of interest in condensed matter research 
at BNC are given below [7]:

-  Studies on the short and medium range order of amorphous semiconductors 
and alloys (the isotope sensitive scattering factor is used to investigate the structure 
factors). Refinement of structural models.

-  Investigations of any kind of inhomogeneities (segregation, aggregation, pre­
cipitation, spinodal decomposition, etc.) in various (from alloys to biological) sys­
tems.

-  Combined — structural and dynamic — investigations of molecular fluids 
with anisotropic features (e.g. liquid crystals, ferrofluids).

-  Determination of oxygen sites, magnetic and phonon structure in high tem­
perature superconductors.

Materials science. The growing interest for industrial applications calls for a special 
programme. The high penetrability of neutrons into materials is the key property in 
many industrial applications of neutron-based methods. In contrast to many alter­
native techniques (e.g. X-rays), neutron probes are not affected by the properties 
of surface layers. Consequently, samples (even complex objects in an “unfinished” 
stage) or confined objects can be investigated routinely and in-situ.

The main interest is to study segregation processes, e.g. determining inhomo­
geneities as well as identify preferred orientation of crystallites by texture analysis 
or carrying out internal stress analysis by high resolution lattice parameter mea­
surements. A few examples we have gained experience for [1,8] are listed below: 
Texture analysis of ball bearing and carbon fibers; aging calibration of turbine 
blades by small angle scattering, diffraction and radiography; internal strain anal­
ysis of stretched alloys; optimization of pipelines, compressor elements, etc. by 
neutron radiography.

Activation analysis. Classic (n, 7) reactor-neutron activation analysis (NAA) is 
still preserving its role as a “workhorse” for the vast amount of analytical work. 
Combined with computerized high resolution gamma-ray spectroscopy, NAA offers 
mostly non-destructive, multi-element routine analysis needed in such areas as en­
vironmental control, geology, medicine and technological processes. For about 75 
elements less than 0.01 pg can be determined.

Simplification of the standardization procedure is of paramount importance in 
routine activation analysis. A new method using compound nuclear constants (i.e. 
so called &o-factors determined experimentally with high accuracy) was developed 
to eliminate standard preparation and errors originating from published nuclear 
data [9].

Prompt-gamma neutron activation analysis replaces conventional activation 
analysis when no suitable radioactive daughter products are available, e. g. light 
elements (H, C, Si, P, S,) as well as toxic trace elements (Hg, Cd, etc.). Using clean, 
guided cold neutron beams to increase capture cross-sections, this method will be 
fully developed and exploited through implementation of the fco-method.
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Practical applications. The production of radioisotopes for medical diagnostics and 
therapy as well as for industrial purposes is one of the main fields of applications at 
BRR. The production will be focused on 125I in a special loop (under construction) 
providing irradiation possibility of ~  180 Gbq per week. In smaller quantities 51Cr, 
65Zn, 141Ce, 170Tm, 82Br, 203Hg are also foreseen to be produced. For industrial 
purposes 192Ir and 60Co may also be produced, it will, however, require a modified 
reactor operation schedule for long irradiation times.

Silicon doping for the semiconductor industry will become an important ap­
plication. For the uniform transmutation an irradiation channel in the Be-reflector 
will be installed with a thermal neutron flux of ~  1013 n c m 'V 1. The maximum 
size of an ingot to be treated is of 500 mm length and 4 inch diameter.

Pressure vessel surveillance for nuclear power plants is an important task. 
The high flux of the research reactor enables to study in a short time the neutron 
induced embrittlement of NPPs components for many years in advance [2].

Instrum entation

The Budapest Neutron Centre offers experimental possibilities by means of 
the following instruments (a layout of the reactor and the neutron guide halls with 
the horizontal beam devices is shown in Fig. 3):

Fig. 3. Layout of h o rizo n ta l experim en tal channels an d  equ ipm en t in the  R eac to r a n d  N eutron 
G uide Halls of the  B u d a p es t R esearh R eac to r. RAD -  n eu tro n -g am m a radiography, F B  -  filtered 
b eam  (p lanned), B I -  b iological irrad ia tio n  channel (p lanned), PD  -  pow der d iffrac tom eter, TAS 
-  trip le -ax is sp ec tro m ete r, NG -  n -cap tu re  gam m a-ray  spectroscopy, PG AA — p ro m p t-g am m a 
ac tiv a tio n  analysis, SANS -  sm all-angle sc a tte rin g  sp ec tro m ete r, FCD -  four-circle d iffractom eter 

(u n d e r co n stru c tio n ), RAD2 -  rad io g rap h y  (planned)
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1. Two-axis powder diffractometer. It is located on the new tangential beam port 
(No. 9). Plane or focusing, Cu or Zn monochromators, 10-30 minutes thin film 
collimators are used. The wavelength can be varied step by step by rearranging 
fix positions of the monochromator shielding. A detector bank is assembled of 5 
position sensitive 3He-counters with 620 mm length and 25 mm diameter each. The 
PSD system covers a range of 28°, while moving the detector arm the scattering 
angle can be extended up to 150°. The diffractometer is controlled by a PC equipped 
by a multichannel analyser card for the detector electronics [10]. In Fig. 4 Ni-powder 
calibration spectra clearly demonstrate the advantage of using PSD.

Ni powder
neutron d iffrac tom eter bp. 94.01.21.

Bp. 93.12.06.

Fig. 4. C om parison  of d e tec tio n  efficiency of 3He PSD  and  th a t  of B F 3 single d e te c to r. 
1 . spectrum : 3He PSD , 2. spec trum : B F3 scaled to  1 . sp ec tru m  for equal tim e, 3. spec trum : B F 3 
scaled to  1. sp ec tru m  for equal tim e an d  equal sam ple  am o u n t. I(3He P S D ) /I (B F 3) =  40, => sm all 

am oun t of sam ples can be  m easured : 0.1 g-2  g

2. Neutron and gamma radiography. The horizontal thermal neutron channel No.2 
is used for dynamic radiography. The reactor acts as an effective simultaneous 
neutron and gamma source. Movements or processes of confined objects can be 
recorded by this equipment consisting of the following main elements: collimator 
for 150 mm beam diameter, fluorescent converters, high sensitivity TV camera, 
video-tape recorder (S-VHS), data processing electronics (e.g. image digitizer). XY- 
scanning in the beam of objects with mass up to 300 kg can be provided, external 
parameters (temperature, flow velocity, etc.) can also be simultaneously recorded 
[ 10, 11] .
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3. Three-axis spectrometer. It is installed in the guide hall at the 21 m position 
of the neutron guide No.l. The monochromatic beam is provided by a focusing 
assembly of pyrolytic graphite blades. The wavelength is continuously variable 
due to the chain type monochromator shielding. The components in the beam path 
are as follows from the monochromator: shutter, fission chamber monitor, multidisc 
velocity selector for harmonic fdtering, sample environment (cryostat, magnet, etc.), 
PG-analyser, 3He-counter. Thin film collimators are used throughout. The neutron 
specifications are given in [10].
4- Small-angle scattering spectrometer. This conventional type SANS device occu­
pies the curved (R ~  2000 m) neutron guide No. 2. The beam path is as follows: 
multidisc velocity selector with adjustable wavelength and resolution; guide sec­
tion and pin-hole collimator; chopper for TOF analysis; sample environment (e.g. 
automatic exchanger); 64 x 64 cm2 BF3 co-ordinate detector in a flight path cham­
ber with motorized displacement (5 m); PC-control and initial data treatment (see 
details in [10]).
5. Nuclear instruments. A twin station for (n,-y) spectroscopy and prompt gamma 
activation analysis is under construction at the end of guide No.l, which has from the 
TAS a 17 m curved section made of borosilicate glass. Both narrow and wide beam 
collimation may accommodate various sample requirements for simultaneous nuclear 
physics and PGAA measurements. A Compton suppression 7-ray spectrometer 
serves as the main detector consisting of a BGO shield (split into 8 parts) and a 
HPGe detector. Various Ge and BaF scintillator detectors for 7 — 7 coincidence, 
angular correlation and timing measurements complete the device [6].
6. In-pile irradiation. A fast rabbit tube system is used for irradiation at a near- 
core position neutron activation analysis which — combined with computerized high 
resolution 7-ray spectroscopy — offers non-destructive, multi-element analysis for 
about 75 elements with less than 0.01 pg accuracy. Also a laboratory for hot atom 
chemistry investigations has been equipped.
Instrumentation under development and future plans. The most important exten­
sion of BRR facilities is the construction of a cold neutron source (CNS). The 
moderator cell filled with ~  450 cm3 of liquid hydrogen will be placed at the Be- 
reflector site of the horizontal tangential channel No.10. The direct cooling and 
condensation of hydrogen in the moderator cell by cold helium gas provides a novel 
technical solution with enhanced cold neutron output as well as improved safety 
characteristics [12]. An optimized supermirror neutron guide system bunching 3 
beam lines is foreseen. It is hoped that the CNS will be operational in 1996-97.

The following instruments are under way of installation, or construction will 
soon start (equipment funded): -  Four-circle diffractometer at thermal beam port 
N0.8 for single crystal, texture and strain analysis; -  A second radiography station 
at channel No.3; -  A filtered beam facility will be constructed using the radial beam 
channel No.4, looking directly at the core, where scandium and iron filters will be 
installed externally to provide monochromatic neutrons with energies 2 and 24 keV, 
respectively. The cross-section will be measured using the activation method. -  The 
fast neutron beam port No.5 will be used to install a biological irradiation station.
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A few beam line positions are free (see Fig. 3), and it is considered that the 
number of instruments at BNC can be increased up to 13-15.

Infrastructure. Most of the laboratories and offices are connected to an area com­
puter network and all experimental stations may be linked to UNIX workstations. 
For sample conditioning He and Ni cryostats, a closed cycle refrigerator, furnaces, 
magnets, etc. are available. A small mechanical workshop and chemical laboratory 
may serve for sample preparation.

Organization

Establishment and location. The KFKI Atomic Energy Research Institute, .the 
KFKI Research Institute for Solid State Physics and the Institute of Isotopes have 
signed an agreement to establish a Scientific Centre for research reactor users. This 
assembly of the neutron-based laboratories has been named Budapest Neutron Cen­
tre (BNC). The KFKI Atomic Energy Research Institute is in charge of the oper­
ation of the reactor, and the management of BNC (via the Directors’ Board). An 
International Scientific Advisory Committee, led by F. Mezei (HMI Berlin), was 
formed to co-ordinate research activities. BRR is located at KFKI — the largest 
science and innovation park in Hungary — in a pleasant mountain forest about 
10 km distance from the centre of Budapest, easily accessible by city transporta­
tion. With its nearly 2500 staff, infrastructure, and a broad spectrum of activities, 
KFKI provides an ideal basis for BNC [13].

BNC services. 1) Provision of a neutron beam together with technical support, as 
agreed upon on a case by case basis, to research groups who wish to operate their 
own instruments. 2) Provision of neutron beams and BNC neutron scattering facili­
ties, together with technical help, for long-term research projects of external groups. 
3) Provision of a neutron beam, an appropriate scattering instrument or an irradia­
tion facility and scientific as well as technical support (including data evaluation) for 
single experiments to be performed by short-term visitors on the basis of individual 
proposals [1].

Summary

After major reconstruction and upgrading the Budapest Research Reactor is 
in operation again since November 1993. For a wide range of research and applica­
tion activities, horizontal and vertical irradiation channels with various parameters 
are available. A cold neutron source is under construction, the adjoining neutron 
guide system is actually used with thermal neutrons. Six high-performance experi­
mental stations are available (and some others are under construction) for research 
and development programs in condensed matter physics, material science, nuclear 
physics, radiography, activation analysis and other fields. The Budapest Neutron 
Centre is a new regional/international centre of excellence that hopes to attract 
wide interest of users in science and technology.
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FUNDAMENTAL PHYSICS WITH SLOW NEUTRONS

K. S c h r e c k e n b a c h

Fakultät fü r  Physik, Technische Universität M ünchen  
D -85743  Garching, Germany

T he research  field of fundam ental physics with slow n e u tro n s  is p resen ted . Fu ture  
experim en ts are suggested  which could be  carried  ou t also a t  a  m edium  flux n e u tro n  source.

1. Introduction

When we talk about fundamental physics in neutron research we deal with 
the fundamental properties and interactions of the neutron itself. This field has 
rapidly developed in the recent years due to the availability of intense neutron 
sources and the development of polarization techniques, cold and ultracold neutron 
sources and neutron optic devices. The stop of the ILL High Flux Reactor since 
1991 has seriously slowed down this activity and we can hope for a revival when the 
facility comes again into operation in 1994. For a neutron source as the research 
reactor here in Budapest, the intensity in neutron flux is a too big constraint for 
some of the fundamental physics experiments. But many experiments need more 
the quality of the neutron beam and a careful design. They should be also feasible 
here, when the cold neutron source is operational.

The research field can be classified in the following topics:
-  neutron particle properties (beta decay, electric dipole moment, nn oscillation, 

neutron rest charge, etc.)
-  neutron wave properties (neutron optics, quantum mechanics, interferometry)
-  symmetries in neutron interactions (PNC and TRI tests in neutron scattering 

and nuclear reactions)
-  fundamental physics with radiation produced by neutron reactions.

In the present talk I can only give a brief idea on some topics in this field and 
give some examples with preference to experiments which should be feasible at the 
Budapest reactor. Many more details could be found in recent books, conference 
proceedings and review articles [1-4].

2. Free neutron beta decay

The decay of the free neutron is a fundamental process of the weak interaction 
in the first generation of elementary particles. The dominant decay branch leads to 
a proton, a free electron and an antineutrino

n —► p + e~ + Ve + 782 keV,
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d = Vudd' + vuss' + vubb', 

d' —> и + W~ ; W - - + e - + V e.

In the quark picture the weak interaction eigenstate d' of the d quark transforms 
into the и quark under emission of a W~ boson. The weak and strong interac­
tion eigenstates are connected by the Kobayashi-Maskawa mixing matrix V. The 
universal weak interaction coupling constant connects the weak interaction eigen­
states, while for the neutron decay the coupling constant is reduced by the factor 
Vud =  cosвс =  0.975, 9C Cabbibo angle.

Neutron decay properties have been investigated in many aspects. Recently 
several neutron storage experiments with ultra cold neutrons (UCN) yielded the 
most precise value for the free neutron lifetime [5]. Combining these results with 
angular correlation experiments for the decay products the fundamental coupling 
constants gy and g a could be deduced from the neutron decay alone and compared 
with the data from ft values for superallowed beta transitions and the muon decay. 
There remains a discrepancy at the level of more than 2(7 which is not yet understood 
[5, 6]. To clarify the situation more neutron decay experiments are needed. But 
for that an intense UCN source and a very intense source of polarized neutrons are 
needed. This seems not to be available here. Also for time reversal tests in triple 
correlation experiments (D and R  coefficients) the statistical accuracy is a serious 
limitation although methodical developments could be also carried out at weaker 
neutron sources.

There are several effects in the decay of the neutron which have not been 
studied. This includes the bremsstrahlung spectrum in the free neutron decay and 
the decay of the neutron into a hydrogen bound state.

The bremsstrahlung spectrum is related to the radiative correction in the beta 
decay. In the case of the free neutron this spectrum could be studied as a function 
of the electron energy without the influence of surrounding nucleons and compared 
with calculations as given for instance by Sirlin [7].

The experiment would certainly be difficult but feasible. A low gamma back­
ground neutron beam would be necessary, such as cold neutrons emerging from a 
neutron guide. The electron spectrum in neutron decay could be measured al­
most background free by detecting decay protons and electrons in coincidence. 
This has been already achieved in 1950 by Robson [8]. Adding a detector for 
the bremsstrahlung (UV radiation and harder) in coincidence should allow a clean 
measurement.

A further decay mode of interest is the decay to a hydrogen bound state. The 
antineutrino spectrum is monoenergetic in this decay. The decay branch relative 
to the normal one is predicted as ~  10~5 [9]. It is not evident how the produced 
hydrogen atoms could be discriminated from the background. A possibility would 
be an asymmetry measurement relative to the neutron spin. Due to parity non-con­
servation the emission of the monoenergetic antineutrinos is asymmetric in respect 
to the neutron spin and hence also the recoil momentum distribution of the formed 
hydrogen atoms. It depends also on the populated state in the atomic shell. A 
pioneering experiment of this kind could be done also at a weaker neutron source,
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since a suitable method must be developed first. The next step would be to look for 
the population of the atomic shells of the hydrogen in this decay mode. It would 
give us constraints on the occurrence of right handed currents.

3. Interaction of neutrons with nuclei

At ßrst I like to mention an early measurement on the neutron capture on a 
proton. In [10] the probability of the two gamma decay to the one gamma decay was 
measured. The result was found to be too high by an order of magnitude compared 
to theory. But the angular distribution shown in this paper seems not to be correct. 
It would be interesting to repeat this work.

The polarization and spin flip techniques developed in recent years are an 
excellent base for a variety of asymmetry experiments. For slow neutrons a degree 
of polarization of better than 95 % is easily achievable with bent supermirrors. A 
spin flip device for neutrons does not alter the spectrum or intensity of the neutron 
beam besides the very weak magnetic interaction on the neutrons magnetic moment. 
The principle of an asymmetry measurement with polarized neutrons is shown in 
Fig. 1. A precision of the order of 10-6 is readily possible for the asymmetry 
(N+ — N -)/(N + +  AL); N+ and N_ rates for opposite neutron spin directions. 
In neutron capture reactions the neutron polarization is transferred to the capture 
state of the nucleus. For the best case of a spin 0+ target and s-wave capture the 
polarization of the capture state is equal to that of the neutrons. By this means 
polarized excited nuclei can be produced in an easy way.

polar izer
spin
flipper

detec­
tor

u

ra  diation

' t  a r g e t

detec- 
t or

Fig. 1. P rinc ip le  of an  asym m etry  m easurem ent in  po larized  n eu tro n  c a p tu re  reactions. T h e  
coun ting  ra te s  in a  d e te c to r  a re  com pared fo r th e  two neu tro n  sp in  directions

A number of experiments have been performed in the past on reactions such 
as (n ,7), (n , / ) .  The most interesting target for (11,7) would be protons. One 
would learn about fundamental quantities in the weak pion exchange and the weak 
neutral current. But the expected asymmetry is as small as —5 x 10-8 [11] and the 
best precision achieved by an ISN/ILL collaboration was (—4.7 +  4.7)10-8 [12]. For 
heavier nuclei there is an enhancement due to the weak interaction mixing of close
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nuclear levels with opposite parity. But the particle physics aspect is then lost and 
nuclear level structure plays the dominant role. For favorable cases the asymmetry 
can reach a high level such as 0.07 for 139La at the 0.75 eV p-wave resonance.

(Л

c
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ta rge t  m a s s  numbers

Fig. 2. A b so lu te  values of P -o d d  (to p ) and / ’ even left-righ t (b o tto m ) asym m etry  coefficients for 
light-fission-fragm ent em ission in  th e  co ld-polarized-neutron-induced fission of heavy n ucle i [13]

Astonishing are the results on the (n, / )  reaction. The measured asymmetry 
of the fission fragments seems to be rather similar for fissile nuclei and is of the order 
of 10~4 (Fig. 2 [13]). For a level mixing model there should be more fluctuation in 
the data. More experiments are necessary to clarify the role of weak interaction in 
the neutron induced fission process.

It would be extremely interesting to observe a violation of the time reversal 
invariance (TRI) in any system, since it has been detected via CP violation only 
in the K° system. Triple correlation experiments similar to the D or R coefficient 
for the free neutron could be considered. But care must be taken of final state 
effects, i.e. interference effects between the exit channels of the reaction, which 
could simulate TRI violation. For the case of the neutron the final state effects are 
calculated as < 10-4 . For heavier nuclei or for fission the final state effects are in 
general more important but if measured they may have their own interest. As an 
example Lobov et al predicted the final state effect in the triple correlation between 
the spin of an excited nucleus and the momenta of the e+ and e~ in the following 
internal pair production process at a level of Z/137, Z nuclear charge [14]. This 
prevents a sensitive TRI test in this reaction but could check the calculation of final 
state effects, which may be worthwhile if the experimental effort is reasonable.

4. Neutron spin rotation

The parity non-conservation (PNC) of the weak interaction causes neutron 
spin rotation in matter. Experiments are reviewed by Heckel [15], theoretical aspects
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are given by Desplanques [11]. This effect was first observed by Heckel et al in 
heavier muciéi by an experimental method illustrated in Fig. 3. The size of this 
PNC effect could be explained by nuclear level interference in the neutron scattering 
process, similar to the above neutron capture PNC effect. Large effects were found 
for u7Sn and for 139La. An even more interesting case would be a neutron spin 
rotation experiment on very light nuclei such as protons or deuterons, since the 
result would be related to the fundamental weak pion exchange mechanism. But 
the expected size of the effect would be only 10~8 rad/cm for a liquid hydrogen 
target. The group in Seattle (Heckel et al) is planning such an experiment for 
several years. An experiment on liquid 4He seems to be easier and also feasible at 
a weaker neutron source, The small neutron scattering and zero neutron capture 
cross section of 4He would allow a target of substantial thickness. The PNC effect 
is calculated as 10-8 rad/cm. The liquid He has to be pumped between the two 
sample positions (Fig. 3). The interpretation of the result is complicated in the four 
nucleon system of 4He but should not be out of the present possibilities.

1Г - coil

n beam>
(monochr.)

s a m p le  ^ 

p o s i  tion 1

К sample ,1
? t

posit ion 2
po I a r ize r an a  lyser

Fig. 3. PN C  sp in  ro ta tio n  experim ent by Heckel e t al. T he an a ly se r m easures th e  po lariza tion  
com ponent p e rp en d icu la r to  th e  m ain  n e u tro n  sp in  direction. By changing  the sam ple  po sitio n  the

sp in  tu rn s in to  th e  opposite  d irection .

-------------- \  4- ♦  —
n beam  /  —•—► ® ® ® 11

( longit. p o l .)
p o l a r i z e d  analyser
s a  m pie

Fig. 4. Possib le lay-out for a  T R I experim ent in n e u tro n  sca tte rin g

Many discussions came up how to measure a time reversal violating spin 
rotation in matter (see [16]). Again a nuclear level enhancement is expected and 
could yield a measurable effect. The principle of the measurement is shown in Fig. 4. 
The main problem lies in a polarized target without presence of a magnetic field. 
Recently at LNPI, Russia, and at KEK, Japan, methods were proposed how to 
polarize a La target and how to control spin rotations not caused by time reversal 
violation.
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5. Conclusion

In conclusion a large variety of experiments are of interest in the field of 
fundamental physics. Several could be carried out also at a medium flux neutron 
source like here in Budapest.

References

1. P. A. K rupchitsky , F undam ental P hysics Research w ith  Polarized  Slow N eutrons, Springer 
Verlag, Berlin, 1987.
Yu. A. A. A lexandrov , F undam ental P ro p e rtie s  of the  N eu tro n , Oxford Science, 1992.
D. D ubbers, P rog . P a r t .  Nucl. P h y s ., 2 6 , 173, 1991.

2. B. D esplanques, F . Gönnenw ein a n d  W . M am pe (eds), W orkshop on R e ac to r Based F unda­
m en ta l Physics, G renoble, 1983, J . de Physique, C3, 1, 1984.

3. D. D ubbers, W. M am pe and K. Schreckenbach (eds), W orkshop on F u n d am en ta l Physics w ith 
Slow N eutrons, G renoble, 1989, N ucl. In s tr . M eth., A 2 8 4 , 1 , 1989.

4. G . L. G reene (ed), W orkshop on Investiga tions w ith Cold N eutrons, W ashing ton , 1986, NBS 
Specia l P ub lica tio n .

5. K. Schreckenbach a n d  W . M am pe, J . P hys., G18, 1, 1992.
6 . B. G. E rozolim ski e t a l, Phys. L e tt., 2 6 3 В , 33, 1991.

A. S. Carnoy e t al, J . Phys., G I8 , 823, 1992.
7. A. Sirlin, Phys. R ev ., 164, 1767, 1967.
8 . J . M. R obson, Phys. R ev., 83, 349, 1951.
9. K. G reen  and  D. T hom pson , J. P h y s ., G16, L75, 1990.

10. W . B. Dress e t a l, Phys. Rev. L e tt., 34, 752, 1975.
11 . B. D esplanques, W orkshop on R e ac to r B ased F und am en ta l Physics, G renoble, 1983, J. de 

P hysique , C3, 55, 1984.
12 . R. W ilson e t al, W orkshop on the  Investigations w ith Cold N eutrons, W ashing ton , 1986, NBS 

Special P u b lica tio n , 85.
13. A. Ya. A lexandrovich  e t al, Nucl. P h y s ., A 5 6 7 , 541, 1994.
14. G . A. Lobov a n d  A. A. Truchan, Izv estia  Akad. N auk U SSR , 35, 859, 1971.
15. B. Heckel, W orkshop on  F u ndam en ta l Physics with Slow N eutrons, G renoble, 1989, Nucl. 

In s tr . M eth ., A 2 8 4 , 6 6 , 1989.
16. P. K. K abir, W orkshop  on F u ndam en ta l Physics w ith Slow N eutrons, G renoble, 1989, Nucl. 

In s tr . M eth ., A 284 , 1989 and references c ited  therein.

A cta  Physica Hungarica 75, 1994



Acta Physica Hungarica 75 (l~4),  pp■ 31-39  (1994)
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T he n e u tro n  depolarization  technique is based  on the  change of p o la riza tio n  of a  po­
larized  n e u tro n  b eam  in th ree  dim ensions a fte r transm ission  th rough  m agnetic  substances. 
T his change yields th e  m ean dom ain  size, th e  m ean square  d irection  cosines of th e  dom ain 
m ag n e tizatio n s a n d  th e  m ean m agnetization . T he m eth o d  is com plem entary  to  o th e r  neu­
tro n  sca tte rin g  techniques w ith resp ec t to  th e  size of th e  inhom ogeneities to  be s tu d ied  as 
well as th e  d y n am ic  range accessible. As exam ples will be  trea te d , fluxlines in  h igh  tem p er­
a tu re  superco n d u c to rs , m agnetic  corre lation  leng ths in dispersions of m ag n e tic  recording 
partic les as a  fu n c tio n  of m illing tim e and  as a  special case of overlap betw een  ND and 
sm all angle sc a tte rin g , the  m agnetic  dom ain  s tru c tu re  in th in  Co-Cr films.

Introduction

The application of neutron depolarization starts already in 1941 by Halpern 
and Holstein [1] theoretically and Burgy et al in 1950 experimentally [2]. Contrary 
to neutron scattering and small angle neutron scattering (SANS) the method has 
never developed into a widespread application. At present, neutron depolarization 
is exploited at a few places in the world. Without aiming to be all-embracing, I 
like to mention the work by Drabkin, Okorokov et al [3] and the theoretical work 
by Maleyev, Toperverg et al [4] in Leningrad and also by Rauch [5] and Badurek 
et al [6] in Vienna and all references therein. The range of sizes probed by neutron 
depolarization is between 0.02 /Ш1 and macroscopic dimensions, i.e. complementary 
to and overlapping SANS. In the range above 0.1 /ип the application of SANS fails by 
a lack of sufficient resolution. However, the application of the neutron depolarization 
technique is confined to magnetic phenomena and enables one to determine magnetic 
inhomogeneities as domain size or correlation length of the local magnetization, the 
mean square direction cosines of the domain magnetization directions and the mean 
magnetization vector [7,8] and their time dependence. Further it should be noted 
that in a ND experiment one single intensity measurement determines a correlation 
length while in a SANS experiment the whole momentum dependence is needed for 
this information.

In thin magnetic films neutron depolarization can be applied in studying the 
domain structure perpendicular as well as parallel to the film [9]. In this respect neu­
tron depolarization is also complementary to neutron reflectometry which studies 
the atomic and magnetic structure of the film perpendicular to the surface [10]. The 
application range of the reflection technique is typically from atomic dimensions up 
to 0.1 fim perpendicular to the film, while the range of the neutron depolarization 
starts above 0.01 fim, however in all directions.
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Fig. 1 . Schem atic overview  of d epo lariza tion  set-up . Mp — M a =  m agnetization  d irection , p o ­
la rizá to r-an aly sa to r c ry s ta l, G =  guide field, D i — D2 =  p o lariza tio n  tu rners , S =  sam ple holder,

T  =  counter

Also in the dynamics of materials, neutron depolarization is complementary 
with inelastic neutron scattering, However, the dynamics studied with neutron de­
polarization are measured in real time in contrast with the scattering techniques. 
Dynamic experiments are carried out by applying a periodic action to the sample 
such as a magnetic field or a tension and studying the response of the domain struc­
ture on this action by measuring the neutron intensity in periodically triggered time 
channels [11]. With this technique a time resolution of about 5 /is can be obtained, 
Because of the limitation in time scale at short times time dependent neutron de­
polarization has up to now only been applied successfully to eddy current limited 
domain wall movements and to time dependent rotation of induction in high T 
superconductors and flux creep.

In the next Sections the neutron depolarization technique will be treated 
briefly in a number of applications in materials research.

Neutron depolarization technique

The principal set-up is sketched in Fig. 1. It consists of a polarizer (P) and 
an analyzer (A) with two polarization rotators D1 and D2 and a magnetically 
shielded sample box in the centre. The devices P and A may be polarizing crystals 
(e.g. FeaSi, СигМпА1) or polarizing mirrors. The device D1 serves to adjust the 
polarization of the neutron beam along one of the three orthogonal x, у or z axes. 
The beam passes through a sample, which is positioned in a box of soft iron and 
/i-metal in order to shield against external magnetic fields. The magnetic induction 
B, measured by a fluxmeter, is less than 1 x 10-5 T inside the box. Subsequently, 
the beam passes through a second polarization rotator by means of which each 
component x, у or г of the polarization vector P can be rotated parallel to the axis 
of magnetization of the analyser (similar to the polarizer). After reflection at the 
analyser the neutrons are counted by a detector. The set of measured intensities 
Iij determines the so-called depolarization matrix
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A j = Is -  Uj
h  - I m

( 1 )

where i, j  refer to the adjustment directions of the two polarization rotators and Is 
and 7m are the intensities of the fully depolarized and maximum polarized beam, 
respectively.

Time dependent phenomena can be studied by repeating the process (e.g. a 
magnetization reversal) periodically in time. In one period the intensity is measured 
in successive time channels of predefined length At. The number of measuring cycles 
is determined by the desired counting statistics. The time resolution is about 5 /rs 
and results from the wavelength spread 6A/A of the beam and the time resolution 
of the detector [11].

The spatial sensitivity of the depolarization set-up of the order of 0.01 /im 
depends on the acceptance angle of the polarization analyser. This is a direct 
consequence of the equality of ND and SANS with spin flip, which was shown first 
in a quantum-mechanical treatment by Maleyev et al [4]. Rosman [14, 15] made a 
quantitative estimation for this sensitivity for different depolarization set-ups.

In case of zero magnetization (< В > =  0), the diagonal elements of the 
depolarization matrix can be identified by [7, 14, 15]

A . =  exp[cA(£° -  O'-,)], ( 2)

with c = Cj and ci = 4.67 x 1014 Л mT 2. Here Л is the wavelength of the neutron 
beam. Further La is the transmission length of the neutrons through the sample,

a i j  ~  W  j s  A B i ( S ) A B Á ~ S ) d 2 s >

e  = JS &B(S) A B ( - S ) d\  (3)

and 7j = ац /Ç0. Here, the integrations extend over the reciprocal plane perpendic­
ular to the neutron transmission direction. The fluctuations AB(s) are connected 
with the fluctuations AM(r) as seen in real space, by the Fourier transformation:

AB(s) = -£ ° -  f  [su x [AM(r) x s„]]e,s rd3r. (4)
(27T)J J w

The vector su is a unit vector of s. The volume W  corresponds to the part of the 
sample illuminated by the neutron beam. The quantity £° in Eq. (3) is a magnetic 
correlation length in product with the square of the amplitude of the fluctuating 
local magnetic induction. The quantity 7, is a direct measure of the direction 
cosines of the local magnetization. In the formulation of Eq. (4) the double vector 
product accounts for Maxwell’s laws curlH = 0 and divB = 0. When applied to 
e.g. particulate systems this formulation in terms of M has the advantage that one
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does not need to bother about the strayfields between particles. Equations (3) and 
(4) show very nicely that the measured correlation length components are in fact 
the integrated scattering components obtained in SANS, when the Fourier vector 
s is read as the momentum transfer in neutron scattering which appears to be the 
case in a thorough derivation of the formulae [4, 15].

For non-vanishing < В > parallel to the у-axis and moreover, а гу = 0 for 
i ф j, the depolarization matrix D can easily be expressed in the quantities otij and 
the mean rotation angle ф of the polarization vector in the mean magnetic induction 
of the sample. In general a theoretical D can be simulated using a model for the 
magnetic inhomogeneities. By comparison with the experimental D , a maximum 
of 9 model parameters can be determined simultaneously.

Applications

Neutron depolarization has been applied to a great variety of problems. For 
example: the direction cosines of local magnetizations in ferrites and ferromagnet­
ic foils under tension [7, 12], magnetization distribution in thin CoCr films with 
perpendicular anisotropy [9], dynamics of magnetization and domain walls in FeSi 
crystals [11] and polycrystalline Fe and Ni close to the Curie temperature [17]. Also 
very accurate critical exponents in Fe and Ni could be determined [18]. A few recent 
applications on magnetic recording materials and superconductors will be treated 
in more detail below.

Temperature dependence of ND in high T superconductor YBACU

Experiments were carried out by Roest and Rekveldt [18] on a sintered 
УВагСизОх sample of size 5.35 x 20.55 x 11 mm3 with a grain size between 1 
and 10 finl. The sample positioned inside a coil is clamped between a magnetic 
short cirquit to prevent emerging flux from the sample and coil to affect the polar­
ization of the beam outside the sample. The whole is positioned in a cryostat. At 
low temperature (4 K) a pulsed magnetic field of ~  0.7 T with 0.1 ms duration was 
applied after which the depolarization matrix was measured with rising tempera­
ture. Figure 2 gives the results of the average magnetic induction components Bx , 
By and Bz and the correlation parameters ax  and ay which show the correlations in 
the magnetic components perpendicular and parallel to the applied field direction.

The different temperature dependence of ax and ay is striking and is inter­
preted as follows. Direct after the field pulse the fluxlines are randomly directed in 
the half sphere with some remanence in the initial field direction, but in bundles 
of ~  20 /mi sizes of the same order as the crystallite size. With increasing tem­
perature the fluxlines start to stretch themselves in the average fluxline direction. 
Above 20 К all fluxlines are parallel but still inhomogeneously distributed. Above 
40 К no measurable depolarization is present and the fluxlines are distributed ho­
mogeneously over the sample. Above this temperature the linear T  dependence of 
< В > indicates a (T — T],)1/ 2 dependence of the fluxline spacing.
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Fig. 2. (Left) R em an en t m agnetic  in d u ctio n  as a fu n c tio n  of tem p era tu re , a f te r  zero-field cooling  
an d  a field pulse a t  4.2 K. (R ight) A verage of the sq u a red  induction  flu c tu a tio n s perpen d icu la r 

(a) and  p a ra lle l (b) to  the  in itia l app lied  field, p lo tte d  as a  function  of tem p era tu re

960

Fig. 3. C o rre la tion  len g th  in d ispersion  as a  fu n c tio n  of m illing tim e in  different m ag n e tic  
conditions, v irginal (full circles), a f te r  sh o rt pulse of 0.7 T  a n d  0.1 ms d u ra tio n  (full d iam onds) a n d  

a fte r longer pulse of 0.04 T  an d  several seconds du ra tion  (full squares)

Neutron depolarization in dispersions of magnetorecording particles

Dispersions of small ferromagnetic 7Fe2C>3 particles were studied in various 
magnetic conditions as a function of milling time in a ball mill. In first instance
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the measured correlation length corresponds to the particle size of ~ 40 nm, nearly 
independent of the milling time as can be seen from Fig. 3 (black circles). By 
applying a pulsed magnetic field of 0.25 T, the particles are magnetized uniformly 
during the pulse of 0.15 ms. After the pulse, clusters of particles will manifest 
themselves with an increased correlation length as can be seen from Fig. 3 (black 
diamonds). When during milling the clusters are broken down the correlation length 
decreases according to the initial particle size. A pulse duration of seconds causes 
the growth of much larger clusters (black squares) which are stable as long as 
the particle surfaces are not covered by a surfactant which reduces the magnetic 
interaction. This covering with surfactant improves with milling time with the 
result that the measured correlation length decreases with milling time. After 2 
hours of milling time only the particle size is still reducing, the clusters have fully 
disappeared.

Neutron depolarization and SANS in thin CoCr films 
with perpendicular anisotropy

The magnetic state of the CoCr sample can be described by a domain struc­
ture with easy axis of magnetization nearly perpendicular to the film plane. ND 
experiments were carried out by Kraan et al [20] as a function of transmission angle 
through the film with a thickness of 0.8 /rm with different magnetic history. To 
increase the depolarization effect a stacking of 50 films was used. Figure 4 shows 
the measuring set-up and results of the diagonal matrix elements Д,(г = x, у and 
г) as a function of в. The change in Dzz can directly be understood from the 
precession of the polarization around the local induction. At 9 = 0 the precession 
angle delivers directly the product of local induction times the domain height h 
perpendicular to the film. The 9 dependence of Dzz follows from the partly com­
pensation of the precession angle in one domain by the opposite precession in the 
neighbouring domain. In formula:

DZ Z (5)

From the linear extrapolation of Dzz at small 9 values to Dzz =  1 the domain size 
6 in plane is obtained. In general it appears that in these films the domain height 
h covers only 0.7 of the film thickness and the domain width is dependent on the 
direction of the last applied field in plane. The absence of 9 dependence in Dxx is 
because in this case the polarization is parallel to the local magnetization in the 
perpendicular domains and is essentially not affected by this local field. The small 
depolarization in Dxx is probably caused by a layer magnetized in the 2-direction 
on the substrate side of the sample, which supports the missing fraction of 30 % in 
perpendicular domains. ,

Small angle scattering on a single CoCr film of 2 pm  thickness on Si single 
crystal has been carried out in various magnetic states of the film as demagnetized 
in different directions. The experiments were carried out at D ll of ILL in 1987 [21] 
with a momentum resolution of AQ = 2.5 x 10-5 nm-1. The sample was positioned
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Fig. 4. (Left) Schem atic  view of m easu ring  se t-up . (R ight) T he elem ents D tt as a  function  of 
transm ission  angle в m easu red  w ith th e  rem anence of th e  film s parallel to ± 2  (a) an d  ± y  (b)

Fig. 5. Sca tte rin g  g eo m etry  of th e  film ro ta te d  a round  the  2-axis in the SANS in s tru m e n t D l l  of
th e  ILL

in the neutron beam according to Fig. 6. The normal on the film makes an angle в 
with the neutron beam direction. For this particular domain structure with domain 
height h and domain width 6 the master equation for elastic scattering is given by

^  =  I j^dxe iQ*x J  J  dRNp(R)iipei{QR) ( 6)

with
Qx — Qy tan0,

HP = ( l -  ky sin'“ в)1/ 2,

where the system of axes has been fixed on the sample. For в ф 0, anisotropy in 
the scattering occurs as a function of Qx given by
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Fig. 6 . (L eft) Iso trop ic  sca tte rin g  S ( Q ) as a  function  of Q.  (R ig h t) A nisotropy in th e  scattering  
A ( Q X) a t  different a n g u la r se ttin g s o f th e  film, 6 =  5° (EH), 10° (о) an d  15° (Д )

A =
sin 2(Qxh/2)

(Q- л / 2)2
( 1 — ky sin2 9)1/2 S(Qy) 

S(Qz) (7)

Here S(Q) represents the scattering function describing the structure of domain 
widths in the plane of the film and contains also the anisotropy herein. Further is 
p(R) in Eq. (6) the magnetic scattering amplitude of each atom dependent on the 
sign of magnetization at position R. Figure 6 shows the results for one film in the 
demagnetized and magnetized state for the isotropic part of the scattering S(QZ ) 
and the anisotropy A(QX) for various values of 9 of the film one time magnetized 
perpendicular to the film. The maximum in the scattering S(QZ) is a measure for 
the domain width 6 and the distribution of domain widths in the plane. The Qx 
dependence of A gives directly the domain height h. However, from the different 
A(QX) curves at various 9 values information about the angular variation of the 
magnetization orientations of the domains can be obtained by comparing the results 
with computer simulations.

Conclusions

ND is complementary to SANS in the range of correlations but is confined 
to magnetic systems. In general ND is faster than SANS which makes the study 
using various external parameters easier and leads to a wide-spread application in 
micro-magnetic studies of materials.
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ASTROPHYSICS AT NUCLEAR REACTORS

F. K Ä P P E L E R

Kernforschungszentrum  Karlsruhe, Ins t i tu t  für  Kernphysik  
Postfach З 6 4 О, D76021 Karlsruhe, Germany

T h e  ro le of n e u tro n  reactions for e lem en t synthesis is o u tlin ed  with em p h asis on 
th e  m ass region A  >  60, where th is reac tion  ty p e  is m ost im p o rta n t. A brief su rv ey  of 
th e  various scenarios for n eu tro n  d o m inated  nucleosynthesis is followed by a  d iscussion  of 
re la te d  nu c lear physics d a ta ,  which can b e  de te rm in ed  in re ac to r  based  experim ents. T he 
p a r ticu la r  fea tu res  of such  experim ents are i llu s tra te d  by two exam ples — a  d e te rm in a tio n  
of th e  th erm ally  en h anced  .i-decay of 79Se u n d e r ste llar conditions, and a  possib le cross- 
section  m easu rem en t on  84 Kr.

1. Neutrons in astrophysics

The big bang is the first astrophysical scenario where neutron reactions play 
a role. Practically all of the presently observed helium in the universe has been 
produced in a series of reactions including 1H(n,7)2H and 3He(n,7)4He. However, 
primordial nucleosynthesis did not produce sizeable quantities of heavier elements 
because of the instability gaps at A = 5 and A = 8. Recently, the discussion of 
density fluctuations in the early universe has raised the question, whether these gaps 
could have been bridged by a series of rapid neutron captures in order to explain 
the composition of the oldest stars in our galaxy. This problem has been addressed 
by several groups and is still under debate. For a review see Rauscher et al [1].

While neutron reactions among the lightest isotopes were important during 
the big bang, all of the heavy elements beyond iron have been produced by neutron 
capture reactions in stars. Fusion of charged particles does no longer contribute to 
the mass range beyond A ~  60, since the Coulomb barriers are becoming too high 
and the binding energies per nucleon are decreasing. For explaining the observed 
abundance distribution between iron and the actinides (Anders and Grevesse [2]) 
essentially three processes must be invoked. The dominating mechanisms are the 
slow and the rapid neutron capture processes (s- and r-process), which both account 
for approximately 50 % of the abundances in the mass range A > 60. A minor part 
of the resulting abundance distribution is modified by the p-process at very high 
temperatures, which accounts for the rare proton rich nuclei.

The s-process associated with stellar helium burning is characterized by com­
parably low neutron densities. This implies neutron capture times of the order of 
several months, much longer than typical beta decay half-lives. Therefore, the s-pro­
cess path follows the stability valley. The developing s-abundances are determined 
by the respective (n, 7) cross-sections averaged over the stellar neutron spectrum, 
such that isotopes with small cross-sections are built up to large abundances. This 
holds in particular for nuclei with closed neutron shells N  =  50, 82 and 126, giving
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rise to the sharp s-process maxima in the abundance distribution around A = 88, 
140 and 208.

The r-process counterparts of these maxima are caused by the effect of neu­
tron shell closure on the beta decay half-lives. Since the r-process occurs during 
stellar explosions (presumably in supernovae) on time scales of a few seconds, neu­
tron captures are much faster than beta decays. This drives the r-process path off 
the stability valley to where the neutron separation energies are only ~  2 MeV. 
There, (n,~f) and (7, n) reactions are in equilibrium, and the reaction flow has to 
wait for beta decay to the next higher element. Accordingly, the r-process abun­
dances are proportional to the half-lives of these waiting point nuclei. This means 
that abundance peaks accumulate again at magic neutron numbers, but at lower 
mass numbers compared to the related s-process maxima. The separation of the 
abundance peaks indicates the intersection of the r-process path with the magic 
neutron numbers.

2. N uclear physics input

2.1. Experimental data for the s-process

The s-process can be investigated in great detail because the involved isotopes 
are stable or close enough to stability that the required nuclear physics data are 
accessible to laboratory experiments.
2.1.1. (n, 7) rates. The stellar neutron capture cross-sections are the main infor­
mation required for s-process studies. Similar to the burn-up in a nuclear reactor, 
the abundances produced by subsequent (n,7) reactions and /2-decays are inversely 
proportional to the respective cross-sections. Typical s-process temperatures range 
from 200 to 300 million K. Accordingly, the proper Maxwellian average cross-sec­
tions in the stellar environment have to be determined either by folding the differ­
ential cross-section cr(En), with the thermal neutron spectrum for kT  ~  30 keV, 
or to simulate such a spectrum in the laboratory for a direct determination of the 
stellar cross-section.

The experimental techniques for the measurement of (n, 7) cross-sections in 
conjunction with accelerator based neutron sources are discussed in the review of 
Käppeler et al [3]. At reactors, these studies can be complemented by using filtered 
neutron beams. Such filters, which are built from isotopes with deep interference 
minima in the total cross-sections, can provide monoenergetic neutrons in the keV 
region. The standard examples are filters made from elemental Sc, Fe and Si, which 
provide neutrons of 2, 24 and 144 keV, respectively. Astrophysically motivated 
measurements with a 24 keV beam have been reported, for example, by Bradley et 
al [4]. More recently, the number of monoenergetic beams has been considerably 
enlarged by the Kiev group (Murzin et al [5]). This extension became possible 
by the use of separated isotopes, which allows for a more flexible combination of 
suited materials. About 15 new filtered beams could be established in the energy 
range between 2 and 400 keV, forming a sufficiently dense grid of energy bins in the 
astrophysically important range.
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Cross-section measurements with monoenergetic neutrons are complementary 
to experiments at accelerators, because the origin of systematic uncertainties can 
be quite different. Furthermore, monoenergetic neutrons offer the possibility to 
study the population probability of isomeric states as a function of neutron energy. 
Knowledge of these partial cross-sections can be important for the discussion of 
«-process branchings as outlined at the example of 85Kr in §3.

2.1.2. ß-decay raies. The interpretation of the abundance pattern in «-process 
branchings must account for the fact that the /?-decay rates of some branch point 
isotopes can be influenced by the high temperatures and densities in the stellar 
plasma. Such changes of the /?-decay rates may have different reasons:

-  Thermally induced transitions via the stellar photon bath result in a finite 
population probability of excited nuclear states. If these states decay faster than 
the ground state, the overall rate will be enhanced. A corresponding example is the 
decay of 79Se as discussed by Klay and Rappeler [6].

-  Since the ionization is almost complete at 300 million K, electron captures 
are hampered but /7-decay in unoccupied electron orbits becomes an important 
effect in cases where the Qß values are comparable to the electron binding energies 
(bound state /?-decay).

-  The electron gas in the stellar plasma is partly degenerate due to the high 
density. Therefore, electron captures from the continuum can compensate to some 
extent the reduced EC probabilities, while /7+-decay is enhanced and /?_-decay is 
hampered.

Generally speaking, there are two groups of s-process branchings, one where 
the decay rates of the branch point isotope are not affected by temperature and 
density and another where the corresponding decay rates can be strongly modified 
under stellar conditions. A comprehensive compilation of the stellar weak interac­
tion rates is given by Takahashi and Yokoi [7].

2.2. Experimental data for the r-process

The difficulty with the nuclear physics data for the r-process is obvious: The 
r-process path runs so close to the neutron drip line that it is extremely difficult to 
produce and observe the involved nuclei in the laboratory. Only at magic neutron 
numbers, where the r-path is closest to stability, two isotopes, 80Zn (Gill et al [8]; 
Lund et al [9]) and 130Cd (Kratz et al [10]) could be studied so far. This means 
that practically all the important information has to be obtained by theoretical 
extrapolation from the region of known isotopes.

Most of what we know about half-lives, masses and Pn values of neutron 
rich isotopes comes from the spectroscopy of fission fragments, work that has been 
carried out at reactors, where fission fragments can be isolated via mass separators. 
In this field, reactor experiments continue to be important for further improvement 
of the data base for r-process studies.
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3. The s-process branching at 85Kr

The s-process flow in the mass region between Se and Kr is characterized 
by branchings in the synthesis path at 79Se and 85Rr. The isomer in 79Se can be 
populated by thermally induced transitions, resulting in a strong temperature effect. 
In case of the isomer in 85Kr, the excitation energy of the isomer is too high to be 
efficiently reached by thermal transitions. Consequently, ground state and isomer 
behave like different isotopes. This means that the branching depends significantly 
on the partial (n, 7) cross-sections of 84Kr feeding these states, since the short-lived 
isomer decays always to 85Rb.

Model calculations for different s-process scenarios (Rappeler et al [11]; Beer 
et al [12]; Raiteri et al [13]) find a puzzling situation for the 85Kr branching: there 
is always a significant uncertainty related to an overproduction of 86Kr. In other 
words, this behaviour may indicate a tendency in the existing data to overestimate 
the isomeric ratio, IR  = partial cross-section to 85mKr/total (n, 7) cross-section of 
84Kr.

One reason for this unsatisfactory situation is that experimental IR -values 
are scarce. While the differential (n, 7) cross-section of 84Kr has been measured 
over most of the relevant energy range (Walter et al [14]), partial cross-sections to 
the isomer have been measured only for thermal neutrons and for quasi Maxwellian 
spectra at kT = 25 and kT  = 52 keV (Rappeler et al [15]). The corresponding 
results for the isomeric ratio are summarized in Table I, which also lists the thermal 
energies for different s-process scenarios.

T able I
E x p erim en ta l d a ta  for th e  isom eric  ra tio  of 84 K r a n d  typical th erm al 

energies for d ifferent ste llar scenarios

T h erm al energy (keV) Isom eric ra tio S te lla r  scenarios

2.5 • 10-6  ( th e rm al) 0.67 -

12 ? He shell b u rn in g  in low m ass s ta rs , 
neu tro n  p ro d u c tio n  via 13C(or, n ) 160

25 0.49 He shell b u rn in g  in low m ass s ta rs  and  
He core b u rn in g  in massive sta rs , 
neu tro n  p ro d u c tio n  via 22Ne(c*, n ) 25Mg

52 0.42 -
~  90 ? Shell C b u rn in g  in massive s ta rs , 

n eu tro n  p ro d u c tio n  via 22Ne(ûf, n ) 25Mg

The IR values of Table I show a clear trend, which implies that the 86Rr 
production increases with energy. In comparing the 86Rr abundances from different 
scenarios it turns out that the contribution from low mass stars depends significantly 
on the -  yet unknown -  isomeric ratio at kT — 12 keV (Raiteri et al [13]). The 
lack of data around 10 keV and above 50 keV as well as the persisting uncertainties 
of typically 10 % require additional experimental efforts before the 86Rr yields
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obtained from stellar models can be compared in any quantitative way with the 
actually observed abundances.

A promising possibility to fill in these gaps were to use the monoenergetic 
neutrons from filtered reactor beams in combination with the activation method 
used with the quasi Maxwellian spectra at kT  = 25 and 52 keV (Rappeler et al, 
[15]). This problem represents a good example, where reactor experiments can 
provide missing cross-section data for astrophysical applications.

4. Summary

Astrophysical studies at reactors concentrate on three areas:
-  The investigation of stellar weak interaction rates is complicated by the 

fact that large effects in stars are often tiny in laboratory experiments. Therefore, 
such experiments require the highest possible neutron fluxes and/or sophisticated 
equipment, e.g. high resolution 7- and /9-spectrometers.

-  The use of mass separators for the spectroscopy of fission fragments remains 
important for the determination of nuclear physics data for the r-process.

-The measurement of stellar (n, 7) cross-sections with filtered beams repre­
sents a technique complementary to accelerator experiments, since monoenergetic 
neutrons below 120 keV are not available elsewhere. The combination with the 
activation method provides sufficient sensitivity to compensate for the limitations 
in neutron flux.

All these aspects continue to play an important role in experimental nuclear 
astrophysics.

References
1. T . R auscher, J. H. A pp legate, J. J. Cowan, F .-K . T hielem ann an d  M. W iescher, A strophys. 

J ., in  press, 1994.
2. E. A nders and  N. G revesse, Geochim . C osm ochim . A cta, 53, 197, 1989.
3. F . R ap p eler, H. B eer a n d  K. W isshak, R ep. P rog . Phys., 52, 945, 1989.
4. T . B radley , Z. P arsa , M. L. S te lts  and R. E. C hrien , in: N uclear C ross-Sections for Technology, 

eds J . L. Fowler and  C. D. Bowm an, W ashing ton  DC, NBS, NBS Spec. Publ., 594, 344, 1979.
5. A. V. M urzin, 1993 (p riv a te  com m unication).
6 . N. K lay and  F. R ap p eler, Phys. Rev., C 3 8 , 295, 1988.
7. R . T akahash i and  R . Yokoi, A tom ic D a ta  a n d  N uclear D a ta  Tables, 36,  375, 1987.
8 . R . L. Gill et al, Phys. R ev. L ett., 56, 1874, 1986.
9. E . L und , R. A leklett, B. Fogelberg and A. Sangariyavanish, P h ysica  Scrip ta, 34, 614, 1986.

10. R . L. R ra tz  e t al, Z. P h y s ., A325,  489, 1986.
11. F . R ap p eler, R. G allino, M. Busso, G. P icchio an d  C. M. R a ite ri, A strophys. J ., 354,  630, 

1990.
12. H. B eer, G. W alter a n d  F. R appeler, A strophys. J., 389, 784, 1992.
13. C. M. R aite ri, R. G allino , M. Busso, D. N euberger and  F. R appeler, A strophys. J ., 419,  207, 

1993.
14. G. W alter, B. Leugers, F . R appeler, Z. Y. B ao, G. Reffo and F. Fabbri, Nucl. Sei. E ng ., 93, 

357, 1986.
15. F . R ap p eler, A. A. N aqvi an d  M. A l-O hali, Phys. Rev., C35, 936, 1987.

Acta Physica Hungarica 75, 1994





Acta Physica Hungáriái 75 (1~4), PV■ 47-54 (1994)

FAST TIMING 7„77(i)
-  A NEW TOOL IN NUCLEAR SPECTROSCOPY

H. M a c h

Department of Neutron Research, Uppsala University  
S-61182 Nykoping, Sweden

R ecently  in troduced  fast tim ing ß~ n ( t )  m e th o d  has rev ita lized  the  field of d y n am ic  
m om ent m easurem ents w ith  a  strong  im pact in  th e  a rea  of n eu tro n -rich  nuclei. T h e  basic 
concepts of th is m ethod  a n d  its  proposed ex ten sio n  in to  the  n e u tro n  cap tu re  reac tio n s , 
7nT7(f)> are  discussed. T hese  m ethods stro n g ly  benefit from th e  new technical develop ­
m ents d riv en  by the  very ac tive  applied  fields w here the fast tim e-delayed  techniques are 
u tilized .

Introduction
In general, a nuclear system at a specific level of excitation may decay by a , 

ß or 7 emission, or via more exotic processes like fission or emission of a cluster 
of particles. A probability of a decay of a nuclear level, its lifetime, as well as the 
intensity ratios between available decay channels, represent important experimental 
observables that critically constraint nuclear structure models. Many of the excited 
states exhibit sufficiently long lifetimes that can be measured directly via fast time- 
delayed spectroscopy. In such measurement a clock is started with a detection of 
feeding transition and stopped with a detection of transition deexciting a level. In 
order to measure very short lifetimes the time-delayed technology is put to its limit. 
In the /?77(f) method [1-3] discussed here, the precision of the time measurement 
is typically ±1 — 2 ps, but in very special cases it can be as low as ±0.4 ps. These 
are demanding limits if one considers that on a scale of 1 ps the speed of ß or 7 rays 
(the speed of light) is quite slow at only 0.3 mm/ps in comparison to the dimensions 
of the timing detectors (~ 10 — 25 mm), and furthermore, that the picosecond time 
information is extracted from the scintillation pulses (formed when a ß or 7 ray 
interacts in a scintillation detector) which themselves are 3 orders of magnitude 
longer and on the ~ 1 ns scale. However, the art of fast timing measurements has 
developed slowly over many years.

In the nuclear structure studies in 1960’s and early 1970’s the feist time- 
delayed measurements played a major role. Many new and now basic concepts 
were then tested and developed including fast scintillators, phototubes, Constant 
Fraction Discriminators (CFD), and sophisticated Time-to-Amplitude-Converters 
(TAC). However, with a proliferation of accelerator based physics, other techniques, 
like Coulomb excitations and Doppler shift measurements, dominated the field as 
the range of applications for simple coincidence time-delayed measurements was 
rather limited. More importantly, the new techniques were characterized by high 
precision and reliability in the time domain below ~ 100 ps unmatched by simple 
time-delayed techniques. Furthermore, the cross-check of results obtained from
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the time-delayed and other techniques revealed several cases when results from the 
time-delayed measurements were off the true values by an unacceptable margin. The 
origin of these discrepancies can now be understood as discussed in the next Section.

In the mean time, fast time-delayed techniques were utilized in a variety of 
applied fields with a strong activity in the material sciences, e.g.: studies of hyperfine 
interactions and positronium annihilation spectroscopy, and also in the field of time- 
correlated photon counting. Nowadays, it is the applied fields that drive a strong 
development program in the domain of fast timing detectors and electronics, that in 
turn affect the methods discussed here: the method for the nuclei far from
stability and the newly proposed ynJ7(<) method for the neutron capture studies. 
The opportunities for the fast time-delayed techniques are far from exhausted, and 
particularly in the “old” domain of nuclear structure physics exciting opportunities 
for the fast time-delayed studies were, in fact, just created.

General considerations

The recently introduced /?77(<) method [1-3] is quite different from simple 
time-delayed techniques used previously in the nuclear structure physics. In general, 
it can be characterized by high versatility and precision. However, it also involves a 
complex and time consuming process of calibration, measurement and data analysis 
on a level never attempted before. In any case, it is quite surprising that the first 
concept of such a method was formulated [4] as late as 1986, even though the critical 
need for such measurements was long recognized and the basic hardware tools were 
already available since early 1970’s.

The time resolution of a pair of timing detectors is a critical parameter in 
the time-delayed measurement. If a lifetime is sufficiently long in comparison with 
the Full-Width-at-Half-Maximum (FWHM) resolution, then one can measure it 
directly from a slope visible on the delayed part of the time spectrum formed by 
coincidences recorded by a pair of feeding (start) and deexciting (stop) transitions 
to an isomeric level. For example, in the case of a FWHM resolution of 100 ps one 
can use shape deconvolution or slope fitting [1] already for lifetimes T\ /2 > 35 ps. 
Such measurements require only a simple time calibration of the TAC unit — now 
a routine procedure using standard calibrators based on quartz oscillators. Lifetime 
measurements in the applied fields are generally limited to this case.

The situation is considerably more complicated when the lifetime is shorter 
and one has to use a centroid shift technique. In this case, from the centroid position 
of the time-delayed spectrum one subtracts the centroid position of the prompt time 
spectrum recorded under identical conditions. The difference is the mean life, r , of 
the level of interest (T)/ 2 = r  x In 2).

These measurements have specific requirements. In the slope fitting one has to 
ensure that the slope is due to the level lifetime and not due to a spurious electronic 
effect. This condition is easy to fulfil if the slope is well defined. In the centroid shift 
measurement, a requirement that the time-delayed and the reference (prompt) spec­
tra are recorded under identical conditions, is particularly difficult (if not generally 
impossible) to fulfil. It is thus easy to see the problems of early measurements. Since
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the decay of interest and the time calibration sources were measured separately, it 
was difficult to ensure uniformity of experimental conditions in both runs. Impor­
tant changes could be caused by differences in the size and strength (count rate) of 
the sources and their position vis-à-vis timing detectors, and further compounded 
by drifts and instabilities of electronics. Even if those conditions were met, there is 
only a handful of cases known in nature where the energies of the feeding and deex- 
citing transitions for the level of interest could be even approximately matched by 
the energies of the reference (prompt) transitions in the calibration sources. Fur­
thermore, in both cases, one has to ensure that the time spectra do not contain 
impurity components. In the case of double coincidence measurements that condi­
tion is generally violated, although in many cases the main impurity components 
can be properly accounted for. On the other hand, a high purity of the time-delayed 
spectrum is assured in the triple coincidence ß y j (t) measurement discussed below.

Basic concepts of the ßyy(t) method

The fast timing ßyy{t) method [1-3] is best suitable for studies of nuclei far 
from stability line and characterized by a relatively rich decay scheme populated in 
the ß decay. The experimental set-up involves three detectors. Fast timing informa­
tion is derived from coincidences recorded in two fast scintillators: a small NE111A 
plastic as ß detector and a small BaF2 crystal for 7 rays. The first scintillator 
has a small volume to ensure a negligible 7 efficiency, and it is also thin, 2-3 mm, 
to ensure a AE character for energetic ß rays (with the energies about 2-8 MeV) 
typical for decays far off stability line.

The use of A E ß detector is critical to the whole concept of ßyy(<) measure­
ment. One should keep in mind, that the fast timing detectors (plus the associated 
electronics) are not ideal, thus when two prompt transitions of different energy are 
recorded in a scintillator, the scintillation signals will be of different intensity. These 
signals after amplification in a fast photomultiplier and extraction in a CFD unit 
are presented to the time comparator (TAC) generally at different times. A function 
expressing relative time differences from recording prompt transitions of different 
energies is called walk-curve or prompt curve and represents a crucial characteris­
tics of a scintillator+phototube-t-CFD unit. The point of using a A E  detector is 
to ensure that energetic ß rays deposit the same energy after passing through such 
a scintillator and create time response largely independent of the initial ß energy. 
This feature eliminates a need for a walk-curve determination for the ß detector 
and strongly simplifies the process of data analysis.

On the other hand, prompt curve calibration has to be performed for the fast 
timing 7 detector. However, a precise calibration on the level of 1-2 ps is a tedious 
process. One difficulty is the large energy range, typically from 30 to 3000 keV, 
that is covered simultaneously during an experimental run and has to be calibrat­
ed. Since it is not possible to achieve an optimum efficiency, time resolution, and 
a flat prompt curve over such dynamic range (2 orders of magnitude) compromises 
have to be made. A second problem, related to the first one, is that there is no ideal 
radioactive source for such prompt calibration. We are still searching for the best
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sources, and thus for the most precise and efficient procedure of prompt calibration. 
Note that in the “old” double coincidence measurement one had to use prompt (or 
reference) calibration sources with transitions of exactly the same energy as those 
in the decay of interest. The ßyy(t) method does not have such requirement since 
the prompt curve defined by a series of calibration transitions is smooth and thus a 
prompt position can be obtained at any energy by interpolation. Furthermore, at 
a fission-product mass separator like OSIRIS at Studsvik, hundreds of radioactive 
beams are available for cross-check or calibration procedures with the activities de­
livered exactly to the same spot. That creates enormous opportunities for a precise 
time calibration.

Fast scintillators provide good time resolution (typically of ~ 100 ps FWHM 
at E-, — 1.3 MeV) yet their energy resolution is poor. Although BaF2 crystal 
represents a strong improvement over fast plastics both in y efficiency and energy 
resolution, yet its energy resolution (typically ~  9 % FWHM at E-y = 661 keV) 
is insufficient to resolve complex decay spectra. This is why a high resolution Ge 
detector is added to the system. The combined energy resolution of Ge (~  10-3) 
and BaF2 detectors (~ 10-1 ) creates a highly selective system with about 10-4 
resolution. Thus the essential strength of the triple coincidence system is to combine 
high energy and excellent time resolutions.

In the triple coincidence measurement up to five parameters are collected per 
coincident event. These are the energies of transitions recorded in the AE ß, BaF2 
and Ge detectors, and two time delays: between ß ray and y ray from BaF2 (feist 
timing spectra) and between ß ray and y  ray from the Ge detector. The latter 
parameter is used to correct for the random events in the system, but occasionally 
it also provides an additional selection criterion when ßs isomers are present in the 
decay. The data is stored on a hard disk or an optical disk of a PC computer and 
analysed off-line. With the help of efficient and specialized software a complete 
data analysis is performed on a PC computer of the 486 DX-33 class. For example 
sorting involving 150 gates and 100 Mb of data is performed in ~ 6 min. The 
use of inexpensive PC computers for both data acquisition and analysis gives the 
fast timing ßyy (<) system a great portability to perform measurements at various 
experimental facilities.

In the first stage of the off-line analysis one divides the whole data set into 
smaller batches and checks each batch for the long-term stability of electronics. 
Typically a single measurement lasts about 3-5 days; although in a selective case of 
crucial yet weak activity, it can last up to 8 weeks. Furthermore, since the timing 
measurements on nuclei of interest and several calibration runs are intermingled 
and together last up to a few months, one must ensure good stability of electronics 
over that period of time. Our experience from the ßyy(t) measurements performed 
since 1986, first at the TRISTAN separator at Brookhaven National Laboratory in 
USA and now also at the OSIRIS separator at Studsvik in Sweden, indicates that 
although the very sensitive timing electronics is in a constant state of fluctuation, 
yet the effects of such fluctuations are quite manageable. As for the timing sta­
bility in particular, the absolute position of the prompt curve fluctuates by a few 
picoseconds from measurement to measurement, yet the shape of the curve remains
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unaffected within the precision of a measurement. This effect has been repeated­
ly tested and remains a cornerstone of the method. In other words, the relative 
prompt curve, which is deduced in a set of calibration runs, becomes an absolutely 
calibrated prompt curve if it is shifted (up or down) to overlap with at least one 
prompt point internal to the decay (i.e. a reference transition which is part of the 
decay). This point can be at any Ey energy.

Energy signal from the BaF2 crystal represents another critical parameter 
susceptible to fluctuations. The scintillation light from BaF2 has a weak fast com­
ponent and a strong slow component. The fast component is used to define the 
excellent fast timing property of this crystal, while the slow one defines the energy 
signal. However, while the fast component remains unaffected, the yield of the slow 
one is strongly dependent on the crystal temperature. Consequently, a good tem­
perature stability is required not only due to the temperature sensitive electronics 
(like the CFD and TAC units) but also due to the properties of BaF2- The quality 
of the fast timing signal also depends on the condition of the photocathode in the 
fatót photomultiplier ais it slowly deteriorates with time.

Although the efficiency of the triple coincidence system is quite low, yet it 
provides very pure timing spectra (a judicious selection of a 7 ray in the Ge de­
tector can result in a single transition in the BaF2 crystal) and a large number of 
combinations of gates to select from. The latter leads to lifetime measurements of 
many levels in the same decay and frequently to the same lifetime meaisurement but 
via different decay paths. Consequently a cross-check of results and procedures is 
always present. Furthermore, since within the same decay all the results are equally 
affected by fluctuations of the electronics, the problem of instability of electronics 
is eliminated down to the level of ~ 1 ps. In addition, the off line analysis offers 
an opportunity to identify and eliminate a batch of data strongly affected by such 
fluctuations. Our experience shows that a carefully selected and tested electronics 
offers a remarkable long-term stability.

The following example illustrates a few possible ways to analyse timing data 
from triple coincidence measurement (for a more complete discussion see [1,3]). In 
this example we have four excited states (A-D) characterized by the respective 
mean lives, ta — tb , and five deexciting transitions (a-e). The first step would 
be to measure the mean life of the level В, tb, given by the difference between 
centroid shifts of two time spectra — each involving coincidences between ß ray 
(in the ß detector) and the same transition “a” in BaF2- The first spectrum is 
generated by coincidence with transition “c” in the Ge detector, thus its time delay 
is: тс + tb + ta- The second spectrum is in coincidence with transition “d” in the 
Ge detector, thus its time shift is only: Tc +  гд. In this case the same ß  feeding is 
responsible for both time spectra, and by the virtue of selecting exactly the same 
transition in BaF2 there is no need for a prompt curve determination.

In the second step, we determine the mean life of level “A” by subtracting from 
the time spectrum where transition “e” is selected in the Ge detector and transition 
“a” in BaF2, a reversed time spectrum: where transition “a” is selected in the Ge 
detector while transition “e” in BaF2- The first gives a time delay то + ta , while 
the second gives only tq- Similarly in this case, the same ß feeding is responsible
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Fig. 1 . Schem atic  decay schem e for (a) ß  decay  an d  (b) (ra, 7) c ap tu re

for both time spectra, but now we need the prompt curve to correlate the time 
shifts at energies “e” and “a”. Note, however, that only their relative shift is used. 
Thus only the shape of the prompt curve (relative prompt) is needed and not its 
absolute position. In other words, the lifetime of level “A” was measured relatively 
to the lifetime of level “D”, which exact value is not relevant in this case.

Similarly, one can deduce the lifetime of level “A” by using a pair of transitions 
“d” and “a” instead of “e” and “a” . Since different time spectra are used in this 
process it provides a cross-check of results. This case is not as simple as the previous 
one. Note, that gates are set on the full energy peaks in both: the Ge and BaF2 
detectors. Such procedure is always simple in the auxiliary Ge detector, but not in 
the fast timing BaF2. For example: in the BaF2 spectrum gated by transition “a” 
in the Ge detector, the full energy peak of transition “d” will sit on a relatively flat 
background defined by a Compton tail of transition “e” which is of much higher 
energy. If the ratio of the peak intensity to the background contribution is large, we 
can reliably correct the timing peak for the background impurity. Otherwise one 
gets a large uncertainty. This example only illustrated some opportunities given by 
the triple coincidence timing measurement.

Research opportunities
The ßyy(t) measurement covers more than 4 orders of magnitude in the life­

time regime from about 1 ps to about 30 ns. The lower limit is defined by the 
precision of the measurement (typically ± 1 - 2  ps,- occasionally ±0.4 ps), while the 
upper limit is given by the range of the TAC unit which is usually set to 100 ns.
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So far the ßyy(f) method is the only one capable of systematic studies of lev­
el lifetimes down to a few picosecond range for a vast range of neutron-rich nuclei. 
This situation will change when the radioactive beams and Coulomb excitation in 
the inverse kinematics will become a standard measurement. However, this latter 
method will be complementary, since even for the stable nuclei, which can be probed 
by a variety of techniques, the /З77(f) method provides simple means to measure 
lifetimes for a range of levels strongly populated in the ß decay that are otherwise 
difficult to probe.

Another advantage offered by this time-delayed method is that a level life­
time is measured directly and often with high precision. In particular, if a lifetime 
is obtained by fitting a well-defined slope then the precision can reach a level of 0.3-
0.4 %, thus setting standards for other methods to match. (In principle even better 
precision is possible, say ~  0.1 %, but it requires a time consuming calibration of 
TAC and a very high level of statistics that is not possible within typical limits of 
the in-beam runs.)

So far a few hundred level lifetimes have been measured with the ßyy(t) 
method at the fission product mass separators TRISTAN at BNL/USA and OSIRIS 
at Studsvik/Sweden, as well as at the JOSEF facility at Jiilich/Germany. These 
results, mainly from the neutron-rich A = 100 and A = 140 regions, provide crucial 
information on several local regions of special interest and challenge theoretical 
interpretation of nuclear structure. A review of some of these results is given in [5].

So far a complete run, that involved the decay of interest and the calibration 
sources, was performed at one facility. However, special calibration procedures were 
recently established, which allow to perform fast timing measurements at the PSB- 
ISOLDE/CERN and at the IGISOL separator at Jyväskylä/Finland while time 
calibrating the system at the OSIRIS separator. Thus new opportunities have been 
created by expanding the timing measurements to the A < 70, A = 120 and A > 160 
regions, as well as to the proton-rich side by using the /?+ decay.

Fast tim ing 7n 77 (f) m ethod
It is quite natural that the /З77(f) method is being modified for use with the 

(n, 7) spectroscopy which itself represents a powerful tool of research for nuclei along 
the line of stability. The modified method, labelled here 7n 77(f), is based on some 
similarity of the ß decay and the decay following thermal neutron capture. In the 
first case, the ß particle feeding one of the low-lying states triggers unambiguously 
the starting timing detector while the cascading 7 rays trigger the stopping timing 
detector. In the second case (see Fig. 1), the high energy of the 7 rays deexciting 
the neutron capture states to the low-lying levels (typically E1 «  5 — 10 MeV) 
provides a natural selection mechanism for the starting signal since the transitions 
deexciting the low-lying states have energy below 3 MeV.

The main problem of this system is a drop in efficiency since the detection 
of high-energy 7 rays is much less efficient than the detection of ß rays. Thus, one 
or more BaF2 crystals have to be used with an expected size of about 3-4 cm in 
diameter and height. In order to avoid energy summing effects from the low-energy 
transitions, these crystals must be well shielded by a thick layer of Pb.
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The fast timing ynyy(t) method as sister to the established ßyy(!) method 
will inherit the general features of the calibration and data analysis procedures. 
Importantly, it would fill a critical gap in the lifetime techniques used in the (n ,y ) 
spectroscopy since the Doppler Shift Attenuation Method is limited to lifetimes be­
low 1 picosecond, while a standard coincidence technique using a set of Ge detectors 
is capable of lifetime measurements of the order of 1 nanosecond or longer. The 
УпУУ(0 measurements are expected to cover the same energy range, 30-3000 keV, 
and time domain, ~  1 ps -  30 ns, as the ßyy(t) ones.

Conclusion

The basic features of the ßyy(t) method have been discussed with the em­
phasis on the inherited reliability and precision, as well as build in procedures of 
cross-checking the results. The ßyy(t) method represents the first sophisticated 
and versatile time-delay method and thus, naturally, it has opened new and excit­
ing opportunities for the systematic lifetime measurements for the far off stability 
nuclei.

It is proposed to modify this method for use with the powerful (n,y) spec­
troscopy. The modified method, labelled ynyy(t), will be based on some similarity 
of the ß decay and the decay following thermal neutron capture and naturally it 
will inherit the general features of the calibration and data analysis procedures. 
Importantly, it would fill a critical gap in the lifetime techniques used in the (n ,y ) 
spectroscopy.

A Pilot Project is being pursued by a Studsvik-Budapest collaboration with 
the aim to test the proposed ynyy(t) method. If successfully tested it should become 
a standard tool at the international centre for neutron-based scientific research at 
the KFKI reactor in Budapest.
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NUCLEAR SPECTROSCOPY WITH SLOW NEUTRONS
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B P  156, 3804% Grenoble Cedex, France

T h e  aim  of n uclear spectroscopy is to  s tu d y  nuclear e x c ita tio n s w ith a  view to  
im proving ou r knowledge of th e  forces play w ith in  the  nucleus. M any com plem entary  
techniques have been  developed  to  unravel th e  com plex in terp lay  of these forces a n d  it  is 
usually  th e  com bination  of several experim ental approaches such as th e  s tu d y  of rad io ac tiv e  
decay, tran sfe r reac tions, n e u tro n  cap tu re, in e lastic  scattering , C oulom b excita tio n  a n d  
o th e r  charged  p a rtic le  reac tio n s which allows u s to  construct d e ta ile d  level schem es a n d  
in te rp re t th em . We will co n cen tra te , w ithin th e  fram e of th is W orkshop  on the  adv an ced  
in s tru m e n ta tio n  of the  n e u tro n  c ap tu re  gam m a-ray  spectroscopy, w hich plays an  im p o rta n t 
a n d  specific role in th e  com prehensive testing  of n u c lear m odels. N eu tro n  cap tu re  gam m a- 
ray  spectroscopy now em ploys very so p h istica ted  techniques to  s tu d y  nucear s tru c tu re . 
T h e  com bination  of precise m easurem ents of p r im a ry  gam m a tran s itio n s  w ith the  p recision  
o b ta in ed  to  d a te  w ith curved  an d  flat crysta l a n d  conversion e lec tro n  spec trom eters has 
considerab ly  ex ten d ed  th e  possib ilities in th e  s tu d y  of nuclear s tru c tu re . T he nearly  p e rfec t 
reso lu tion  o b ta in ed  w ith  th e  m ost m odern  d o ub le  flat crystal sp ec trom eters allows th e  
m easu rem en t of lifetim es of excited  nuclear s ta te s  in  th e  range <  10—12 s v ia the  o bservation  
of th e  D oppler b roaden ing  of gam m a rays due to  th e  recoil of th e  nucleus following em ission  
of a  p rim ary  gam m a ray.

Introduction

Neutron capture gamma ray spectroscopy is by now a classical tool within 
the rich variety of different approaches used to elucidate nuclear structure. The 
(n, 7)-reaction is — in contrast to most other approaches — non-selective in terms 
of nuclear structure and thus offers the possibility of studying very comprehensive 
sets of low lying nuclear states, as long as their spins are not too far away from 
those of the capture states. In neutron capture the product nucleus is formed at an 
excitation energy equal to the binding energy of the captured neutron. Energies, 
intensities, multipolarities and branching ratios of the subsequent successive deex­
citations between the nuclear states are important quantities which then help us to 
understand the nature of the states involved.

1. Neutron capture

As neutral particles even very slow neutrons are able to approach the atomic 
nucleus. Within the range of the strong interaction (~ 1 fm) the neutron may be 
captured by a nucleus A, forming an excited nucleus (A + 1)*.

Neutron capture can be studied in laboratory experiments — where it has 
become an important tool for nuclear structure studies — but we all know that it 
plays also a very important role in astrophysics, where it is responsible for specific
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processes in stellar'nucleosynthesis: Heavier elements (see for instance [1,2] and 
references therein) are produced essentially by neutron capture during the so-called 
r-process ( “rapid”) and s-process (“slow”).

It is evident that to date the strongest available laboratory neutron sources 
are high flux beam reactors. In the following the discussion of neutron capture 
reactions will be limited to the capture process of slow neutrons (as obtained with 
a reactor) followed by the emission of gamma rays or internal conversion electrons.

2. Gamm a ray m easurem ents following neutron capture

Thermal neutrons are generally captured as s waves. In a typical reactor 
neutron energy distribution p-wave capture for keV neutrons is also of some impor­
tance. The capture state will decay — among others — via the emission of gamma 
rays. In the decay discrete, low lying, states are populated either directly from 
the capture state (primary gamma rays of mostly dipole character) or via gamma 
ray cascades (secondary gamma rays of which the overall majority has dipole or 
quadrupole character), involving many different routes of population, each consist­
ing of a multiplicity of typically 3 to 4.

2.1. Measurement of primary gamma rays

The energy of primary gamma rays is given by Ey — ( Sn +  En —  Ex —  Erecou) 
whereby a nucleus of mass M recoils with an energy of Егесоц = E^i 2Mc2. Knowing 
the neutron binding energy S„ and the neutron energy En, and measuring Ey , one 
can directly deduce the energies Ex of the populated excited states. This is an 
attractive feature of primary gamma transitions. Additionally, on the basis of the 
known capture spin, spin/parity assignments of the levels populated can be made. 
In thermal or single resonance capture due to the statistical fluctuations in the pri­
mary intensities [3,4] those are limited, based mainly on the assumption that the 
primary transitions are essentially of dipole character. This problem can be over­
come by applying the technique of average resonance capture [5] (ARC). Here the 
fluctuations are considerably attenuated as a function of the number of resonances 
which contribute to the capture and the intensities can be grouped according to the 
multipolarities of the primary 7-rays and the possible capture spins. In certain cases 
(averaging over a great number of resonances, good measuring statistics) it is hence 
possible to identify complete sets of excited states in certain ranges of spins and 
energies of excitation. This possible aspect of completeness for a given set of levels 
has proven to be an extremely powerful tool [6,7] when comparing the experimental 
results with theoretical predictions [7].

The applicability of the ARC method depends on the number of resonances 
available for averaging making it less suitable for medium heavy and not at all 
for light nuclei. Therefore it is not astonishing that to date the most extensive 
level schemes of light and medium mass nuclei have been obtained through thermal 
capture studies at high flux reactors. The completeness obtained in these studies was 
such that sensitive tests of statistical models of nuclear levels and electromagnetic 
transitions became possible [8].

Acta  Physica Hungarica 75, 1994



NUCLEAR SPEC TRO SCOPY WITH SLOW NEUTRONS 57

2.2. Measurement of secondary gamma rays

As has been discussed above the measurement of primary gamma rays yields 
important information on the existence of excited states up to an excitation energy 
of 1.5 to 2.5 MeV. However, as primary transitions have dipole character in their 
large majority, only a relatively small “window” around the capture spin will be 
populated. Also, it has to be kept in mind that, from the pure fact that a level is 
populated, one learns only little about its structure (nonselectivity). Such insight 
and the knowledge of a more extended range of spins must come from a detailed 
study of the secondary transitions populating and depopulating a specific level.

It is evident that the spectra obtained for secondary gamma rays, following 
the (n, 7)-reaction, are extremely complex and rich (nonselectivity). The resolving 
power of classical Ge or Ge(Li) arrangements is suitable for very light nuclei which 
exhibit a not too high level density. In semi-conductor measurements external target 
arrangements or in-pile target arrangements yield comparable sensitivity. Compton 
suppressed systems are widely used. Count rates are in both cases essentially limited 
by dead time problems. The in-pile arrangement yields the additional possibility 
for the study of multiple neutron capture.

Detailed and comprehensive level schemes — also for medium heavy and 
heavy nuclei — can be constructed when advantage is taken of high resolution gam­
ma spectrometers. The simultaneous demands for both, high resolution and high 
efficiency, are ideally met by employing crystal diffraction spectrometers at in-pile 
target facilities installed at high flux reactors. Different types of such instruments 
using curved and flat crystal geometries, respectively, have been used in the past. 
An overview of those may be found in [9].

The energy resolution of a crystal diffraction spectrometer is obtained from 
Bragg’s law: AE.y = (2d/nhc)E^ cos вв Ав, where n is the order of reflection, d 
is the lattice constant, вв is the Bragg angle, and Ав  is the angular width of the 
reflection of a 7 line with energy E7. А в results from the convolution of various 
functions [10,11] describing the source geometry and crystal size, the regularity of 
crystal and curvature, and the diffraction pattern which depends on the crystal 
structure and which is described by the Dynamical Diffraction Theory [12].

The crystals (Si and Ge) available to date for spectroscopy with flat crys­
tals show excellent agreement between theoretically and experimentally determined 
lineshape and are very close to being “perfect” . The measured lineshape can be 
described by the diffraction pattern folded with a very small amount of extra­
broadening (the so-called excess width, for more details see for instance [13]). This 
allowed to obtain a FWHM of ~  3 eV for photons of 1 MeV.

The situation for bent crystal spectrometers is more complicated as the domi­
nating contributions to the linewidth Ав are the source width itself in the direction 
of the dispersion of the spectrometer and the crystal bending width. Nevertheless 
a resolution of A E / E  æ 3 ■ 10-5 has already been obtained.

Curved and flat crystal modes are complementary. The first one allows very 
complete spectroscopy accompanied by high resolving power, the second one al­
lows a detailed study of specific transitions by pushing the experimentally achieved
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resolving power close to theoretical limits.
Many (n ,7 ) facilities are available at a big variety of research reactors. At 

most of these reactors, classical Ge-gamma spectrometers, using internal or external 
target geometries, are installed. For those who use crystal spectrometers the ILL 
Grenoble is currently the only one where access to the complementary flat [14] and 
bent crystal [15] modes exists.

2.3. Conversion electron spectroscopy

Complementary to (n, 7)-studies the investigation of the (n,e~) reaction on 
internal conversion electrons yields crucial information for the interpretation of ex­
cited nuclear states. Due to the high sensitivity achieved with modern beta spec­
trometers the conversion electron spectra are of a complexity comparable to (n,y) 
spectra. The high resolution required to disentangle these often very dense spectra 
is commonly achieved by magnetic spectrometers. An example for such a spec­
trometer is the BILL electron spectrometer which was previously installed at the 
ILL [16].

Both gamma rays and conversion electrons are a consequence of the electro- 
magnetical interaction and the conversion coefficient a =  Ie/ I j  is in the majority 
of cases independent of the nuclear structure. Only for strongly hindered transi­
tions may the emission probability depend significantly on the nuclear structure 
“penetration effect” . The knowledge of the multipolarity of transitions allows to 
determine spin and parities of levels deduced from secondary transitions and is ab­
solutely necessary to deduce the respective transition strength, the quantity which 
allows for a most crucial comparison of different theoretical models.

2-4- Coincidence and gamma-gamma correlation experiments

Coincidence data are extremely useful in combination with and as a comple­
ment to high resolution measurements. Whereas the high energy resolution and 
the extremely large dynamical intensity range (five orders of magnitude) of crys­
tal spectrometer data are indispensable for the successful application of the energy 
combination method, only the observation of coincident transitions allows a definite 
level assignment, especially at high excitation energy (high level density) where the 
probability of incorrect energy combinations increases rapidly.

Angular correlation measurements are another useful method for assigning 
spins and parities to nuclear levels produced after thermal neutron capture. The 
technique requires an extremal target arrangement and is especially powerful when 
applied at neutron guides which allow to combine a relatively high incident neutron 
flux with low gamma background. Such positions use an integrated neutron flux of 
typically ~  108 n/cm2s.

The angular distribution function depends on the spin sequence of the levels 
and the multipolarities of the deexciting transitions involved. A very typical corre­
lation is observed for 0-2-0 cascades and it is therefore not astonishing that angular 
correlation measurements have been especially successful in the identification of 
spin 0 states.
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3. Lifetime m easurem ents o f nuclear excited  states 
following therm al neutron capture

The knowledge of the lifetimes of excited nuclear levels is known to be of 
vital importance for the elucidation of nuclear structure phenomena. In the case of 
gamma decay the range of observed lifetimes spans over many orders of magnitude 
from ~  10“ 18 s to days. Many different lifetime measuring methods have been 
developed, each particularly well suited for a specific range of lifetimes and/or nuclei. 
However, there exist only a few methods which can be applied directly after neutron 
capture. Up to date most of such measurements consisted in the determination of 
delayed gamma-gamma coincidences. Such techniques allow for a search of isomeric 
states with halflives > 0.5 ns. Especially well known is the so-called “centroid shift 
method” which has been applied in many experiments with thermal neutrons [17]. 
Most of the nuclear excited states display, however, lifetimes in the picosecond to 
femtosecond range. The lifetime-measuring technique GRID (Gamma Ray Induced 
Doppler broadening [13,18]) gives access to exactly that critical range.

This method is based on the fact that each gamma ray emitted by a nucleus 
induces a recoil. Any gamma rays emitted successively during the time the nu­
cleus is recoiling are then subject to Doppler shifts. Depending on the lifetime of 
the intermediate nuclear state involved, the nucleus may have more or less slowed 
down when the gamma ray, following the recoil, is emitted. The measured Doppler 
broadened lineshape cames information on the relation between the lifetime and the 
slowing down time. The latter in effect serves as the clock allowing the determina­
tion of the lifetime. The Doppler shifts following gamma recoil are in the order of 
eV rather than keV and therefore an instrumental resolution of up to 3 orders of 
magnitude better than the one available with solid state detectors is needed. This 
is the case for Two Axes Flat Crystal Spectrometers.

4. Exam ple for a very com plete neutron capture 
gamma ray study

When going to higher excitation energies the level schemes extracted from the 
(n,7)-reaction become more and more “incomplete”. This behaviour is amplified 
with increasing level density, e.g. with increasing mass of the nucleus.

Nevertheless, up to a certain excitation energy, decay schemes can be pro­
duced which are complete in a given spin range which will depend on the capture 
spin.

The nucleus 168Er is an ideal experimental choice for such a study. The target 
nucleus, 167Er, has a large thermal cross-section of 650 b and an advantageously 
high spin of 7/2. As a result a very broad range of levels with spins reaching 
from 0 up to 10 can be populated in the gamma ray cascade process and has been 
observed [19]. Precision measurements of the gamma spectrum with curved crystal 
spectrometers have revealed more than 700 transitions up to an energy of 2.5 MeV 
with intensities spanning five orders of magnitude. Close to 150 levels have been 
identified below 3 MeV. Many lifetimes of excited states above 1.5 MeV have been
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measured [20] using the GRID method. As a consequence of this study the nucleus 
16SEr has become the most complete and extensive test of the limits of applicability 
of models describing low-lying collective excitations (e.g. the geometrical model 
of Bohr and Mottelson [21], the IBM [22] and the quasiparticle-phonon nuclear 
model (QPNM) [23]). Additional gamma-gamma coincidence data [24] gave direct 
evidence for the existence of states proposed by the Ritz combination method and 
allowed to further extend the level scheme in the region above 2 MeV. These results 
lead to an interest beyond the detailed level assignments as they affect conclusions 
concerning the quality of the К quantum number.
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INTENSE SOURCES FOR POSITRON RESEARCH

W. T r i f t s h ä u s e r
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Universität der Bundesw ehr München 

85577 Neubiberg, Germany

P o s itro n  ann ih ila tio n  is a  w ell-established m eth o d  in solid s ta te  physics an d  m a te ria l 
science. T h e  p o sitro n  being  a  very sensitive p ro b e , can  give very p recise  in form ation  on  the  
m o m en tu m  d is trib u tio n  of e lectrons in m etals a n d  alloys as well as on  la ttic e  defects in  c rys­
tals. S ta r tin g  w ith  the  energy  d istribu tion  of p o sitro n s  from a rad io ac tiv e  decay, th e  cu rre n t 
developm ent is d irec ted  m ore  to  m onoenergetic  positrons of variab le  energy and  of h ig h  in­
tensity . T h e  im pact of in ten se  p o sitro n  beam s is straightforw ard: a  decrease of th e  co u n tin g  
tim e. T h ere  a re  various possib ilities and ap proaches to  realize in ten se  positron  b eam s. T he 
aim  is to  o b ta in  a  beam  in ten sity  in the  o rd e r  of ~  1010 p o s itro n s /s . Para lle l to  the  
in sta lm en t of in tense  p o sitro n  beam s, the developm ent of p o sitro n  m icroscopes is p u rsu ed .

1. Introduction

Experiments in physics involving the interaction of matter with antimatter are 
fascinating. Positron annihilation has advanced to a standard method for studies 
of microscopic properties in condensed matter [1]. The field of low energy positron 
physics has expanded significantly in recent years. This includes not only particle 
and atomic physics but most extensively the areas associated with condensed matter 
and material science. The interaction of a positron with solids shows a wide variety 
[2]. The use of positrons as very sensitive probes in solid state physics can be rough­
ly divided into various categories: as electronic structure probes, as lattice defect 
probes, as surface and interface probes and as microbeam probes. The advances in 
positron annihilation methodology from the use of a broad inhomogeneous beam 
of high-energy positrons from radioactive nuclei to a narrow homogeneous beam of 
monoenergetic positrons of variable energy, expanded the object of studies from on­
ly bulk properties to surfaces and depth specified near surface layers and interfaces, 
and even further to three-dimensionally specified microscopic regions. In the fol­
lowing Sections I will primarily discuss these very recent and current developments 
involving positron beams as well as intense positron sources.

2. High intense positron beams

2.1. LINAC based beams

The first intense positron sources were based on the pair production from 
bremsstrahlung resulting from an electron linear accelerator (LINAC) [3]. It has 
been established that one electron in the energy range of 50-120 MeV can produce
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10~7 — 10~6 positrons. The operation mode of most LINACs is a pulsed one with 
a repetition rate dependent on the particular accelerator used (~ 50-1000 Hz).

Therefore, the produced positrons possess also a pulsed structure, but for 
many experiments a continuous beam would be preferable. At the university of 
Gent, Belgium, a Penning trap is used to create a quasi-continuous beam from the 
300 Hz pulses with a pulse length of 3 ps (Fig.l).

The typical intensity obtained is 4 x 107 slow positrons per second with 1.3 x 
105 positrons per pulse [4]. A real continuous beam could be obtained only with a 
continuous operating LINAC. Such a device of a superconducting LINAC is being 
considered at the Research Centre at Rossendorf, Germany. A very serious problem, 
however, remains with all LINAC based beams: the heating and the cooling of the 
target.

vane 1.5 cm collimator 22 Helmholtz coils 1 . 5  cm collimator vane

Fig. 1 . L ay-out o f th e  installation  of th e  Penning t r a p  [4]

2.2. Reactor based beams

In contrast to the LINAC based beams, a reactor based beam will deliver 
a constant intensity of positrons. Two different approaches are being pursued: 
activation of a short-lived positron emitting isotopes, i.e. 64Cu, by thermal neutrons 
near the reactor core or pair production from high energy gamma rays after capture 
of thermal neutrons in 113Cd. The first method is being used by Van Veen and his 
group at the reactor at Delft. The set-up is shown in Fig. 2. 64Cu is produced by
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neutron capture of 63Cu and decays with a half-life of 12.8 hours. After a certain 
time, depending on the neutron flux, an equilibrium positron intensity is obtained. 
The details of the copper source arrangement are given in Fig. 3. For a thermal 
neutron flux of 8 X 1012 cm"2s_1 the group at Delft estimate a positron yield of 
about 106 positrons per cm2 and second. With an emitting area of 1000 cm2 the 
total intensity would then be 109 positrons per second, and after remoderation a 
positron beam of 1 cm diameter and 2 x 108e+ s-1 is being expected [5].

Fig. 2. Schem atic se tu p  of th e  Delft positro n  b eam  facility. A: vacuum  tube w ith  c o p p er source 
an d  m ag n e tic  guiding system . B: deflection p a r t  of positron  b eam  and  neu tron  b e a m  stop. C: 

p o sitro n  beam  guiding, b en d in g  and  m onito ring . D: shielding of n e u tro n  and g a m m a  rad ia tio n

The alternative method is being applied by my group in Munich. The basic 
principle is shown in Fig. 4. Tungsten foils annealed at about 2800 К in ultra 
high vacuum (~ 10” 9 mbar) are simultaneously used as converters for the pair 
production as well as moderators to obtain low energy positrons. The arrangement, 
as shown schematically in Fig. 5, consists of an array of concentric double rings 
surrounded by a one end closed cylinder of cadmium (~  1 mm thick). The device 
will be placed in a beam tube parallel to the reactor core. For a thermal neutron
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vacuum tube
front view

scale  Cu cylinder electrostatic lenses
50 m m  arrays

Fig. 3. D etails of th e  Delft source configuration

th erm al n e u tro n s

cadmium (1 mm) 

1 I3 Cd ( n ,y  ) 114Cd

9 MeV

0

14 Cd

Fig. 4. Principle of th e  reac to r based p o s itro n  production

Fig. 5. Schem atic  a rray  of the  tu n g s te n  foils

flux of 1012 cm~2s_1 and the given geometry of the foils, a positron intensity of 
10loe+ s-1 is expected, and after remoderation a positron beam of about 5 mm 
diameter and 109e+ s-1 will result. This device will be the prototype for a similar 
but more intense beam system at the high flux reactor at the ILL at Grenoble, 
France [6].
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2.3. Radioactive isotope based beam

A new concept for obtaining an intense positron beam has been proposed by 
Taqqu and collaborators at the Paul Scherrer Institute at Viliingen, Switzerland [7- 
9]. An intense primary positron source (i.e. 18F with half-life 109 min) is deposited 
as a thin layer on a very thin foil. The schematics are shown in Fig. 6. Confining 
electric and magnetic fields force the high energy positrons to return towards the foil 
and are slowed down by passing through the foil. Just before they reach an energy to 
be completely stopped in the foil, they are directed away from the confinement onto 
a moderator, and the slow emitted positrons are extracted from the confining field 
and form a slow positron beam. In a first step it is reported that a confinement effi­
ciency of 82 % was obtained, and with a solid neon moderator, an overall conversion 
efficiency of 41 % is quoted [10]. This work is still in progress and may result in a 
high intense low energy positron beam with various user facilities.

3. Pulsed positron  beam

During recent years radio frequency pulsed slow positron beams have proved 
to be a very valuable tool for positron lifetime spectroscopy in the near surface 
region [11]. The underlying principle is to compress a continuous beam of monoen- 
ergetic positrons to pulses of about 150 ps or less at the target by means of special 
radio frequency components. The timing signals for the lifetime measurements are 
derived from the corresponding clock signal of the radio-frequency system and the 
annihilation photons, respectively. The Munich Pulsed Low Energy Positron Sys­
tem was the first such operating system [12]. Later a similar device was installed 
in Japan [13]. During the last year the Munich beam has been upgraded in order 
to improve the quality of the lifetime spectra, to achieve a higher efficiency and to 
enable temperature dependent measurements [14]. This improved version is shown 
in Fig. 7. An additional preparation chamber has been added for in situ annealing 
of the single crystalline tungsten moderator. A pre-buncher was installed right af­
ter the moderator. This pre-buncher compresses the DC beam to pulses of about 
1.7 ns width by applying a saw-tooth voltage of frequency of 50 MHz to a drift 
tube. About 45 % of all moderated positrons are thus shifted into a time interval 
of 2 ns. With a 16 mCi 22Na source the count rate is 130 counts per second and the 
measured beam diameter at the target is 4 mm for beam energies up to 15 keV and 
increases to about 5 mm for the maximum energy of 28 keV. Apart from the pos­
sibility to perform lifetime measurements as a function of the positron energy and 
hence of the penetration depth of the positron into the specimen, there is another 
important advantage compared to conventional lifetime measurements: no restric­
tion of the positron intensity because of accidental coincidences. Since one of the 
timing signals is taken from the radio-frequency system, the final coincidence rate is 
equivalent to the counting rate of the detector for the annihilation photons (singles 
rate). This count rate can then be increased almost unlimited if an appropriate 
intense primary positron source can be used (Section 2.2).
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9T

(not to scale)

Fig. 6 . Layout o f th e  beam  p ro d u c tio n  stages (300 kV -  300 kV d istance ~  10 m, 300 kV -  ta rg e t 
d istan ce  ~  6m ). 1 =  p rem o d era tio n  s tage  (~  5 — 10 keV ) and  2 =  e x trac tio n /fin a l m o d era tio n  
s tag e  (~  eV). T h e y  p roduce th e  h ig h  in tensity  slow p o sitro n s. 3 — field e x trac tio n /m ic ro b eam  
form ation  stage. I t  is form ing th e  slow positrons in to  a  usab le  m icrobeam  in  field free space. F E  

=  field e x tra c tio n , BE =  b rig h tn ess  enhancem ent

4. Scanning positron microscope

A logical advancement of a pulsed positron beam of several mm diameter and 
of variable energy [12] leads to a scanning beam but of microscopic dimensions. 
About two years ago we started in Munich and Trento, financially supported by the 
European Community, the project of a scanning positron microscope (SPM). Based 
on our pulsed beam system [14], a second and cooled moderator is added, so that 
the final beam diameter at the target will be 1 fim. The schematic set-up is shown in 
Fig. 8. Integrated in the system is an electron beam which is focussed and scanned 
with the same electron optics as the positron beam. The electron beam will give 
a topological picture of the specimen surface whereas the positron beam will give 
depth profiles of near surface microscopic regions. From the characteristic positron 
lifetimes, defects as well as defect structures can be distinguished from defect-free 
regions. We see applications of the scanning positron microscope in various areas 
of material science and for microelectronic devices.
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Fig. 7. Schem atic layout of th e  upg rad ed  pulsed  p o sitro n  beam  system ; 1: 22 Na source w ith  
tu n g sten  shielding, 2: tu n g sten  single crysta l (1 pm ) transm ission  m o d era to r, 3: p re-buncher (saw 
to o th ), 4: m ag n e tic  guiding field (7 m T ), 5: pre-chopper, 6 : m ain  ch o p p er (sine wave), 7: m ain  
b uncher (sine wave), 8 : drift tu b e , 9: Faraday cage, 10: p rep ara tio n  ch am b er, 11 : specim en h o ld er 

(cooling a n d  hea tin g ), 12: c ry o sta t for liquid N2 , 13: sc in tilla to r (B al' 2 ) an d  pho tom ultip lier

5. Positron annihilation angular correlation

In metals and alloys, the measurement of the angular correlation of positron 
annihilation radiation gives detailed information on the electron-positron momen­
tum density especially if positron sensitive detectors are used [15]. Facilities with 
such devices are in Europe at the Universities in Geneva, Bristol and Munich. Be­
cause of the almost negligible contribution of the positron to the total momentum, 
the electron momentum density can be determined and the Fermi surface can be 
deduced [16]. Single crystals are required to investigate the electron momentum 
distributions. Size and quality of the crystals are very important parameters. For 
some compounds, i.e. high Tc superconductors, it is difficult to grow high quality 
single crystals of appropriate dimensions in order to be measured with conventional 
positron sources from radioactive isotopes. Positrons from such sources penetrate 
on the average 100-200 /zm into the specimen before they annihilate. This means 
that the thickness of the single crystals has to be of the same order of magnitude. 
Intense and narrow positron beams would be an obvious advantage for the investi-
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gátion of solids. In some materials it is difficult or even impossible to prepare large 
enough single crystals of good quality and with stable homogeneous composition. 
Monoenergetic positrons of variable energy (up to 50 keV) would allow selection of 
penetration depth and hence angular correlation measurements in samples made of 
films grown by epitaxy on substrates.

6. Conclusions and outlook

It is quite obvious that the future direction of positron research is towards 
intense positron beams of variable energy and micrometer dimensions. The current 
efforts are following the trend of this development. In not too far away time such 
systems will come into operation and will open up a new kind of experiments and 
exciting applications to solid state physics and materials science. Many fascinating 
experiments with positrons remain to be done.
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PROMPT-GAMMA ACTIVATION ANALYSIS 
AND APPLICATIONS IN INDUSTRY, 

ENVIRONMENT AND MEDICINE

R i c h a r d  M. L i n d s t r o m

Inorganic Analytical Research Divis ion, National Ins t i tu te  of Standards and Technology 
Gaithersburg, MD 20S99, USA

N eu tro n  cap tu re  reac tio n s a re  in  use for chem ical analysis a t  nearly  every re sea rch  
reac to r. T h e  (n , 7 ) reac tion  involves sim ple p h y sics a n d  penetra tin g  rad ia tio n s , and fo r t h a t  
reason  is free of system atic  e rro rs  com m on to  an a ly tic a l m ethods w hich  rely on d isso lv ing  
th e  sam ple. A n u m b er of e lem ents no t easily d e te rm in ed  by conventional neu tron  a c tiv a tio n  
analysis can  be  m easured  th ro u g h  th e  gam m a ra y s  em itted  p ro m p tly  on  neu tron  c a p tu re . 
New ap p lications are being found , especially w ith  recent advances in  in stru m en ta tio n  a n d  
n e u tro n  b eam  shaping.

Introduction

Chemical analysis by means of the gamma rays emitted promptly upon neu­
tron capture was first performed by Fermi in 1934. Since the late 1970s, prompt- 
gamma activation analysis (PGAA) has become a routine tool at several reactor 
centers worldwide for the nondestructive measurement of a number of elements of 
importance to science, engineering, and medicine. The measurement is performed 
by inserting a sample into a neutron field (most successfully, an external neutron 
beam from a research reactor) and measuring the gamma-ray emissions with a 
germanium detector. Neutrons from 252Cf, other isotopic sources, or neutron gen­
erators have been valuable in field applications such as on-line analysis of coal and 
ores and in explosives detection. Gamma spectra of impressive quality have been 
collected in deep boreholes in exploring for mineral resources. These field applica­
tions have been surveyed [1] and will not be discussed in this paper. Useful reviews 
of the PGAA technique have been published in the proceedings of the symposium 
series on capture gamma rays and related topics [2-6].

H istory and uses o f  PGAA

PGAA was investigated by a number of pioneers in the late 1960 and early 
1970s, using low-powered reactors and Nal or small Ge gamma detectors [7-11]. It 
was used for the analysis of metals in alloys and ores with modest neutron beams 
[12,13]. The technique reached its modern form with high neutron flux and large 
high-resolution detectors at Los Alamos (with the sample inside the reactor) [14], 
by the University of Maryland group at the National Bureau of Standards [15,16], 
at the University of Missouri [17] and at McMaster University [18].
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PGAA has been applied to the analysis of major and trace elements in stan­
dard rocks [19-21], oceanic sediments [22], and construction materials [23], boron 
in borosilicate glass [24], essential and toxic elements in foods [25,26] and dietary 
supplements [27]; boron, cadmium, and other elements in environmental materials 
[28-30]; rare earths in airborne particulates [31]; boron in tissue for neutron capture 
cancer therapy [32,33]; and many other materials. A bibliography compiled in 1984 
listed 522 papers using PGAA in the literature [34].

PG A A  with guided neutron beam s

Even with neutron beams from 5-20 MW reactors, quantitative multielement 
PGAA measurements usually require many-hour irradiations because of the large 
distance, typically 50 cm, between the sample and the detector and therefore a 
low efficiency (< 0.001 from geometry alone) for detecting the gamma rays from 
the sample. The utility of the technique is further limited by high background 
for a number of elements. Even with filtration, reactor neutron beams which are 
nominally thermal contain substantial fluxes of epithermal and fast neutrons, which 
must be slowed before they are stopped in the shielding. This almost inevitably calls 
for hydrogenous materials surrounding the samples, and hence a high background 
count rate for the H capture line at 2223 keV. Stray neutrons also interact with 
other elements commonly used in the apparatus such as В, C, N, Al, Fe, and Pb, 
raising the background for these elements. Neutron scattering from hydrogenous 
samples can make the variability of this background an important systematic error 
in PGAA [35].

In the past few years, advances in neutron transport have made intense beams 
of purely slow neutrons, either thermal or cold, available for analytical purposes at 
several reactor laboratories: Grenoble [11-21], Kyoto [32], Jülich [36], NIST [37], 
JAERI [38, 39] and Texas [40]. These facilities will soon be joined by systems at 
Budapest [41], Cornell [42], and BARC [43]. Guided beams are well suited to PGAA 
because they are entirely free of fast neutrons and gamma rays. For this reason, 
a compact, lightweight assembly made with 6Li (which emits no gamma rays on 
neutron capture) can be used, with no need for thermalizing material, to shape and 
stop the beam [32,36]. As a result the capture-gamma background is lower and the 
detector can be closer to the sample, and hence guided beams give much better 
signahnoise ratios in PGAA than conventional collimated beams. The detectability 
of hydrogen, in particular, has been improved from milligrams to micrograms [44].

The ability to measure small quantities of hydrogen nondestructively has had 
numerous applications. Information from PGAA has been essential in interpreting 
neutron scattering measurements of Сво and derivatives [45]. The largest number 
of future applications may be in metallurgy and other branches of materials science. 
As a part of a larger program, we have spatially mapped the hydrogen content of 
a compressor blade from a jet engine which had failed in service [46].The detection 
limit for hydrogen in metals is now below 10 /ig [39], and incremental improvements 
in prospect can be expected to reduce it to 1 /ig or better. An important application 
will be the determination of H and D in polymers in support of neutron scattering.
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Future developm ents

Much research remains to be done in order to fully exploit the opportunities of 
PGAA. Recent experiments have made clear that the analytical signal depends on 
the details of the neutrons’ interactions with the sample, notably on the scattering 
power [47, 48] and even on the temperature of the sample [49]. Neglect of scattering 
can lead to errors of more than a factor of two in the analytical results. Because 
cross-sections are larger at low velocity, the magnitude of the effect is larger for cold 
neutrons than thermal [50]. This is of course especially important for the analysis 
of polymers and biological materials.

A barrier to the widespread application of PGAA is the need for each lab­
oratory to prepare its own table of sensitivities, by irradiating standards of each 
element to be determined in that individual system. This problem has been eased 
for conventional (delayed) neutron activation by employing a composite, dimension­
less nuclear constant called к о, the value of which can be measured and transferred 
between laboratories much more accurately than the conventionally tabulated cross- 
sections [51]. The same approach can be applied to PGAA, especially with cold neu­
trons [52, 53], providing that the effects of neutron scattering within the sample can 
be controlled, compensated, or corrected for.

Interpretation of capture gamma-ray spectra from complex matrices is not 
straightforward. The spectra often contain several hundred significant peaks ranging 
in energy up to the nitrogen capture line at 10.829 MeV. Baselines under the peaks 
are not smooth because of this complexity, and often also because the number 
of counts in each channel is small. Unlike the case of radioactive decay, which 
involves only the lowest few nuclear levels, published tables of capture gamma-ray 
signatures of the elements [54] are not and never can be complete because of the 
very large number of levels populated by neutron capture [55,56]. Several analytical 
laboratories have prepared tables of the most useful capture gamma rays and their 
most important interferences [16,57,58].

Advances in instrumentation are opening new areas of application of neutron 
capture gamma rays. It has been appreciated for many years that the complexity of 
capture spectra can be greatly simplified by Ge-Ge coincidence counting [59]. Al­
though coincidence methods are commonly used in nuclear structure studies, they 
have not yet found application in PGAA (except for Compton suppression and pair 
spectrometry [16,38]). There is good reason for this: with 15 % detectors spaced 
50 cm from the sample the coincidence efficiency has not been high enough for 
chemical analysis. Furthermore, acquiring and processing data at a useful rate in 
a 16384 X  1684-channel coincidence measurement requires a fast computer, large 
memory and mass storage, and well-designed algorithms for storage, display, and 
extraction of compositional information. The rapid growth in computer capabili­
ties, the production of high-quality neutron beams, and the availability of efficient 
gamma detectors now makes Ge-Ge coincidence PGAA appear feasible.

Another paper in this symposium discusses recent progress in forming small- 
diameter neutron beams with high flux [60-62]. A gain in neutron flux of more 
than an order of magnitude within a spot 0.5 mm diameter has been demonstrated.
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With such small beams, the analysis of much smaller samples or the mapping of 
heterogeneous samples on a millimeter scale become possible.

Very recently PGAA has been combined with neutron reflectometry [63]. In 
this measurement, resonantly amplified neutron standing waves were set up in a 
sandwich of 150 nm polymer films with a 5 nm Gd layer in the center. At appropriate 
incident angles below the critical angle for reflection from the Ni substrate the 
neutrons were absorbed by the Gd, with a corresponding drop in the reflectivity. 
Because of this resonance and because the gamma detector is less than 1 cm from 
the sample, the sensitivity for generation and detection of the 182 keV Gd capture 
gamma was very high: 0.02 photopeak counts per neutron. This phenomenon is 
analogous to total-reflection X ray fluorescence (TXRF), and is likely to have similar 
applications in the study of films and surfaces.

Conclusion

Chemical analysis through prompt neutron-capture gamma rays has found 
numerous uses in science and technology. Recent advances in engineering neutron 
beams give promise of new and unique applications.
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STUDY OF LIQUIDS AND SOLUTIONS
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T h e  aim  of th is co n trib u tio n  is to p re se n t a  critical review  of w hat has been  achieved 
on th e  s tru c tu re  of liqu ids a n d  solutions a n d  to  highlight the cap ab ilitie s  and developm ents 
of n e u tro n  sca ttering  in  th is  field of research. A great variety of sim ple to com plex system s 
has b een  investigated  w ith  th e  aim  of o b ta in in g  a  full m icroscopic description of th e  s tru c ­
tu re. Selected  exam ples of h igh precision experim en ts d em o n s tra te  th e  perform ance of the 
n e u tro n  sca tte rin g  d e te rm in a tio n  of in te rac tio n  potentials, in te rm olecu lar s tru c tu re s , and 
p a r tia l  s tru c tu re  factors of com plex system s. T h e  isotopic su b s ti tu tio n  m ethod is i l lu s tra t­
ed by th e  app lication  to  th e  s tudy  of th e  solvation of ions in  aqueous and n o n  aqueous 
so lu tions.

Introduction

There have been numerous structural studies of liquids and solutions with 
increasing degree of accuracy due to the high performance of spectrometers available 
at the steady neutron sources like the Reactor Orphée (LLB-Saclay) and the High 
Flux Reactor (ILL-Grenoble).

Much progress has been performed in the experimental results obtained at 
the neutron spallation sources such as ISIS (RAL, Didcot) and IPNS (Argonne, 
USA). In the case of studies of liquids, coherent neutron scattering gives information 
about the relative positions and motions of different particles in the liquid,. From 
this scattering, we determine the structure factor S(Q) of the liquid which leads 
to the static pair-correlation function g(r). From measurements of the coherent 
neutron scattering at low values of momentum transfer, we can observe effects due 
to excitations of cooperative modes in the liquid. Incoherent neutron scattering 
depends on the motion of a single particle; this allows to study diffusive motions 
and vibrational density of states and, in this field of investigations, neutrons appear 
as a unique probe.

The purpose of this short review is not to give a catalogue of liquids which have 
been investigated during the past years because there are many recent reviews and 
books about this subject [1-8]. I will present here only selected examples where 
neutron scattering is particularly powerful and I will give some fields of interest 
which need to be developed during the next years.
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Basic theory

The differential scattering cross-section [9] per unit solid angle and unit in­
terval of outgoing energy E' of the scattered neutron by an assembly of particles is 
given in the first Born approximation by the following equation:

d2a
düdE'

AS(Q,lo), ( 1 )

where Tito = {к2 — k\)/2m is the energy transfer, and m, k0, kq = ko — Q are 
respectively the mass, the initial and final wave vectors of the scattered neutrons, 
fiQ is the momentum transfer. A depends only on the properties of the particles of 
the system.

S(Q,uj) is the dynamic structure factor which is the Fourier transform (FT) 
over r and t of the Van Hove pair distribution in space and time G(r,t) which 
describes the correlation between the presence of a particle in position r' +  r  at 
time t' + 1 and the presence of a particle in position r' at time t ' , averaged over r ' .

We consider scattering due to the nuclear interaction between neutrons and 
the nuclei of the scattering system.
• If b is the scattering length of the N  nuclei assumed all identical, the cross-section 
is written aus:

Ш Ш  =  / e x p [ , ( Q  ( 2 )

If the nuclei of the scattering system have a nonvanishing spin, the equation 
(2) assumes b to be spin-independent.

The G function splits into the G, and Gd parts

G(r,t) = Ga(r,t) + Gd(r,t). (3)

Gj describes the correlation between positions of one and the same particle at 
different times. Gd refers to pairs of distinct particles (the subscripts s and d stand 
for “self” and “distinct” , respectively).
• For nuclei with a spin-dependent scattering length, or for nuclei belonging to 
different isotopes.

Equation (2) is replaced by

Ш Ё ' =  ë r ,T o / « * p [ i ( Q  r - u i ) ] r ( t , o * < a  ( 4 )

with the spin- or isotope-dependent scattering lengths used in the definition of 
Г(г,<) which is written as:

f (r , f )  =  P G J(r , i )+ (6 )2GJ(r,i),
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where 6 is any of the bj ’s of the system and the average is taken over the spin states 
of the corresponding particle.

From G — Gj +  Gd, the differential scattering cross-section is written as:

d tj   d (Tcoh d (Tincoh
dÇldE' ~ dÇldE' + dOdE' ’ (5)

d <rcoh
dOdE'

d încoh
dÇldE'

= ^ ~ b ^ Y 0 j  exP[i{Q r -  uit)]G{r,t)drdt,

J  exP[*(Q ' r -  ^ ) ] G»(r, t)drdt.

( 6)

(7)

Equations (6) and (7) are the so-called coherent and incoherent scattering cross- 
sections. The separation of elastic and inelastic scattering which applies to Eq. (6) 
can be performed for Eq. (7) by considering the limit of Gs for \t| —► oo. In the static 
approximation, |Q| = ^ s in #  with A the neutron wavelength and 29 the diffraction 
angle, (see Fig. 1) and integrating with respect to E ' , the differential coherent and 
incoherent cross-sections per unit solid angle are respectively:

Fig. 1 . G enera l schem e of n e u tro n  sca ttering  s tu d ies

^ ^coh
dil (,b)2N 1 + J  exp (IQ r)ÿ(r)dr j  = (6)27VS(Q),

where S’(Q) is the structure factor of the system

d2°'incoh -  ih2 _ m b
dÇl = {b2 -  (b)2}N.

( 8)

(9)

The incoherent cross-section no longer depends on the structure of the system.
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If the diffusion is isotropic which is normally the case for disordered systems 
as liquids:

S { Q ) = l + p 0 i  [g(r) -  l]S1̂ r-47rr2dr, (10)
Jo Qr

where po = N / V , the number density

1 r°°g(r) = l + - ^[S(Q) ~1] sin QrdQ, (П )

where g(r) gives the probability of finding an atom at a distance r from a reference 
atom at the origin.

From the determination of S(Q), the instantaneous distribution (within 10~13 
to 10-15 s) of the pairs of atoms in the system is obtained by Fourier transform; 
this definition applied to the local order of the first neighbours and next-nearest 
neighbours in the system.

In the case of polyatomic systems (molecular liquids, aqueous solutions, liquid 
alloys, it is customary to introduce the partial structure factors Sap{Q) and the 
partial pair correlation functions gap(r), relative to all the pairs of atoms of the 
system, and the total pair correlation function is written as:

9( r ) = ' £ 2 c a cpba b0gap(r),  ( 12)

aß

where ca, cß are the atomic concentrations and ba, bß the neutron coherent scat­
tering lengths of the various pairs of atoms.

A change of isotope, if it affects significantly the scattering length, will change 
the weight of the partials and provide a way of identifying them. Since isotopic 
substitution alters only very weakly the physico-chemical properties and pair inter­
actions, it will be a powerful tool to mark an atom and study its environment.

In the following we give examples of structure factor determinations and we 
will focus on the more recent results proper to neutron scattering using a specialized 
and adapted sample environment equipment (high and low temperature devices, 
pressure cells, etc ...  ) and using the isotopic substitution method, allowing to 
reach the local environment around an identified atom.

Selected exam ples of S(Q) determ inations

Monoatomic liquids

Liquid argon [10]. An example of the S(Q) structure factor for an atomic liquid, 
obtained with high accuracy is given in Fig. 2a for liquid argon (36 Ar), near its triple 
point at 85 K. S(Q) has a simple shape: a large peak at Q = 2 Â-1 followed by 
an oscillating function which decreases in amplitude with increasing Q. Figure 2b 
displays the pair correlation function g(r) for liquid 36Ar at 85 K. This experiment 
gave rise to molecular dynamics and Monte Carlo simulations. An early calculation
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Fig. 2. a) S tru c tu re  facto r S (Q ) for liquid a rg o n  36 A r near its tr ip le  p o in t.............. E x p erim en tal
d a ta  T  =  85 K, po =  0.0213 a to m s /Â 3; _______ M olecular dynam ics T  =  86.56 K, po =  0.02138

a to m s /Â 3; b) P a ir  correlation  fu n c tio n  g ( r ) for liquid a rg o n  36 Ar a t 85 К

has been performed by Verlet [11] and a comparison with S(Q) for a Lennard Jones 
fluid in the same state using molecular dynamics is displayed in Fig. 2a. Some 
recent Monte Carlo calculation using a very accurate two body potential [12] and 
including three-body and quantum corrections led to an excellent description of the 
properties of solid, liquid and gaseous argon.
Liquid gallium [13]. Very accurate measurements of the structure factor S(Q) of 
liquid gallium at temperatures 326 and 959 К allowed the determination of an effec­
tive pair potential vefj(r) between the gallium atoms at these two thermodynamic 
states. Figure 3 displays the structure factor Sexpt(Q) at 326 К which has been 
measured over a wide range of wavevectors (0.26-16 À-1 ) with a high degree of 
precision which provides new information on the behaviour of the structure factor 
for Q < 2 Â-1 . We have attempted to determine ueff(r) by inversion of 5eXpt(Q)- 
The so-called iterative inversion scheme of Masserini and Reatto [14] is then fol­
lowed to obtain the effective pair potential from the experimental data. It has been 
shown [14] that the iterative process converges and the pair potential ф ( г )  or /3veff(r) 
obtained after nine iterations within an accuracy of ±0.04 to 0.07 is displayed in 
Fig. 4 (as computed on the basis of statistical errors only).

The corresponding g(r) is given in Fig. 4. It agrees within 0.5 % to 1 % with 
<7exp(r )> i e. the accuracy of the simulation procedure.
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Fig. 3. S tru c tu re  fac to r SeXpt(Q ) fo r liquid gallium  a t  326 К (Pi) = 0 .02138 a to m s/Â 3).

The inversion procedure 5eXpt(Q) establishes that the effective potential is 
positive and repulsive at distances corresponding to the nearest neighbours and it 
has a long period of about 8 Â for the oscillations. Temperature dependence was 
investigated and found to be significant. The inversion method of Masserini and 
Reatto involves no adjustable parameter and no assumption on the theoretical form 
of the effective pair potential. It turns out to be quite adequate to take account 
of Sexpt(Q) an<3 <7expt(r ) of liquid metals, but that needs precise measurements of 
Sexpt(Q) over a large range of Q wave vectors. It could be interesting to extend the 
inversion method to other liquid metals or monoatomic liquids which has not yet 
been performed up to now.

Molecular liquids

Water under extreme conditions of temperature and pressure. Recent structural 
studies of liquid D2O [15] have been performed by neutron diffraction. The re­
sults cover a large temperature range from 95 °C down to —31.5 °C close to the 
temperature of homogeneous nucléation and particularly in the low temperature 
range where liquid water exhibits an abnormal behaviour. At low temperature, 
that has been achieved by using emulsions [16] which cannot be performed by other 
techniques than neutron scattering.

In Fig. 5, the pair correlation function of low density amorphous ice [17] is 
plotted together with that of water at 27 °C and that of supercooled water at 
-10.5 °C and -31.5 °C.

The measurements, at low temperature confirm the increasing spatial cor­
relations in deeply supercooled liquid water as the temperature is decreased and 
the tendency to evolve towards the structure of low density amorphous ice. These 
data should provide an important basis for a comparison with predictions based on 
different forms of the interaction potential between water molecules.
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Fig. 4. P a ir  co rre la tion  fu n c tio n  g (r)  an d  in te rac tio n  О(r ) =  0 v c^ (r )  a t  326 K. The in se rt gives
th e  long range p a r t  of ф(г)

Method, of isotopic substitution

As mentioned in the introduction, the method of isotopic substitution is a 
powerful tool to study the environment of an atom.

This method has been widely applied to liquid alloys [18], molten salts [6,19], 
molecular liquids and their mixtures [6,20]. Other liquids such as aqueous solutions 
[3,4,21,22] and recently non-aqueous solutions [23-25] have been also investigated. 
I only present here some results obtained in the field of aqueous and non-aqueous 
solutions which could be extended to the biological solutions and for which some 
attempts have already been realized [26].

Aqueous ionic solutions: Influence of the counterion [21]. The local coordination 
of Zn2+ depends strongly on counterion, temperature and concentration. Neutron 
diffraction studies were carried out on solutions of 2 molal zinc triflate Zn(CF3SOs)2 
and 4 molal zinc chloride ZnCb in heavy water. An isotopic difference study of Zn2+ 
based on isotopes of natZn and 67Zn led to the total pair correlation function ]°' 
and thus provided direct information regarding the Zn2+ hydration.
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Fig. 5. P a ir c o rre la tio n  functions d i ( r )  of D2O o b ta in e d  respectively a t  27 °C, —10.5 °C  an d  
— 31.5 °C, co m p ared  w ith th a t of th e  low density  am o rp h o u s ice. d i ( r ) =  J  J Q°° Q D m (Q)  sin  Q rdQ  
for the  in te rm o lecu la r term s only; S j ^ ( Q )  = fi{Q) +  D m (Q)  where /1 (Q ) is the  form  fa c to r of

the  m olecule

Figure 6a shows the function Gzn°(r ) relative to a 2 molal Zn(CF3S03)2 in 
D2O. The coordination numbers п%п and п®п are consistent with two D atoms per 
О atom; the hydration number is n = 5.3(2). This demonstrates that there is no 
significant penetration of the triflate ion into Zn2+ hydration shell.

In the case of the zinc chloride, as shown in Fig. 6b, Zn2+ has not a hydration 
shell as well defined as for Zn2+ in zinc triflate solution. The analysis of G®n°(r) 
leads to the conclusion that the partial pair correlation function дznCi(^) contributes

Acta  Physica Hungarica 75, 1994



STUDY OF LIQUIDS AND SOLUTIONS 85

о  N  О
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- 0.010
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Fig. 6 . a) 2 m olal Z n (C F 3S03)2 so lu tion  in  D 2O. T o ta l p a ir  corre lation  function  G ^ 1 T he 
two peaks a t  2.09 a n d  2.69 Â can be iden tified  with the  n e a re s t neighbour Z n2+ — О and  Z n2+ — D 
corre lations, b) 4 m ola l Z n(.' 12 so lu tion  in  D 2O. T otal p a ir  corre lation  fu n c tio n  G ^ 0 ; Z n2+ is 

co o rd in a ted  to  4.1(5) w a ter m olecules a n d  1.4(5) chloride ions

significantly to G2 2°(r) in the hydration region and provides clear evidence for 
Zn2+—Cl-  complexation.
Non-aqueous ionic solutions: Influence of the solvent. Neutron scattering tech­
niques begin to be applied to non-aqueous ionic solutions [23-25].

The structure around lithium ions in solutions of lithium bromide in acetoni­
trile and water has been studied [24]. The isotopic difference method has been 
applied to lithium ions. Figures 7a and 7b show respectively the total pair corre­
lation function Glí2° ( f) for a 1.88 M aqueous solution and G ^ ( r )  for a 0.58 M 
acetonitrile solution. In the case of the acetonitrile solution it has been found that 
the bromide anion enters into the first solvation shell around the lithium ion, where­
as in the case of the aqueous solution the first hydration shell of the cation is not 
disturbed by the anion. The solvation number is approximately 3 in the case of 
acetonitrile and approximately 4.5 in the case of water.

Liquids in confined geometry [27-29]

More recently there has been interest in the way proximity to an interface leads 
to modification of the overall molecular behaviour. Several types of experimental
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Fig. 7. a) 1.88 M L iB r so lu tion  in  D2O. T o ta l p a ir  co rre lation  function  G ^ 2° .  T h e  two peaks 
a t  1.94 a n d  2.58 Â can  b e  identified  w ith th e  n ea re s t neighbour L i+ —О an d  Li"*"—D corre lations, 
b ) 0.58 M L iB r so lu tion  in  CD3CN. T o ta l p a ir  corre lation  fu n c tio n  G[VN . The decom position  
of GjV* w ith  th ree  G au ss ian  peaks leads to  L i-N  (2.05 Â), L iB r (2.46 Â) and  L i-C i (3.17 Â)

corre lations

approach of the problem of interfacial structure have been adopted; the methods 
involve the study of D2O in microporous silica of varying pores [27], in clay systems 
[27] or inside interconnected pores of Vycor glass [28]. In this last system, when 
decreasing the temperature, it is possible to supercool water but not to the extent 
expected for such a small confining space. In fact the presence of large hydrophilic 
silica interface enhances the nucléation of ice. The observed phase of ice is the 
cubic ice Ic which appears at about —18 °C, in the full hydrated Vycor, instead of 
the expected hexagonal (//,) form (Fig. 8). The neutron scattering experiments of 
cyclohexane C6D12 [27] in microporous silica show that the resulting plastic crystal 
phase is strongly influenced by the thermal history of the sample — the nucléation 
point is depressed by ~  40 °C.

A novel experiment by neutron scattering led to the first determination of the 
structure factor of an amorphous protein, the C-phycocyanin [29]. The effects of 
hydration and temperature on the total function d(r) have been studied explicitly. 
The changes in d(r) functions observed in hydrated samples depend strongly on the 
level of hydration and most of these changes are due to water-protein interactions.

Acta  Physica Hungarica 75, 1994



STUDY OF LIQUIDS AND SOLUTIONS 87

Fig. 8 . S p ec tra  o f cub ic  ice (d o tte d  line) ( — 198 °C) a n d  confined D2O from  fully h y d ra ted  V ycor 
(full line) a t —41.5 °C ; there  is ~  27 % liquid w ater s t i ll  present below th e  B ragg peaks of cubic

ice

At 0.365 g D2O per g of protein, the water crystallized into hexagonal ice at 200 К 
and below, but at 0.175 g D20  per g of protein, no crystallization of water was 
observed.

At the higher hydration a peak appears in the d(r) function (Fig. 9) which 
indicates that the average distance of the water molecule in the hydration shell 
from the amino acid residues is 3.5 À. This effect is clearly evident in the computer 
simulations [30] which show an increase in the clustering of water molecules close 
to the protein surface within distances of 3-4.25 À (mainly away from the nonpolar 
atoms in the protein).

Conclusion

In this review, we have presented the more recent results obtained about 
the structural study of liquids and solutions. Some examples of recent accurate 
work have been given and demonstrate the capability of neutron scattering in the 
description of the structure of a liquid and the possibility of the determination of 
an effective pair potential.

The isotopic substitution method has now been extended to the knowledge 
of the detailed arrangement about a chosen ion in polyelectrolyte solutions, which
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Fig. 9. d(r)  fu n c tio n  for a  d ry  d e u te ra te d  p ro te in  C -phycocyanin  an d  for a  73 % (0.365 g I )y O /g  
p ro te in )  h y d ra te d  p ro te in  C -phycocyanin a t  295 K. (d(r)  =  47-777(7(7') — l])

opened the field to the biological solutions.
A novel field of interest concerns the study of liquids at interfaces. The first 

results about water close to hydrophilic surface (Vycor surface) or close to protein 
results are presented. Much work must now involve the hydrophobic hydration.

The performance of neutron scattering has also been used to study liquids 
as function of pressure and temperature [31-32] and an important field of research 
which needs to be developed concerns the liquids and solutions under supercritical 
conditions.
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NEUTRON DEPOLARIZATION

M .  d e  J o n g 1’2 , A .  v a n  O u d e n a a r d e n 2 , J.  S i e t s m a 2 , 
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T he m ag n e tic  dom ain  s tru c tu re  of am o rp h o u s m ateria ls is, because  of the  m a g n e ­
to -elastic  coupling , m ainly  d e te rm in ed  by th e  in te rn a l stress s ta te . T he stress a n d  field 
dependence  of th e  dom ain  s tru c tu re  contains im p o r ta n t in form ation  on the  in te rnal s tre ss  
d is tr ib u tio n  in  th e  materied. T h e  th ree-d im ensional N eutron D epo lariza tion  technique has 
b een  used  to  s tu d y  the  stress a n d  field dependence  of the  bulk d o m ain  s truc tu res in  as- 
quenched a n d  annealed  Fe4oNÍ4oB 2o • A th ree-layer dom ain  s tru c tu re  m odel co rresponding  
to  com pressive a n d  tensile in te rn a l stresses is p re sen te d  to  explain th e  m easured  d a ta . T h e  
influence of surface  roughness on  th e  in te rp re ta tio n  of ND m easurem en ts in am o rp h o u s 
rib b o n s is discussed .

In troduction

Amorphous materials are metastable by nature. This is clearly demonstrat­
ed by the fact that bulk properties like resistivity, Young’s modulus and viscosity 
change when the material is subjected to annealing treatments. Small structural 
changes in the amorphous system are the cause of the observed changes of the phys­
ical properties. A number of models has been developed to describe this structural 
relaxation (e.g. [1]).

Another important feature of as-quenched amorphous ribbons is the presence 
of internal stresses. These stresses are caused by the large thermal gradients oc­
curring during production of the ribbons by the melt-spinning process. The aim 
of the present investigation is to study the internal stress distribution in the as- 
quenched material and the relaxation of internal stresses during heat treatments. 
In as-quenched amorphous magnetic materials, with non-zero magnetostriction, the 
local magnetization direction is coupled to the local stress state by the mechanism of 
magnetoelastic coupling. In fact, the magnetoelastic energy is the most important 
contribution to the magnetic anisotropy in as-quenched materials [2]. In materials 
with a positive magnetostriction, tensile stresses cause the magnetization direc­
tions within domains to be parallel to the axis of principle stress, while compressive 
stresses in such materials lead to local magnetizations perpendicular to this axis. 
So, the magnetization orientation by itself delivers information about the sign of the 
internal stresses. Furthermore, the way in which the domain structure changes un­
der the application of tensile stress reveals the distribution of the internal stresses.

Acta Physica Hungarica 75, 1994 
A kadém ia i  Kiadó, B udapest



92 M. DE JO N G  et  al

In tensile stress regions, the magnetization process is mainly governed by domain 
wall movements, whereas in compressive stress regions magnetization rotation is 
the most important magnetization process. The application of a magnetic field 
to the sample, by which the magnetization state is changed, therefore provides an 
alternative means to study the internal stresses through the magnetic anisotropy.

Three-dimensional Neutron Depolarization has been used by various authors 
to study the domain structure in amorphous materials as a function of the applied 
tensile stress and of the magnetic field [3,4]. This paper will present neutron depo­
larization measurements as a function of the applied stress and of the magnetic field 
in two relaxation states of Fe4oNÍ4oB2o- A domain structure model will be used to 
interpret the measurements in terms of the internal stress distribution.

Experim ental

In a three-dimensional neutron depolarization experiment the polarization 
vector P of a polarized beam is analysed after transmission through a magnetic 
sample. The time dependence of the polarization vector subjected to an induction 
В is described by the Larmor equation

£  = T (P * B ) , (1)

with 7 = 1.83 X 108 s-1T-1 the gyromagnetic ratio of the neutron. In the Larmor 
approach [5], which can be used in ferromagnetic materials with large domains, the 
polarization vector will precess around the domain magnetization directions that the 
neutron passes during transmission. The relation between the polarization vector 
before and after transmission, P° and P 1, respectively, is given by P 1 = DP0. Here 
D is called the depolarization matrix, the elements of which can be experimentally 
determined through

( 2)

with Iij, the measured intensity and i, j  (= x,y,z)  the polarizing and analysing 
directions. Is and Im are the intensities of the fully depolarized and polarized beam, 
respectively. The depolarization matrix D\ for a beam of polarized neutrons passing 
a single domain can be written as:

D\ = Û -I- Â\ sin(ф) + A\ ( \  -  cos(ф)), (3)

where Û is the unity matrix, ф — c\Bs8, with ci = 7.47 X 104 T :m a set-up 
constant, Ba, the spontaneous induction and 6, the domain thickness. Matrix A i 
is given by
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with mt , the г-component of the reduced magnetization vector m (relative to the 
saturation magnetization). If the sample is uniformly magnetized, the polarization 
vector will only precess around the magnetization direction. In the case of a mag­
netization distribution over the area of the beam, in addition to precession also 
shortening of the polarization vector due to deviations from the average magneti­
zation will occur.

Two kinds of measurements have been performed. In the first kind, depolar­
ization matrices have been measured in zero applied field as a function of applied 
tensile stress for both as-quenched and annealed (600 K, 10 s) Fe4oNÍ4oB20 ribbon 
(width 2.5 mm, thickness 30 pm, Bs =  1.0 T [6], from Vacuumschmelze GmbH). 
The samples were stressed by an electro pull-magnet, which was controlled by a 
feed-back system containing a strain-gauge transducer to measure the applied force. 
All samples were magnetized in a field of 4800 А/m  before starting the stress de­
pendent measurements in zero applied field. In the second kind of measurements, 
we varied the applied magnetic field stepwise, bringing the samples from negative 
to positive saturation and back, while applying a constant value of tensile stress. 
Both low field (less than 40 А/m) and high field (up to 4800 А/m) measurements 
have been done.

The three-layer model

In order to obtain domain structure characteristics from the measured depo­
larization matrices, it is necessary to model the domain structure. It is assumed 
that, because of geometric reasons, all internal stresses act in the ribbon plane. The 
production of the ribbons by melt-spinning gives rise to a structure consisting of 
layers with in-plane compressive and tensile stresses. In the model that is proposed 
here, the internal stresses occur in a three-layer structure. The two outer layers 
contain, because of the higher cooling rates at the surfaces, compressive stresses. 
The inner layer contains tensile stresses. In a material with a positive magnetostric­
tion constant (As = 1.35 x 10-6 [7] for Fe4oNÍ4oB2o), such an internal stress state 
leads to a domain structure as drawn in Fig. 1. The tensile stresses in the inner 
layer give rise to domains with their magnetization in the г/г-plane, oriented in the 
direction of the principal stress component. These domains will be referred to as 
“уг-domains” . Compressive stresses will cause regions of domains with their mag­
netization oriented in the +x or — x direction. These domains will be referred to as 
“x-domains”. As a first approximation the outer layers are assumed to have equal 
thicknesses. In principle the theoretical matrix for the three-layer model should 
be derived by averaging the matrix over all possible neutron paths. In the present 
case, the averaging can be carried out independently for each layer. The theoretical 
matrix for each of the outer layers follows from (3) and (4) by setting my equal 
to zero and assuming that, because of otherwise large demagnetization fields, the 
average (mx) equals zero:
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/  1 -  (1 -  cos(^*))(l -  7°) -  (m°)sin(&.) 0
D('x') = (m°) sin(<̂ >1) cos(^x) 0

\  0 0 1 -  (1 -  cos(^r ))(l -7 ° )
(5)

with фх = c\B,6x and 6X the average thickness of each outer layer. The orientation 
parameter yz equals (cos2 a°) with a°, the angle between the local magnetization 
in the two outer layers and the г-axis, 7° = 1 — 7° because JT 7,• = 1 and 7° = 0. In 
the low field region the assumption is made that the magnetizations in the surface 
layers all are directed along the x-direction (7° = 0).

In case of a uni-axial anisotropy (m°) = ^/7°", representing the uniform ro­
tation of magnetizations in the outer layers under application of a high external 
field. The depolarization matrix for the j/z-domains D^yz  ̂ follows from the Eqs (3) 
and (4) by setting mx equal to zero and assuming that (m,-m,) = (ш ;)(т; ) and 
(my) = 0:

( cos(ç^) — ( т г) sin(^z) 0
(mz)s in (^ )  1 -  (1 -  cos(<^))(l -  7J) 0

0 0 1 -  (1 -  cos(<^))(l -  7 ' )
( 6)

with фг =  C \ B S8Z and 6Z =  6tot — 2<5X, the average thickness of the inner layer. The 
value of the total thickness <5tot has been determined to be 29.5 pm by applying 
a high field (4800 А/m ) and a large external stress (300 MPa) to the sample. It 
is assumed that in this case the domain structure is formed by just one domain 
with magnetization parallel to the ribbon plane. This value of the total thickness 
is in agreement with the one obtained from weighing the sample. The orientation 
parameter 7’ for the inner layer, is defined in a similar way as 7°, yÿ =  1 — . The
parameter (mz ) represents the z-component of the average reduced magnetization 
in the inner layer.

The theoretical model matrix is the product of the three contributions:
R m o d é i  _  £ ) ( * )  £) ( y z )  p ( x ) (7)

The parameters 6X, 7*, 7° and (mz ) can be determined from a fit of the model to 
the measured matrix.

R esults and discussion

As mentioned before, we performed two kinds of experiments. First, the 
results of the stress dependent measurements at zero applied field will be discussed, 
followed by those of the field dependent measurements.

In Fig. 3 a typical example of measured depolarization matrices in the low 
field regime is plotted together with the model fits for the as-quenched ribbon. The
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Fig. 1 . T he three-layer dom ain  s tru c ­
tu re . N ote the  connection  betw een the 
m agnetization  d irec tio n  in th e  dom ains 
an d  th e  sign of th e  re su lta n t of in te rnal 
stress (írin t) and  ap p lied  stress ( a a ).

a ,  (MPa)

Fig. 2 . T he m odel p a ram ete rs  6X, l z 
a n d  ( m z ) as a  function  of th e  applied 
stress a a , show n for th e  as-quenched 
(Ö )  rib b o n  an d  the  rib b o n  annealed  
a t  600 К for 10 s (A ).

sx{po

< mz >

fact that all non-diagonal elements other than Dxy and Dyx equal zero, supports 
the thought behind the three-layer model that the г-axis is the principal axis of the 
mean magnetization. The shift of the hysteresis loops in Dxy and Dyx with respect 
to zero applied field is probably caused by stray fields in the sample chamber.

The results of the model fits of the stress dependent measurements are plotted 
in Fig. 2 for both the as-quenched and the annealed ribbon (H = 0 =>• 7° = 0). 
The application of tensile stress has two consequences for the internal stresses. One 
is the compensation of the compressive stresses, which results in a decrease of the 
thickness 6X of the outer layers. The other consequence is that the direction of 
the resultant stress in the inner layer of initially randomly directed, but in-plane, 
tensile stresses will rotate towards the axis of the applied stress. This results in an 
increase of the mean square direction cosine 7' of the magnetization directions in 
the inner layer. The changes in the parameters 6X and 7*, for the annealed ribbon 
occur at smaller values of the applied stress than in the case of the as-quenched
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1 I 1 1 1

___ 1___ 1___J___ 1___ 1___

1 1 1 1 1

-

H ( A / m )

Fig. 3. T he d ep o la riza tio n  m atrix  for th e  as-quenched (П ) rib b o n  as a  fucn tion  of th e  applied  
field H in  the  low field region. T he m odel fits are deno ted  by (+ )

ribbon. This reflects the relaxation of both compressive and tensile stresses by the 
applied heat treatment. The parameter (mz) represents the remanent magnetiza­
tion after application of the field of 4800 А/m  prior to the measurements. The 
changes in (mz ) with applied stress are due to the displacement of domain walls in 
the material. From Fig. 2 it must be concluded that the thickness 6X at zero applied 
field does not become zero at 300 MPa. Although already successful in explaining 
thë stress dependent measurements, the three-layer model gains further support by 
the second type of experiments, in which we varied the applied magnetic field step­
wise at constant external stress. In the Figs 4 and 5 the fit results are shown for 
respectively the as-quenched and the annealed ribbon at zero applied stress and at 
an applied stress of 120 MPa. The parameter Sx is almost constant, which supports 
the assumption of j 2 = 0. At these low fields only displacements of the 180° walls 
in the inner layer will occur, leading to the hysteresis behaviour of the mean re­
duced magnetization in the inner layer (mz ). Note that both the squareness of the 
hysteresis loop and the value of (mz) at the extremes of the low field region increase 
when an external stress is applied. These results support the idea, reflected by the 
increase of the orientation parameter yl2, that the г-direction becomes the axis of 
resultant anisotropy as the applied stress increases. The annealed samples show 
an even higher (m2) at 120 MPa than the as-quenched samples. This is obviously
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Ol------1------ 1------1------1------ 1------
-16 0 16 32

H (A/m)

Fig. 4. T he m o d el p a ram ete rs  Sx , -y'z 
an d  (m z) as a  fu n c tio n  of the ap p lied  
field H , shown fo r th e  as-quenched r ib ­
bon  a t  0 M Pa ( □ )  a n d  a t  120 M P a  (+ )

H (A/m)

Fig. 5. T he m o d e l param eters Sx , -y* 
an d  ( m z) as a  function  of th e  a p p lied  
field H , show n fo r th e  ribbon  a n n ea led  
a t  600 К for 10 s a t  0 M Pa (A ) a n d  a t 
120 M Pa ( x )

caused by the relaxation of internal stresses by the heat treatment, since in this 
case the anisotropy caused by the external stress overrules the anisotropy caused 
by the internal stresses more easily.

The rotation of the magnetizations in the outer layers can be studied when 
fields up to 4800 А/m  are applied. A similar fitting procedure as for the low field 
measurements leads to the results plotted in Fig. 6, keeping 6X fixed at the values 
given in Figs 4 and 5. For the annealed ribbon at 120 MPa the parameter 7° has 
no clear meaning, since in this case the thickness of the outer layers is practically 
zero. The behaviour of (mz) is a logical extension of its low field behaviour, (mz) 
increases with increasing applied field. When an external stress is applied, the 
increase of (mz) is steeper and the rotation of the magnetizations in the inner 
layer by the magnetic field is easier. The latter follows from the behaviour of 7’ 
for the stressed and unstressed as-quenched ribbon. The increase and approach 
to unity of the orientation parameter 7° as a function of applied field shows the 
rotation of magnetizations in the outer layer. The average anisotropy in these 
layers, as determined by the resultant of internal compressive stresses and external
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<  тпг >  0
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Fig. 6 . T h e  m o d e l p a ram ete rs  7 *, 7 ® 
an d  (m z ) as a  fu n c tio n  of the  a p p lied  
field H , show n for th e  as-quenched r ib ­
b o n  a t 0 M P a  (O ) ,  th e  as-quenched  
rib b o n  a t  120 M P a  (-f) an d  th e  r ib b o n  
annealed  600 К  for 10 s a t  0 M P a (A ).
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Fig. 7. T h e  de te rm in an t D  as a  func­
tion  of th e  a p p lied  field H  a t  300 M Pa. 
U npolished r ib b o n  (D), p o lish ed  w ith 
resp. 10 % (o ), 20 % (A ), 30 % ( + )  and 
40 % ( X ) o f thickness re d u c tio n . T he 
dashed Une is th e  value of D  w ith o u t a 
sam ple

..........  *
r ,'l ; • ««»« '  , . . * * . * ».1  »»I'll, *_ f  • I  ̂ к . •>4ivv''-fpV *• V/

* ш ь S

Fig. 8 . A p h o to g rap h  of a  p o h sh e d  
ribbon  a fte r  10 % thickness re d u c tio n  
(m agnification 36 tim es). B lack sp o ts  
are irregu larities (craters)

tensile stress, decreases as the external stress increases. The external stress causes 
the magnetizations in the outer layers to be rotated in the г-direction at smaller 
applied fields. Comparing the results for the as-quenched and annealed ribbon at
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zero applied stress, the faster increase with applied field of all parameters, in case 
of the latter ribbon, proves once again the reduction of internal stresses by the heat 
treatment.

Although the results of fitting the stress and field dependent measurements 
by the three-layer model yield an overall consistent picture of the distribution of 
internal stresses, in details some problems remain. In contrast to the low field 
region, where the applied stress could not reduce the thickness of the outer layers 6X 
completely to zero, the large applied fields can rotate the magnetizations in the outer 
layers almost fully in the z-direction. Furthermore, looking at Fig. 6, the question 
arises why (mz) seems to saturate at somewhat lower values than unity. The cause 
of the latter two phenomena is the remaining depolarization at high applied fields 
and large external stress. In Fig. 7, the determinant of the depolarization matrix, 
which is a measure of the depolarization, is plotted as a function of the applied 
field at large applied stress (300 MPa) for an as-quenched ribbon. The value of 
the determinant at the highest field is considerably lower than in an experiment 
without sample. This means that the magnetization is still not homogeneous over 
the area of the neutron beam. In the same Figure, the determinants are plotted for 
as-quenched ribbons whose dull sides were polished to obtain a reduction in surface 
roughness. It is clear that the determinant at the highest applied field increases 
as the surface roughness of the ribbons is decreased. From Fig. 8, which shows a 
photograph of the polished ribbon with 10 % thickness reduction, it is clear that 
surface roughness is huge. The conlusion seems valid that surface roughness is the 
main cause for the remaining depolarization at high applied fields and high applied 
stress. This remaining depolarization is the cause of (mz ) not completely reaching 
its saturation level. Obviously, the surface roughness was not taken into account 
in the three-layer model. Hence, we need not be surprised that mere application 
of external stress cannot create a homogeneous anisotropy throughout the whole 
volume.

Conclusions

The influence of heat treatments on the stress and field dependence of the 
measured depolarization matrices is large. The stress and field dependent depo­
larization matrices can be explained fairly well by a three-layer domain structure 
model with the outer layers corresponding to compressive stresses and the inner 
layer to tensile stresses. The surface roughness of the ribbons causes depolarization 
that cannot be removed by applying an external field or stress.

Acta  Physica Hungarica  75, 1994



1 0 0 M. DE JONG et al

References

1. F . Spaepen , A c ta  M etall., 25, 407, 1977.
2. H. Fu jim ori, in  A m orphous M etallic A lloys, ed. F. E. Luborsky, B u tte rw o rth , London, 1983, 

p. 300.
3. M. de Jong , J . S ie tsm a, M. T h. R ek v eld t and  A. van den  Beukel, Key E ngineering  M aterials, 

81 -83 , 431, 1993.
4. A. Veider, G . B ad u rek , R. G rössinger a n d  H. K ronm üller, J . M agn. M agn. M at., 60, 182, 

1986.
5. M . T h. R e k v e l d t ,  T e x t u r e s  a n d  M i c r o s t r u c t u r e s ,  1 1 , 127, 1989.
6 . F . E. L uborsky , in  Ferrom agnetic  M a teria ls, Vol. 1, ed. E. P. W olfarth , N orth  H olland, 

A m ste rd am , 1980, p . 451.
7. L. K ő s z e g i  a n d  H. K r o n m ü l l e r ,  A p p l .  P h y s . ,  A34,  95, 1984.

Acta  Physica Hungarica  75, 199^



Acta Physica Hungarica 75 ( l~ 4 ) ,  pp■ 101-106 (1994)

INTEREST OF NEUTRON SCATTERING 
FOR THE INVESTIGATION OF 

LIQUID-CRYSTALLINE POLYMERS

L. N o i r e z

Laboratoire Léon Brillouin ( C E A -C N R S )
CE-Saclay

91191 Gif-sur-Yvette  Cedex, France

S m a l l - A n g le  N e u t r o n  S c a t t e r i n g  is  t h e  u n i q u e  m e t h o d  w h ic h  a l l o w s  t h e  d e t e r m i n a ­
t i o n  o f  t h e  p o l y m e r  c o n f o r m a t i o n  in  t h e  b u l k .  T h i s  m e t h o d  h a s  b e e n  a p p l i e d  t o  s e v e r a l  
k i n d s  o f  l i q u i d  c r y s t a l l i n e  p o l y m e r s .  W e  r e p o r t  h e r e  g e n e r a l  r e s u l t s  o b t a i n e d  o n  s i d e - c h a i n  

l i q u i d - c r y s t a l  p o l y m e r ,  m a i n - c h a i n  l i q u i d - c r y s t a l  p o l y m e r  a n d  f i n a l l y  c o m b i n e d  l i q u i d - c r y s ­
t a l  p o l y m e r s .  I t  is  s h o w n  t h a t  t h e  p o l y m e r  c o n f o r m a t i o n  is  l a r g e l y  d e p e n d e n t  o n  t h e  
i n s e r t i o n  s i t e  o f  t h e  l i q u i d  c r y s t a l  m o l e c u l e  a n d  o n  t h e  s t r u c t u r e  o f  t h e  m e s o p h a s e .

The conformation of a polymer in the bulk is an isotropic coil for which char­
acteristic size is proportional to the root mean square of its length. The liquid 
crystal molecules have rod-like shapes and are able to align their long axis parallel 
to each other in the nematic phase (N), while in the smectic phase (SA), they are 
in addition stacked in layers of well-defined thickness. When the liquid-crystalline 
molecules are inserted in a polymer chain via a small chain (usually an alkyl chain) 
called “spacer” , the mesomorphic properties of the liquid crystal molecules are not 
lost. The introduction of “flexible spacer concept” [1] has enabled the synthesis 
of a broad variety of liquid crystal polymers using all the possible combinations to 
include the liquid crystal in a polymer chain. These new polymers have obvious­
ly generated much interest the last years, not only because of the understanding 
challenge, but because of the technological interest for optical data storage, high 
molecules fibers easily processable with extrusion, moulding methods.

Neutron Scattering is a particularly well-adapted method to investigate these 
systems. The dimensions and the anisotropy of the polymer chain in the bulk are 
provided by Small-Angle Neutron Scattering (SANS), whereas several informations 
concerning the mesophase structure are obtained by Neutron Diffraction. In addi­
tion, the layers in the smectic A phase are broad enough to allow the observation 
of the first Bragg reflections (and usually liquid crystal polymers do not possess 
high reflection orders) with the same SANS device. The simultaneous study of the 
polymer conformation and of the mesophase structure is then possible.

We propose to compare the main-chain conformation of different liquid crystal 
polymers in the following situations:

-  when the liquid crystal molecule is grafted on the side of a polymer chain, 
obtaining the side-chain liquid crystal polymers;

-  when the liquid crystal molecule is inserted along the polymer chain giving 
the main-chain liquid-crystal polymer;
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-  when the polymer possesses at the same time a liquid crystal molecule on 
the side part and along the polymer chain, one obtains the combined liquid-crystal 
polymer.

These polymers have various degrees of polymerization included between 10 
and 300, measured by using Gel Permeation Chromatography-Light Scattering on 
line [2].

N eutron scattering experim ents

The scattering cross-section S(q) at small q values (where q = ^  sin |  with 9, 
the scattering angle, and Л, the wavelength) gives information on the macroscopic 
aspect of the sample. An artificial means to create heterogeneities in polymers 
in bulk, is to prepare samples of hydrogenated polymers mixed with selectively 
deuterated polymers. It has been demonstrated [3,4] that the scattering function 
of a mixture containing X h hydrogenated polymers and X q deuterated polymers 
(X H + X D — 1) is given by:

S(q) = N X H - X D{aD -  a„)2P{q),

where N  is the total number of polymer chains, a#, cld are the coherent scattering 
lengths of the protonated and deuterated monomers, respectively (at small q values, 
each monomer can be considered as a scatterer of coherent scattering length a) and 
P(q) is the Form Factor of a single chain. P(q) is directly related to the square of 
the radius of gyration R2 or to its component R2X,R2, R2 following the Ox, Oy, Oz 
axis. At small q values, the Guinier domain defined by q < \ / R g is reached and the 
Zimm approximation can be applied; P(q) becomes:

P(9x,qy,qz) oc n2(l - q l  ■ R l  -  qyRy -  q2zR 2z)-

qx, 9y, qz are the projections of the scattering vector along Qx, Oy, Oz axis. In 
the case of liquid-crystal polymers, the direction of the magnetic field which aligns 
the liquid crystal molecules is a symmetry axis of the polymer. If Ox is parallel to 
the direction of the magnetic field, R2 is called R jj. The two other components are 
then perpendicular to the magnetic field:

r ; = Ri = R 2
X-

The radius of gyration is then given by:

Л2   n r>2 . r>2g  ----  Z / Í j _  “ h  i t  J J .

So, when the magnetic field and the scattering plane are placed perpendicular 
to the incident beam, we measure the scattering intensity in the planes containing 
the parallel and the perpendicular directions to the magnetic field:

1
7

1
m

' (1 + 9jj ' R\  + 9± ' R\)-
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The polymer anisotropy is then calculated in terms of components of radius of 
gyration (Д||) and perpendicular (fíx) to the magnetic field.

In most cases, the liquid-crystal polymers are only partially deuterated. It is 
indeed difficult from a chemical point of view to substitute all the protons. More­
over, the partial labeling presents the advantage that we can choose the part of the 
macromolecule to be observed.

Indeed, the intensity scattered by a mixture of hydrogenated polymers with 
partially deuterated polymers is associated to the form factor of the labelled part of 
the macromolecule. This can be experimentally demonstrated using the expression 
of the scattering function of a polymer chain with several scatterers (a# or ад for 
the labelled part, a2 . . . ,  an):

S(q, (aff, ад), a2, . . .  a„) = N Х я Х д (ая , ß£>)2Р(ч) +  Sb(q, atf, ад), a2, • • •, a„),

where P(q) is the partial form factor of the labelled part of the polymer. Experimen­
tally, we show by taking either hydrogenated sample (Хц  = 1) or a fully partially 
deuterated sample (Ад = 1), that there is no coherent scattering contribution from 
So in the small g-range (Fig. 1.) So is then negligible compared to the first term.

Fig. 1 . In tensity  sc a tte re d  by a  sam ple 
con ta in ing  Х я  of h y d ro g en ated  poly­
m ers an d  X j j  of p o ly m er d eu te ra ted  
on th e  m ain-chain  only.
1 . o b ta in ed  w ith Х д  =  1 .
2 . o b ta in ed  w ith Х ц  =  1 .
3. o b ta in ed  w ith Х ц  — Х ц  =  0.5.

In the case of side-chain liquid-crystal polymers and combined liquid-crystal 
polymers, we were interested in the main-chain conformation, so only the main- 
chain has been deuterated, whereas only the spacer of the main-chain is deuterated 
in the case of main-chain liquid-crystal polymers [5].

Experim ental results

The neutron experiments presented here have been carried out on the SANS 
spectrometer PAXY of the Lab. Léon Brillouin. The experimental conditions are 
described in details in two PhD theses which subjects were respectively the study 
of side-chain liquid-crystal polymer [6] and the study of main-chain liquid-crystal 
polymer [7]. Let us just recall that the g-range used for these studies is typically
0.01 Â“ 1 < q < 0.3 Ä-1 and that the samples are monodomains oriented by a mag­
netic field of 1.4 T by decreasing the temperature from the isotropic phase down to 
the glassy state.
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Side-chain liquid-crystal polymers. Side-chain liq­
uid-crystal polymers are deuterated on the main- 
chain only, in order to study the main-chain confor­
mation of the polymer in the different mesophases.
The main-chain is usually a polyacrylate or poly­
methacrylate chain with a spacer of six methyl, a 
biphenyl or a phenyl benzoate group as a hard core 
ended by a small alkyl chain of variable length. The series of liquid-crystal polymer 
studied presents, following the nature of the hard core or the length of the terminal 
chain, two types of succession of phases by decreasing the temperature:

I  (isotropic phase)—TV — Sa — Tg (glassy state) 
or

I  (isotropic phase)—TV — Tg.
For example, the polymethacrylate PMA-OC4H9:

!  c h 3
~  [c h 2 —c  ] ~

'  C 02-  (CH2)6-  О -  Ф -  C 0 2 -  ф -  OC4H9 

corresponds to these transition temperatures:

I  -  TV(108 °C) -  5 л (98 °C) -  Ts (35 °C).

Excepted in the isotropic phase, the conformation of the polymer backbone 
is no more an isotropic coil in the different phases:

-  when the liquid-crystal polymer presents only a nematic phase, the polymer 
backbone adopts a prolate conformation in which the average direction of the back­
bone is that of the liquid crystal axis. This situation is sterically convenient since 
the packing is fulfilled simultaneously for the side-chain part and the backbone.

-  when the liquid-crystal polymer presents the Sa — TV — I  phase succession, 
the anisotropy of the polymer backbone is always such that the backbone is mostly 
oriented perpendicular to the direction of the liquid-crystal molecules (Ду < Дх). 
This anisotropy corresponding to an oblate backbone shape is small in the nematic 
phase. It increases in the Sa phase reaching anisotropy ratios of Дх/Д|| =  4. It has 
been experimentally ascertained by neutron diffraction [8] that the polymer back­
bone is mostly localized between the liquid crystal molecules layers in the Sa phase. 
The stronger the smectic order is, the more the polymer backbone is excluded from 
the liquid crystal molecules zones. Even in the nematic phase, it remains some 
fluctuations (corresponding to a smectic order of short range but still comparable 
to the polymer dimension (100 Ä)). These fluctuations could be sufficient to induce 
the oblate anisotropy observed in the nematic phase.
Main-chain liquid-crystal polymers. The only ex­
perimental observations of the conformation of a 
main-chain liquid-crystal polymer concern a ne­
matic polyester synthesized by Blumstein [9], and
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successively studied by SANS by d’Allest et al [10] and Li et al [5]. This polymer 
presents the advantages of a broad nematic phase with a relatively low temperature 
for the isotropic-nematic transition. The SANS results indicate in the nematic 
phase that the chain is extremely stretched in the direction of the applied magnetic 
field. The anisotropy is also so large that the Zimm approximation can no more 
be used to obtain the component Дц. Using the cylinder model for the scattering 
function, they show that the ratio (cylinder radius/cylinder length) can reach a 
value greater than thirty! On the other hand, this polymer has the behaviour of a 
random coil in the isotropic phase with a size proportional to the root mean square 
of its length (Gaussian coil). The flexibility of the chain is then totally recovered 
in this phase [7].

Combined liquid-crystal polymers. The combined 
liquid-crystal polymer is a combination of a main- 
chain and a side-chain polymer. What will be the 
resulting polymer conformation? Is there a com­
petition between the liquid crystal molecules or a 
reinforcement of the liquid crystal effect (coopera­
tive effect)?

The only combined liquid-crystal polymer studied by SANS until now presents 
a main-chain liquid-crystal molecule of length 32 Â and a shorter side-chain liquid- 
crystal molecule of 23 Á [10]. It corresponds to the following formula:

[—0 - ^ - ^ - 0 - Ч С Н 2)б —OOC—CH—COO—(СНг)б ]

CH30 -  @ -N = N  - о  Ч ^Н 2)б

and shows the following phase succession by decreasing the temperature:
/(153 °C) -  ZV(136 °C) -  5Л(130 °C) -  Sc (109 °C) (tilted smectic phase).

By labeling the biphenyl group of the main-chain, one obtains by SANS the confor­
mation of the main-chain alone. This study shows that the main-chain is only slight­
ly oriented in the direction of the magnetic field in the nematic and the Sc  phases 
(30 % of deformation Дц/Äj.). This prolate anisotropy increases in the Sa phase 
without reaching the extreme stretching found for the linear polymer [5]. The smec­
tic layer thickness corresponds moreover to the length of the side-chain. All these 
results seem to indicate that the main-chain does not contribute to the mesomorphic 
character of the phase which is then dominated by the side-chain contribution.

In this sense, there is neither competition, nor cooperative effect between 
these two liquid crystal molecules. This polymer can be considered as a very “di­
luted” side-chain polymer. Indeed, the distance between two side-chain neighbours 
is large (30 À) compared to the case of the preceding side-chain polymers which 
possess lateral liquid crystal molecules, e.g. in every (meth)acrylate bond. In this 
case, the interactions occur no more between side-chains of a same polymer (which 
provides Дц <  R±) but also and perhaps mainly between side-chains belonging 
to other polymers. The slight stretching (Дц > R±) can even be understood as 
the result of the packing effect similar to what was found for nematic side-chain
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polymers. However, it can be hazardous to generalize these results since several 
other combined liquid-crystal polymers present the smectic phases for which the 
layer thickness is very different from the length of both liquid crystal parts.

Concluding remarks

General features of three large families representative of the liquid crystalline 
polymers have been drawn here. In all the cases we have shown, using the SANS 
technique associated to the labelling method, that the polymer chain is always 
affected by the liquid crystal order. Although the spacer plays a decoupling role 
between the rigid part of the liquid crystal and the polymer itself, the main-chain 
can be extremely deformed in the mesophases. It is the case of the main-chain 
liquid-crystal polymer, in which even the spacer is itself stretched in the nematic 
phase, or the case of side-chain polymer confined between liquid crystal layers in the 
smectic phase. On the other hand, adding supplementary liquid crystal molecules 
on the side of a main-chain liquid crystal polymer does not necessarily procure a 
supplementary ordering. Obviously, the behaviour of the combined liquid-crystal 
polymer is more complicated and needs other studies in order to generalize these 
results. A selective deuteration of either the main-chain or the side-chain, could be a 
good solution to identify by neutron diffraction as it has been done in [8], the role of 
each liquid-crystal molecule. This method can be particularly interesting when the 
layer thickness is not commensurable with the length of the liquid-crystal molecules.
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NEUTRON SCATTERING FROM AMORPHOUS METALS

P. L a m p a r t e r

M ax-Planck-Insti tu t  für Metallforschung  
Seestrasse 92, 70174 Stuttgart,  Germany

D eta iled  in fo rm ation  a b o u t th e  s tru c tu re  o f am orphous m eta llic  alloys, the  so-called 
m etallic  glasses, is ob ta in ed  from  n eu tro n  d iffraction  in com bination  w ith  the  isotopic su b ­
s ti tu tio n  technique. In m any  cases neu tron  d iffraction  and X-ray d iffraction  are com ple­
m en ta ry  techniques. T he a to m ic  s tru c tu re  of th ese  m ateria ls is ch arac te rized  by d istinc tive  
topological a n d  chem ical o rd e rin g  effects.

T h e  estab lishm en t of th eo re tical m odels on the  basis of a cc u ra te  s tru c tu ra l d a ta  
provides a  d eep er insight in to  th e  3-dim ensional arrangem ent of th e  a to m s in am orphous 
m etals.

N eu tro n  d iffraction is p a rticu la rly  su ited  for the  investigation  of th e  d is trib u tio n  of 
hydrogen a to m s in  am orphous alloys.

Sm all angle sca tte rin g  p resen ts  a  m eans for the  ch aracterization  of the  inhom oge­
neous s tru c tu re  of m etallic  glasses.

1. Introduction

The structure of amorphous alloys is described by means of their partial struc­
ture factors and partial pair correlation functions. From the pair correlation func­
tions the atomic distances and the coordination numbers are obtained. Neutron 
diffraction presents a very powerful tool for the establishment of these partial func­
tions because of the possibility to achieve a strong contrast variation by adoption of 
the isotopic substitution technique. In favourable cases the combination of neutron 
and X-ray diffraction as complementary methods is very useful.

During the last years a shift of the main activities in the field of structural 
investigations of amorphous alloys from the experimental side to the modelling side 
could be observed.

A special topic of increasing interest is the incorporation of hydrogen in amor­
phous metals. Here the merit of neutron diffraction in combination with hydrogen- 
deuterium substitution is obvious.

Small angle scattering experiments are essential for the investigation of metal­
lic glasses beyond their atomic scale structure. 2

2. Theoretical

In the following the basic definitions and equations needed for the charac­
terization of the structure of amorphous alloys are summarized. For a detailed 
description see e.g. the reviews by Wagner [1] and by Lamparter and Steeb [2].
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The total structure factor according to the definition by Faber and Ziman [3] 
is obtained from the coherent cross-section per atom der/dÇl\cô  as:

S f z (Q)= [da/dQ\coh(Q) -  (<b2> -  <b>2)] /  <b>2, (1)

where Q = 47rsin0/A =  scattering vector, 20 = scattering angle, A = wavelength, b 
= scattering length (which depends on Q for X-rays), and < . . . >  = compositional 
average.

In an alternative definition of the structure factor by Ashcroft and Langreth 
[4] the Laue monotonie term < 62 > — < 6 > 2 is not subtracted:

Sal(Q) = der/ dCl\coh(Q)/  <b2>. (2)

For a n-component system the total structure factor S(Q) is composed of 
n(n + l)/2  partial structure factors Sij (Q), each of them describing the structural 
correlations of i — j  atomic pairs (S,,(Q) = Sji(Q)). For a binary system with 
concentrations Ci and C2 the total SFZ(Q) is:

Sfz(Q )=  [c2b2Sn (Q) + c22b2S22(Q) + 2c1c2b1b2S12(Q)\ /  < b > 2. (3)

The partial pair correlation functions G,j(R) are obtained from the structure 
factors by Fourier transformation:

OO
GI}(R) = ^ J  Q[Si j(Q)- l}s inQRdQ.  (4)

о

Fourier transformation of the total structure factor S FZ(Q) yields the total 
pair correlation function GFZ(R), which is composed of the Gij(R) functions as:

Gf z (R) = [с?6?С„(Д) + c2b2G22(R) + ï c ^ b ^ G ^ R ) }  /  <b>2. (5)

Note that GAL(R) = GFZ(R)<b> 2 /  <62>.
The Gij(R) are related to the partial pair density distribution functions Pij(R) 

by:
Gij(R) = 4?eR[pij(R)/cj -  p0], (6)

where po is the mean atomic number-density of the system. The Pij(R) represent 
the number of j-atoms per unit volume at distance R from an г-atom at the origin.

The interatomic distances are given by the positions of the maxima of 
the Gij(R) or pij(R), and the partial coordination numbers Zij are obtained from 
integration over the first maxima of the radial distribution functions 4nR2pij(R).

The widths ДД,у of the peaks of the distribution functions are a measure 
for the widths of bond-lengths distributions, resulting from structural and thermal 
disorder.

We note that besides the description of the structure in terms of atomic pairs 
there is an alternative formalism, introduced by Bhatia and Thornton [5], in terms 
of density and concentration fluctuations. This formalism, however is out of the 
scope of the present paper.
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3. D eterm ination o f partial pair correlation functions

A detailed investigation of the structure of an amorphous system means the 
evaluation of the complete set of the partial structure factors using one of the 
different contrast variation methods. For a binary alloy three total S(Q)  have to be 
measured with chemically identical samples, but where the ratio of the scattering 
lengths &i and 62 is different in each case. This provides a set of three equations 
according to Eq. (3) with different weighting factors which can be solved for 
the three partial Sij(Q).  The determinant of the Wij is a measure of the reliability 
of the results to be expected. In the following examples for contrast variation are 
given which involve neutron diffraction.

3.1. Combination of neutrons and X-rays for Tis^Siie

The combination of neutron scattering and X-ray scattering is suitable in 
those cases where the scattering lengths for the two radiations are sufficiently dif­
ferent for at least one of the components, in particular for elements with a negative 
neutron scattering length. Figures la,b show the total correlation functions GX(R) 
and Gn(R)  for the metallic glass TÍ84SÍ16, produced by melt spinning (Lamparter et 
al [6]). Due to the negative scattering length of Ti (6tí = —0.3438, 6si = +0.4149, 
in 10_12cm) the Ti-Si correlation appears as a distinct negative peak in Gn(R)  at 
Rnsi =  2.64 Â, followed by the positive Ti-Ti peak at ßxiTi = 2.9 À. The total 
GFZ(R)  in terms of the partial Gij(R)  are:

GX(R) = 0.80GT,T,(ß) +  O . O l G s i s i ( Ä )  +  0 . 1 9 G Tis i ( Ä ) ,

Gn(R)  =  1.69GTiTi(Ä) +  0.09Gs,si(Æ) -  0.78GTisi(Ä).

Neglecting the small contribution of the Si-Si pairs the two equations were 
solved for the partial functions GxiSi(Æ) and G x ix i ( -R )  (Fig. lc). The first peak of 
Gxisi i s  quite sharp, A / Í x í s í  =  0.33 Â, and drops down again to the —4 n p o R  line 
between the first and the second peak.

This well defined Ti-Si coordination sphere reflects the chemical bonding 
between the metal atoms and the metalloid atoms. The metal-metal correlation is 
less distinct, AfíxiTi =  0.45 Â. It has been found generally with metal-metalloid 
glasses that their short range order is characterized by a chemical ordering effect 
between the unlike constituents.

3.2. Isotopic substitution for NÍS0 P20 and Nig\Big

The most reliable partial structure factors were obtained with the isotopic 
substitution technique. As an example the results from a neutron diffraction exper­
iment with amorphous melt spun NÍ8 0 P 20 (Lamparter and Steeb [7]) are presented. 
Figure 2 shows the total structure factors of three NÍ8 0 P20 samples which were 
prepared using different Ni isotopes (natNi,6 = 1.03; 62Ni,fe =  —0.87; °Ni,6 = 0).
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R ( M

Fig. la .  T Í84SÍ16 blank and  w ith  47%  H: 
to ta l p a ir  corre lation  functions G AL (R)  
from  X -ray diffraction.
Fig. lb .  T Í84SÍ16 blank a n d  w ith  47%  
H (D ):  to ta l  pa ir corre lation  functions 
G a l  (R ) from  neu tron  d iffraction .
Fig. le .  T Í84SÍ16: p a rtia l p a ir  corre lation  
functions. T h e  arrow m arks th e  poin t 
where G t í s í ( ^ )  drops down to  — 4ttpqR,  
co rresponding  to  PTiSi(R) =  0 -

The zero-scattering isotopic mixture °Ni was produced by alloying 62Ni and 60Ni 
(b = 0.28). The latter sample was designed in such a way that the weighting factors 
of the Ni-Ni and the Ni-P correlations become zero and thus it became possible to 
observe directly the metalloid-metalloid correlations in a metallic glass.

The very different weighting factors and accordingly the very different shapes 
of the total S(Q)  in Fig. 2 show the strong variation of contrast in the present 
case. The three corresponding equations yield the partial structure factors Sij(Q) 
in Fig. 3, and by Fourier transformation the partial pair correlation functions Gij(R) 
in Fig. 4 (dotted curves). In Fig. 5 the Gij(R) of the metallic glass NigiBig, derived 
in the same way by Lamparter et al. [8], are plotted. The structural parameters, 
taken from the partial Gij(R)  are listed in the Figures.
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Fig. 2 . NÍ80P 20 • to ta l s tru c tu re  factors
S a l (Q).  T h e  num bers are th e  coefficients 

of th e  S{j(Q)  in Eq. (3)

The results show that the atomic structure in this type of amorphous alloys 
is well organized: The metal-metalloid correlation, compared with the metal-metal 
correlation, is characterized by a smaller distance and by a sharper bond-length 
distribution. After the main peak the metal-metalloid function again drops down 
to the — AirpoR line. These pronounced features are due to the chemical interaction 
between the metal and the metalloid atoms. The smaller metalloid atoms, P and B, 
do not appear as direct neighbours, but exhibit as a double peak a distinct distance 
correlation at two distances between 3 and 4 À followed by extended oscillations. 
The structure of both metallic glasses seems to be quite similar, but the correlation 
functions Gpp(R) and Gb b (R) show that there are also differences in detail.

For the metallic glass NÍ65B35 accurate partial functions have been established 
by Ishmaev et al [9] using also Ni-isotopes.

4. Structural models

The body of structural information provided by pair correlation functions 
of amorphous systems is generally limited for two reasons: First, they present a 
statistical description in terms of average values of the structural parameters which 
may vary from site to site of a selected reference atom. Secondly, they present 
a one-dimensional projection of the three-dimensional atomic arrangement. By 
construction of models, using the experimental results as a guideline, information 
beyond pair correlations can be obtained, such as information about bond angles
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and about the question whether or not preferred coordination polyhedra exist in 
the system.

In the following some results from model calculations for the amorphous alloys 
NÍ80P20 and NigiBi9 using the Reverse Monte Carlo (RMC) method by McGreevy 
and Pusztai [10] are shown. As starting configuration in each case a cluster of 1500 
atoms was generated by a molecular dynamics calculation, where the attractive 
potential between unlike atoms was the strongest one. Then the configuration 
was refined by RMC. The agreement between the experimental Gij(R)  and those 
calculated from the model clusters in Figs. 4, 5 is excellent.

Fig. 4. N i80 P'2o : p a r tia l  pa ir co rre la tio n  
functions. • • • experim en tal, —  R M C  

m odel

From the coordinates of the three-dimensional model clusters further struc­
tural properties can be calculated, which are not accessible from the 1-dimensional 
experimental pair correlation functions. The histograms of the coordination num­
bers of Ni-atoms around P or В in Fig. 6 show that the value of about 9 atoms, as 
deduced from neutron diffraction, represents an average value of a rather broad dis­
tribution between 6 and 11 Ni-atoms, which appears to be sharper for the NÍ81B19 
alloy.

As preferred coordination polyhedra around the metalloid atoms in amor­
phous metal-metalloid alloys trigonal prisms of 6 metal atoms with 3 further metal 
atoms on the square faces of the prisms have been proposed (see e.g. Dubois et al,
[11]). This structural unit occurs in the related crystalline phases, e.g. in NÍ3P and 
NÍ3B. An analysis concerning this feature was performed with the present RMC
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2  PM  ^ е м

Fig. 6 . Nigo P 20, Ni81 В 19 : p a rtia l coordi- 
n a tio n  num bers of N i-a tom s a round  P an d  
B. H istogram s from  R M C  m odel (full b a rs 

for P )

Fig. 7. NÍ80P 20 (• ) ,  NÍ81B 19 (A ): His­
tog ram s of ro ta tio n  angle lu. Full sym bols 
w ith R M C  m odel, open sym bols for ra n ­

dom  d is tr ib u tio n

clusters (Fig. 7): The angles ui of rotation of 3 Ni-atoms, being mutual neighbours, 
against 3 further Ni-atoms, placed at the opposite side of a central P-atom, were 
recorded. Opposite means that the angle of inclination between the two tetrahedra, 
having a P-atom as common vertex, has to be within a certain limit (30° was chosen 
in the present case). Fig. 7 shows the histograms of u>. Those double-tetrahedra 
where ui is not too far from zero may be regarded as more or less distorted trigonal 
prisms, whereas those where ш is large may not. In fact, a certain preference of 
trigonal prisms is observed, however, the distribution is smeared out over the whole 
range between 0° and 60°.

The dashed line in Fig. 7 shows the histogram for 750 statistical reference 
clusters, where Zpní Ni-atoms were placed randomly, i.e. without any packing 
rule, around a central P-atom. The frequencies of Zpní were taken from Fig. 6. 
Again a preference of prismatic arrangements is observed. From this we have to 
conclude that we do not need stereochemical concepts with reference to crystalline 
counterparts to explain the occurrence of trigonal prisms in the metallic Ni-P glass, 
but simply statistical packing. The same behaviour is stated for the Ni-В glass.

5. Small angle scattering

Small angle neutron scattering (SANS) experiments revealed that many metal­
lic glasses are not homogeneous, but contain structural fluctuations, which often 
occur on two different length scales (see e.g. Lamparter and Steeb [12]).

Frequently a scattering behaviour according to the Guinier law (Guinier and 
Fournet [13])

I(Q) = const • exp(~RgQ2/3) (7)
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is found in the range Q > 0.1 Â-1 , yielding Guinier radii Rg of the scattering 
regions in the order of ten Â (Fig. 8). These regions have been attributed to 
phase separation taking place in amorphous alloys during their production, e.g. the 
development of B-enriched regions in FegoBÍ2o (see e.g. Faigel and Sváb [14]).

In the range of very small Q < 0.1 Á-1 often a different SANS effect is 
observed following a power law

I(Q) =  const ■ Q 5 ( 8)

with exponents —S  between —3 and —4. This SANS effect reflects extended fluc­
tuations on length scales up to 1000 Â or more, the source of it being still subject 
of ongoing research work. Fig. 9 shows SANS curves of amorphous NÍ30TÍ60SÍ10 in 
the melt spun blank state as well as after loading with 16 % hydrogen or deuterium, 
respectively (Lamparter and Boucher [15]). The scattering was explained by the 
existence of inner surfaces in the as prepared glass, giving rise to a power law scat­
tering (—S’ = —2.8). The absorbed H(D)-atoms tend to segregate at these inner 
surfaces. This causes an enhancement of the scattering contrast, which is larger 
with deuterium than with hydrogen due to its larger scattering length.

Coming back to the atomic structure of phase separated amorphous alloys it 
should be noted that the structural parameters deduced from wide angle diffraction 
represent average values of the two phases, which complicates their interpretation 
considerably.

Furthermore, it is evident that a detailed study of an amorphous system may 
require a very extended Q-range to be covered, e.g. from 10-4 Â-1 up to 30 Â-1.

E
о

о
XI

о
GT>
bX)

a s —quenched 

Rc = 5 Â

*• • * • .  . , .* •  • .
-2  -

A .  A

annealed 300^0/1 h 
Rc = 9 Â

A  A

- 3  *->-
0.01 0.02 0.03 0.04

Q2 ( A“ 2 ) log Q ( Â ')

Fig 8 . Fe„o B 20; G u in ier p lo t of sm all angle 
n e u tro n  s c a t te r in g .---- linear fit

Fig. 9. NÍ30T Í60SÍ10: sm all an g le  sc a tte r­
ing. —  b lan k , Д  w ith 1 6 a t%  H, о w ith 

16at%  D
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6. Hydrogen in amorphous TÍ84SÍ16

Neutron diffraction, in contrast to X-ray diffraction, is particularly suited for 
the investigation of hydrogen in amorphous alloys. In addition, isotopic substitution 
of hydrogen (6 = —0.374) by deuterium (6 = 0.667) yields information about partial 
correlation functions. As an illustrative example some results on hydrogenated 
amorphous TÍ84SÍ16 are presented in Figs. la,b (Lamparter and Steeb [16]). The 
total pair correlation functions G(R) in Fig. la, as determined by X-ray diffraction, 
provide no information about the hydrogen itself, but they show how the amorphous 
host matrix is modified by the absorption of hydrogen atoms. The shift of the 
maxima towards larger distances reveals an expansion of the structure by about 5 %.

The neutron G(R) functions in Fig. lb show very strong changes after hy­
drogen loading due to the contributions of the partial correlation functions which 
involve H(D). The opposite signs of the scattering lengths of H and D enable the 
identification of the individual peaks in the total G(R), as marked in Fig. lb, and 
the determination of structural parameters, though the complete set of 6 partial 
correlation functions of the 3-component system is not known. Partial coordination 
numbers were determined by fitting Gaussian functions to the individual peaks. 
The H(D)-Ti peak at 1.93 À is positive with H and negative with D. The coordi­
nation number Zh(d)-tí = 4 means that the hydrogen atoms occupy tetrahedral 
TÍ4 sites in the Ti-Si glass. The H(D)-H(D) correlation appears as a positive peak 
at 2.25 Â with D, but only as a shoulder with H because of the smaller scattering 
length of H. The coordination number is Z h (d ) - h (d ) = 2. As the H H distance 
of 2.25 Â is distinctly larger than the distance between the centres of two adjacent 
Ti-tetrahedra (1.25 À) the H-atoms do not occupy neighbouring tetrahedral sites in 
the structure.
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S h o r t - r a n g e  o r d e r ,  m e d i u m - r a n g e  s t r u c t u r e  a n d  d y n a m i c s  o f  m e t a l l i c  g l a s s e s  Z r  B e ,  
N i - N b  a n d  N i В  w e re  i n v e s t i g a t e d  b y  h ig h  r - s p a c e  r e s o l u t i o n  p u l s e d  n e u t r o n  d i f f r a c t i o n ,  
s m a l l - a n g l e  a n d  i n e l a s t i c  n e u t r o n  s c a t t e r i n g  m e t h o d s  o n  i s o t o p i c  s u b s t i t u t e d  s a m p l e s .  T h e  
e x p e r i m e n t a l  d a t a  r e g a r d i n g  p a r t i a l  a t o m i c  c o r r e l a t i o n s  w e re  a n a l y s e d  b y  M o n t e  C a r l o  
a n d  r e c u r s i o n  m e t h o d s .  I n  Z r - B e  s y s t e m  t h e  s t r u c t u r e  is  d o m i n a t e d  b y  a t o m i c  s i z e s  a n d  

c o m p o s i t i o n ,  a n d  t h e  p h o n o n  s p e c t r u m  s p l i t s  i n t o  r e g i o n s  c o r r e s p o n d i n g  t o  t h e  p r e d o m i n a n t  
v i b r a t i o n s  o f  t h e  h e a v y  a n d  l i g h t  a t o m s .  I n  N i - N b  s y s t e m  t h e  c h e m i c a l  s h o r t  r a n g e  o r d e r  

w a s  d e t e r m i n e d  a n d  i n h o m o g e n e i t i e s  o f  a b o u t  1 8 0  Â  w e re  d e t e c t e d .  I n  N i - В  s y s t e m  N i - N i  
a n d  В - N i  l o c a l  a r r a n g e m e n t s  a r e  o r d e r e d ,  w h e r e a s  N i- В  a n d  B - B  a r r a n g e m e n t s  a r e  m o r e  

d i s o r d e r e d .

Introduction

Short-range order and atomic vibrations, as well as the relationship between 
the structure, phonon and electron spectra of metallic glasses are attracting major 
interest, because of the unusual properties of these metastable systems. In studies of 
structural and dynamic correlations at the level of partial atomic distributions the 
most detailed information can be obtained by neutron scattering methods employing 
isotopic contrast of samples.

In this paper a brief review is given on our recent results on amorphous Zr- 
Be, Ni-Nb and Ni-В systems. Neutron diffraction, neutron inelastic scattering, 
small-angle neutron scattering and specific heat measurements were performed and 
computer modelling was applied using the experimental data. This work was done 
in the frame of scientific collaboration between Russian Research Centre Kurchatov 
Institute (KI) and Research Institute for Solid State Physics, Hungary (RISP).

R esults and discussion

Zr-Be system

Amorphous Zr-Be is interesting because of the large difference in atom sizes 
and masses, thus this system can become amorphous in a wide range of composi­
tion. So, it is possible to identify the structure and dynamic characteristics of the 
individual components.
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The structure factor S(Q) was measured by the time-of-flight neutron diffrac­
tometer at the Linac “Fakel” pulsed source (KI) up to a momentum transfer of 
<2max = 41.5 Â-1 [1]. As a result, the reduced radial atomic distribution func­
tion, G(r) was determined by Fourier transformation with high spatial resolution: 
Ar = 0.13 Â. Figure 1 shows G(r) functions for amorphous alloys of Zri_cBec 
(c = 0.3, 0.4 and 0.5). The total G(r) function represents the contributions of all 
three partial distributions in the first coordination shell:

r BeBe = 2.25 À, rz rB e  = 2.71 Â and CZrZr = 3.12 Â.

In order to obtain reliable interpretation of the partial distributions 
A. Bratkovsky and A. Smirnov have used the direct Monte Carlo method with 
Morse type potential to construct the atomic structure model of amorphous Zr-Be 
system [1]. Calculations have provided a satisfactory description of experimental 
G(r) functions as is shown in Fig. 1. The same parameters for interatomic potentials 
were used in a wide range of composition.

F ig . 1. T o t a l  r e d u c e d  a t o m i c  d i s t r i b u t i o n  
f u n c t i o n s ,  G to t  ( r )  o f  a m o r p h o u s  Z r i _ c B e c 
a l l o y s .  E x p e r i m e n t  ( d o t s )  a n d  d i r e c t  M o n t e  
C a r l o  m o d e l  c a l c u l a t i o n  w i th  M o r s e  p o t e n ­

t i a l  ( s o l i d  l i n e )  [1]

The same samples were used by G. Syrykh and M. Khlopkin in a study [1] 
of the generalized phonon spectrum, g(E) by inelastic neutron scattering (IR-8 
reactor in KI) and by specific heat measurements in the temperature range of Тб- 
40 К (KI), respectively. Using the obtained structure model A. Bratkovsky and 
A. Smirnov calculated the vibrational spectra by recursion method [1]. Figure 2 
shows the experimental and calculated g(E) spectra.

The density of vibrations splits into two clearly separated regions: 0-28 and 
28-80 meV, corresponding to the predominant vibrations of the heavy (Zr) and 
light (Be) atoms. On the whole, the calculations have reproduced well the main 
features of experimental g(E) curves and the composition dependence.
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Fig. 2. E xperim en tal (circle) a n d  calculated  
by recursion  m eth o d  (solid line) generalized vi­
b ra tio n a l sp e c tra  of atom s, g ( E )  in  am orphous 

Z r i_ cBec alloys [l]

Analysis of the partial distributions obtained by direct Monte Carlo modelling 
has indicated that the atomic structure of amorphous Zr-Be alloy is dominated by 
geometrical factors (atomic sizes and composition) and chemical ordering does not 
have a significant role. An increase in the Be concentration reduces the nearest 
distances between identical atoms, shifts and broadens the high-energy part of the 
vibrational spectrum, increases the Debye temperature, lowers the density of elec­
tron states and the superconducting transition temperature.

Ni-Nb system

In the ’NicNbi_c system (c = 0.62 and 0.44) the partial structure correlations 
in the short- and medium-range order were investigated using isotopic substituted 
samples (г = nat, 58, 60, 62), neutron diffraction (KI, RISP) [2] and small-angle 
neutron scattering (LLB, Saclay) [3] methods.

For both concentrations the first neighbour distances between unlike atoms 
(Ni-Nb) are less than the mean value of the corresponding Ni-Ni and Nb-Nb dis­
tances, and concentration-concentration correlation function Gcc (r ) has minimum 
at this distance. This means that chemical short range order (CSRO) exists in these 
transition metal-transition metal type amorphous alloys and it is stronger in the 
Ni-rich composition.

Inhomogeneities in the amorphous isotopic Ni-Nb system have been investi­
gated by small angle neutron scattering in the momentum transfer from 0.007 to
0.45 Á-1 [3]. A strong increase in the structure factors is observed below 0.04 Â-1 , 
whereas above 0.06 Â-1 they smoothly become constant. In order to clarify the
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qlX"1)

Fig. 3. P a r tia l  N -C  s tru c tu re  factors a t  low Q  values for NÍ44 N b^; am orphous alloy [3]. The 
in se rt shows th e  curves in  log-log rep resen ta tio n

origin of this effect the total structure factors are separated into partial density- 
concentration (N-C) structure functions, as it is shown in Fig. 3.

It can be seen that inhomogeneities originate from both topological and chem­
ical fluctuations. A characteristic correlation length of 180 Â was obtained from 
random two phase model.

Ni-В system

In our previous neutron studies of the partial structure [6] and dynamics [7] in 
isotopic 'NÍ65B35 (г — nat, 60 and (6)ni = 0) amorphous alloys it was shown that the 
local atomic order and vibrational spectrum differ significantly from the crystalline 
analog of NÍ2B. Existence of first neighbour B-B contact has been established [6]. 
On amorphisation a significant part of the density vibration states of the light 
metalloid atoms change over from the high- to the low-energy region [7]. Reverse 
Monte Carlo (RMC) simulation (L. Pusztai) [4] and Force Algorithm (FA) (M. 
Mendelev and D. Belashchenko) [5] were applied for modelling the atomic level 
structure of amorphous NÍ65B35 using neutron diffraction measurements [6] as input 
data. From these calculations new information on local orientational ordering, i.e.
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three particle first neighbour bond angle correlations B(cos 9) were obtained, as it 
is shown in Fig. 4. Good qualitative agreement is obtained between the results by 
RMC and FA modelling.

Fig. 4. C o m parison  of cosine d is tr ib u tio n  of bo n d  angles in am orphous NÍ65 B 3 5  o b ta in ed  b y  RM C 
(th ree  ru n s) [4] (solid line) a n d  FA [5] (dashed line) calculations. T h e  arrow s no te  th e  ang les in

crystalline  №2 В

RMC and FA model calculations confirm the experimental result of boron- 
boron contact at 1.9 Â with a coordination number of one. It is obtained that Ni-Ni 
and В-Ni local arrangements are ordered, whereas Ni-В and B-B arrangements are 
more disordered. Local symmetry does not imply close connection between glassy 
NÍ65B35 and its crystalline counterpart NÍ2B.

Conclusions

Static correlations are different in amorphous systems of various types:
• in simple metal-metal amorphous alloys (Zr-Be) the short-range structure is 

dominated by geometrical factors, i.e. atom sizes and concentrations;
• in transition metal-metal type systems (Ni-Nb) weak CSRO is present;
• in transition metal-metalloid systems (Ni-В) strong CSRO exists between 

unlike atoms;
• in medium-range scale inhomogeneities may exist and they have both topo­

logical and chemical origin.
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Dynamic correlations in amorphous systems with different atom masses have 
the following specific features:

• singularities in the density of vibrational states become indistinct and a long 
tail in the g(E) spectrum appears at the high-energy region in comparison 
with crystalline state;

• g(E) spectrum splits into predominantly vibrations of the heavy and light 
atoms, however, light atoms give some contribution to the low-energy region. 
Complex investigations by different methods including computer modelling

provide new and general knowledge on the nature of amorphous state.
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SURFACES AND INTERFACES USING 
NEUTRON REFLECTIVITY

A. M e n e l l e

Laboratoire Léon Brillouin (C E A -C N R S )  
CE-Saclay

91191 Gif-sur-Yvette  Cedex, France

D uring  th e  p as t ten  years, n eu tro n  reflectiv ity  has proved to  be a  very useful to o l 
for th e  investiga tion  of surfaces an d  interfaces. A t L aborato ire  Léon B rillouin  in  Saclay, we 
have developed a  vast p ro g ram  of research  cen tred  on  four different fields. C on cen tra tio n  
profiles of polym ers in th e  vicinity  of th e  surface of solvent have b een  s tud ied . In terd iffusion  
betw een po lym er layers has also been  investigated . M etallic m ultilayers which a re  now 
com m only used  in m any  n e u tro n  op tics devices like neu tro n  guides, m onochrom ators a n d  
superm irro rs have received o u r in te res t.

Introduction

The understanding of surface and interfacial phenomena is of considerable 
interest, both for fundamental physics and technological applications. Many ex­
perimental techniques have been developed to study interfaces. One is neutron 
reflectivity that is now used for nearly ten years. Owing to their wave-like charac­
ter, neutrons can be reflected and refracted at a boundary between two media. The 
angular or wavelength dependence of the reflectivity has been shown to be correlated 
to the scattering length density profile perpendicular to the surface. This provides 
us with a method for studying physical phenomena arising near the interfaces.

The purpose of this short paper is to give a rapid presentation of this relatively 
new technique. Using some selected examples, I will try to show which type of 
systems can be measured, and which type of information can be obtained from 
the experiments. I will also present the various limitations of this technique. More 
detailed information on the neutron reflectivity can be found in recent review papers 
[1- 2].

Principles o f neutron reflectivity

Neutron incident on an interface will undergo refraction and reflection provid­
ed the refractive indices of the media on the two sides of the interface are different. 
For non-magnetic material, neglecting the absorption, the refractive index n is given 
by the expression [3]:

1 Nb \2 ( 1 )

where Л is the neutron wavelength, N  is the number density, and b is the average 
coherent scattering length. For a magnetic material magnetised in the plane of the
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surface there is an additional term. We have a spin dependent refractive index n± 
for the neutron polarized parallel (+) and antiparallel (-) to the applied field. It is 
given by:

n± = l -  ^ \ 2( Ь ± СИ), (2)
where ц is the average magnetic moment per atom and C is a constant equal to 
0.2645-10-12 cm/iB-1. At an interface separating two media 1 and 2, with refractive 
index n\ and 712, the relation between the angle of incidence 9\ and refraction 92 
will be given by Snell’s law:

П\ cos öl =  П2 cos 92 - (3)

If, for example, medium 1 is vacuum (or the air) then ni =  1. If medium 2 is a 
non magnetic material with a positive scattering length, then n2 is lower than 1. 
Expanding the cosine for small 9, we have total reflection for incident angles and 
wavelength that verify:

^i /  N262
x s V — (4)

For angles and wavelength where you have not total reflection, the reflectivity R 
can be calculated using the Fresnel’s law, and is a function of the wavevectors k{ 
in medium i. Since the geometry of the reflectivity measurements is such that 
the angle of incidence and reflection are equal, only the component normal to the 
surface has to be considered. Then кi, k2 and R are given by:

к l = 2*- • „ — sin 91, (5)

k 2 =  \ J k \ -  47ГN 2 b 2 , (6)

k \  — k 2 2
R = T — Г"к 1 + к 2

In the case of a complex system composed of many layers deposited on a substrate, 
the reflection coefficient has to be calculated recursively from the substrate interface 
to the air. If the interface is not perfectly flat, and presents some imperfections, 
Névot and Croce [4] have shown that in the case of a Gaussian distributed height- 
height correlation function, the reflectivity R  is modified by a Debye-Waller-like 
factor to obtain the corrected reflectivity R\

R c =  R • exp(—fcifc2(<x)), (8)

where (<r) is the root mean square roughness of the interface.
As it has been seen in the preceding equations, the reflectivity is a function 

of the wavevector. In a neutron experiment, you have two different ways to change 
your wavevector. The most common method is to use an incident fixed wavelength 
and vary the reflection angle. But you can also work at fixed angle, and vary the 
wavelength. This last method is called the time-of-flight method.
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A neutron time-of-flight reflectometer

At Saclay, on the ORPHEE reactor, we have installed two neutron reflec- 
tometers DESIR and EROS that use the time-of-flight method. In order to allow 
the measurements of liquid-air interfaces, they use a horizontal geometry. They 
are built under the same experimental set-up which is represented in Fig. 1. They 
are installed at the end of two different cold neutron guide benders that deliver a 
wavelength range from 4 À to 20 Á. Neutron pulses are produced by a rotating 
disk chopper covered with absorbing material. The repetition rate is of the order 
of 15 Hz; the transmission can be varied from 0.5 % to 5 %. This defines the time 
resolution of the experiment. The angular resolution is given by two collimating 
slits FI and F2 (see Fig. 1) situated at each end of an evacuated collimator 3 m 
long on DESIR and 4 m long on EROS. The horizontal size of the slits is 2 cm, 
and their vertical width can be varied from 0.5 mm to 4 mm. The deviation of 
the horizontal incoming beam toward the surface of liquid samples is done by three 
successive reflections on mirrors installed between the two slits. The use of neutron 
supermirrors enables to obtain incident angles up to five degrees without important 
flux losses. The beam is then reflected by the sample. In order to obtain a good 
angular resolution, the detector is located at the end of a long evacuated tube. The 
total time-of-flight path L is 7 m long. A He3 X-Y multidetector of 128 x 128 cells 
with horizontal and vertical step of 1.5 mm is used for the detection of the reflected 
beam. Generally, the detector is not moved when changing the incident angle. The 
multidetector allows rapid alignment and sample quality checking. Time-of-flight 
acquisition can be performed simultaneously on 16 different areas of the detector. 
This enables very fast and convenient measurements of non-specular diffused inten­
sity (intensity at outgoing angle different from the incident angle). A single He3 
counter is also available on EROS, and is used when angles higher than two degrees 
are needed for the measurements. The minimum reflectivity that can be measured 
with our reflectometers is of the order of 10~5. A typical counting time is twelve 
hours for a low reflectivity measurement.

Neutron reflectivity enables the measurements of three main parameters with 
a precision of a few per cent. One is the layer thickness in a range from 10 À 
to 5000 À. From Eq. (1) one obtains also the coherent scattering length density 
(Nb), and with Eq. (8) interface roughness varying from 5 Â to 100 Â can also 
be investigated. The principal limitation comes from the minimum measurable 
reflectivity. Due to the decaying form of the reflectivity curves we have access to 
only a limited wavevector range that does not allow to obtain information on a 
short distance.

The main advantage of the time-of-flight configuration is that once the align­
ment is done, everything stays fixed during the acquisition and the whole reflectivity 
curve is recorded continuously. This is very interesting in the case of measurements 
on liquid samples, since during the whole acquisition, no vibrations coming from 
the various movements can induce perturbation of the liquid surface. For example, 
our reflectometers have been used to measure the concentration profile of a linear 
flexible polymer (poly-dimethylsiloxane) adsorbed from a good solvent (toluene) at
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the liquid-air interface [5]. It has been shown to conform to scaling laws proposed 
by de Gennes [6]. Depletion layers at the vicinity of the surface of a semidilute solu­
tion of polystyrene in toluene have also been measured [7]. The oil-water interfaces 
with and without surfactant layer have also been studied [8].

Polym er interdiffusion m easurem ents

Due to the lengths of the order of 100 Â that can be measured, neutron 
reflectivity is well adapted to the measurements on polymer systems which generally 
have movements on this length scale. In addition, due to the large difference of 
scattering length between hydrogen and deuterium, one has a very good contrast 
between polymers if one is deuterated and not the other. Using the spin coating 
technique, one can prepare bilayers of polymers on silicon wafers up to a size of 
5 cm in diameter [9] with an initial thickness of the interface of the order of 10 Â. 
In polymer layers below the glass transition, everything is frozen. If the temperature 
is increased above the transition, the molecules start to move. In a bilayer system 
as described before, the width of the interface will increase. This variation can be 
followed as a function of time, temperature and molecular weight. This enables to 
check the reptation model of de Gennes [10]. This has been done by Karim et al 
[11] using annealed and then quenched samples, the measurements have been done 
at room temperature.

As we have seen one of the advantages of the time-of-flight technique is that 
during the acquisition everything is fixed, and one obtains the whole reflectivity 
curve in one measurement. By decreasing slightly the resolution that is used, and 
carefully choosing the angle of the experiment, one can diminish the acquisition time
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to one or two hours. This time scale is well suited for the study of interdiffusion 
problem and so in-situ measurements can be performed. We have done such type 
of measurements on bilayers systems of around 500 Â hydrogenated polystyrene on 
top of 1200 Â of deuterated polystyrene deposited on a silicon wafer.

Fig. 2 . R eflectivity  m easu red  on th e  non-cross-linked sam ple (left), a n d  on th e  cross-linked sam ple 
(right), a f te r  one hour an n ea lin g  a t 115 °C  (to p  curves), an d  the  end  of the  an nealing  (lower 

curves). T he lower curves have b een  shifted  by a facto r 0.05 for c la rity

Our interest is to understand what will be the behaviour of the polymer 
molecules if their movements are reduced. One way to decrease the mobility of 
the polymers is to create crosslinks between the molecules. So we have performed 
in-situ reflectivity measurements on a cross-linked and a non-cross-linked sample. 
Acquisitions were done each hour and the annealing times were first 26 h at 115 °C, 
followed by 20 h at 130 °C, and then 15 additional hours at 145 °C for the cross- 
linked sample. The reflectivity curves obtained have been adjusted using a two 
layer model. The parameters of this model were the thickness of each layer and 
the roughness of the interface. The roughness at the silicon interface and at the 
surface were kept constant as well as the scattering length densities. The measured 
reflectivity adjustments after one hour annealing at 115 °C, and the end of the 
annealing for the two samples are represented in Fig. 2. The frequency of the large 
oscillations is due to the thickness of the deuterated polystyrene layer which stays 
nearly constant. Their amplitude depends on the width of the interface between the 
two polymers. A large interface is a poorly defined interface, and so the amplitude 
of the characteristic oscillations corresponding to this layer will be low. So from 
Fig. 2, we can see that, as expected, interdiffusion occurs in the non-cross-linked 
sample (left) since the amplitude of the oscillations is nearly completely damped 
after annealing. It is not the case for the cross-linked sample.

All the experimental curves have been adjusted. Using Eq. (8), we have ob­
tained the variation of the characteristic roughness of the interface (<r) with the
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time. In order to compare properly different measurements done at different tem­
peratures, we have used a reduced time as proposed by William, Landel and Ferry
[12]. The normalisation factor ат to calculate this reduced time for the polystyrene 
is given by:

lo sM  = 131 b ^ T , '  <9)
where Tg is the glass transition temperature of polystyrene (100 °C) and T  is the 
temperature of the experiment. In Fig. 3 the variation of (cr) is represented as 
a function of this reduced time. The completely different behaviour of the two 
systems is shown clearly, since when you have a large increase of the roughness 
of the interface for the non-cross-linked sample, the cross-linked sample remains 
unperturbed on a much larger time scale.

0.00 2000.00 4000.00 6000.00 8000.00 10000.00
reduced annealing time (h)

Fig. 3. V a ria tio n  of th e  w id th  of th e  in terface  betw een th e  d eu te ra ted  polystyrene an d  th e  
p ro to n a ted  p o ly sty ren e  as a  fu n c tio n  of th e  reduced  tim e for th e  cross-linked sam ple (+ ) and  the

non-cross-linked sam ple (•)

N eutron supermirrors developm ent

Neutron reflectivity can also be used for technological applications like neu­
tron optic devices. They are usually made of metallic multilayers, and can be used 
to improve the performances of neutron guides. In cooperation with the CILAS 
company, we have an important program of development of neutron supermirrors. 
They are made of aperiodic layers of alternately deposited low index (reflecting) 
and high index (spacer) layers [13]. Compared to classical nickel coated mirrors, 
supermirrors allow to extend the total reflection plateau. This extension is created 
by a succession of Bragg peaks that correspond to the different thickness of the
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chopper S|jt  s íit

4 .0  m

Fig. 4. E xperim ent se t-u p  used for m ultireflection experim en t. L — 500 m m : m irrors len g th ; 
e =  1 m m : d is tan ce  betw een the m irro rs ; в: incident ang le

w avevector К =2n sin(9) Л. ( Ä"1 )

Fig. 5. R eflectivity  m easurem ent R  by  classical single reflection  (d o tted  line) and  calcu la ted  \ / W  
(solid line) from  m ultireflection  m easurem ent R '  fo r 7 reflections on  su p e rm irro r N iC /T i

bilayers present in the aperiodic multilayers. They are made with NiC/Ti layers 
where nickel carbide is the reflecting material and titanium is the spacer. Super- 
mirrors were used when building a new neutron guide at the LLB. They enable a 
spectacular increase of the transmitted flux [14].

For this particular application, the most interesting part of the reflectivity 
curve is situated in regions where the reflectivity value is close to one, that is on the 
extended plateau, just before the apparent cut off of the mirror. Using a standard 
single reflection experiment, a very long counting time is required in order to obtain 
the statistical accuracy needed to measure variations of reflectivity less than 1 %. 
In order to improve the precision of the measurements on the extended plateau, 
we have installed a time-of-flight neutron multireflection experiment on the EROS
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reflectometer. In a multireflection experiment with N  reflections the measured 
value is R n  instead of R for a single reflection experiment. The precision of the 
measurement is all the more important since the number of reflections N  is high.

The experimental set-up is represented in Fig. 4. The two identical mirror 
surfaces are parallel and separated with three little metallic spacers 1 mm thick put 
on the edge of the mirrors. The mirrors are deposited on boron glass substrates that 
allows us to use the mirrors as slits. This set-up allows a very good measurement 
reproducibility. Mirrors are inclined with the angles +6 and —в chosen in order to 
obtain an entire number of reflections N. The incident beam is measured for в = 0.

This technique has been applied to the characterization of a supermirror. A 
number of reflections of 7 and an angle of в of 0.8 degree were used. Figure 5 
displays the experimental reflectivity curve R(k) of the classical single reflection 
measurement, and also the seventh root (vT?') of the measured reflectivity R' ob­
tained with multireflection. One can see that, using a similar counting time, the 
experimental error is decreased by the use of multireflection. The precision of the 
reflectivity measurement in the region of the plateau is thus markedly increased.

Conclusion

I have presented in this paper the two time-of-flight reflectometers installed 
at Saclay on the ORPHEE reactor. They enable measurements of reflectivity down 
to 10-5 . They have been used to perform measurements on liquid-air interfaces to 
characterise adsorption and depletion layers of polymer near the surface of a solvent. 
I have described an example of application to in situ measurement of polymer 
interdiffusion. Multireflection is an improvement of this technique that increases 
the precision of the measurements in a region where the reflection coefficient is 
close to unity.
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Inelastic  n e u tro n  sca ttering  is a  spectroscopic technique which enables one to  observe 
v ib ra tio n a l and  ro ta tio n a l sp ec tra  of c a ta ly s ts  and sorbed species. The sp e c tru m  is due to 
energy tran sfer from  th e  incident n e u tro n s  to  the  sca ttere r. Since hydrogen is th e  strongest 
sc a tte re r  the  INS technique  is especially  useful for investiga ting  m otions involving hydrogen 
a tom s. I shall review  applications of n e u tro n  sca ttering  in  ca ta ly tic  s tud ies a n d  describe 
o u r INS stud ies of m olybdenum -contain ing  catalysts using  th e  tim e focused c ry s ta l ana­
lyzer spec tro m ete r (T FX A ) a t the ISIS pulsed  neu tron  source  a t  the  R u th erfo rd  A ppleton 
L aboratory . P a r tic u la r  topics will in clu d e  chem isorbed hydrogen , the n a tu re  a n d  b inding 
of w ater in a lu m in a-su p p o rted  m olybdenum  oxide c a ta ly s ts , th e  search fo r m eta l-hydro ­
gen and  sulfur-hydrogen species in  m olybdenum  disulfide ca ta lysts , an d  th e  in te rac tion  
of benzene and  th io p h en e  w ith th e  c a ta ly s t , species in zeolites, and surface  reac tions of 
hydrogen.

Introduction

In this paper I provide an overview of applications of neutron scattering spec­
troscopy in studies of catalysts and adsorbed species. The emphasis will be on how 
neutron spectroscopy is complementary to photon spectroscopy and how in some 
circumstances neutron scattering can provide a vibrational spectrum which is dif­
ficult or impossible to obtain by other methods. The use of neutrons requires well 
planned experiments at a central facility and I shall have something to say about 
the practical aspects of such experiments.

Principles o f neutron scattering

The neutron is a particle of mass number 1, zero charge, and spin 1/2. It 
interacts with matter by collisions and magnetically [1,2,3]. Neutrons because they 
are uncharged particles penetrate the electron clouds of atoms exposed to a neutron 
beam and are scattered by the atomic nuclei. A fraction of the neutrons lose energy 
by exciting vibrational modes of the material. In incoherent scattering (which is the 
only type of scattering considered here) the scattering is from a single scattering 
centre and so interference of scattered neutron waves (coherent scattering, neutron 
diffraction) is not included.

The neutron scattering spectrum is a plot of neutron scattering intensity vs 
neutron energy loss. It looks like an infrared or Raman spectrum (Fig. 1). The
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Fig. 1. T h iophene (a) in frared  sp e c tru m  of th e  solid a t  77 К  (recorded by L. Sheridan) (b) 
in e la stic  n e u tro n  sc a tte r in g  spectrum  of th e  solid a t 20 К  (reco rded  on th e  T F X A  spec trom eter 
a t  th e  R u th erfo rd  A p p le to n  L abora to ry ). T h e  inset is th e  ex p an d ed  INS sp e c tru m  of thiophene 

betw een 400 a n d  1400 cm - 1 . A ssignm ents refer to  th e  С—H b end ing  m odes

scattering law connects scattering intensity (S) with momentum transfer (Q) and 
the root mean square displacement (U) of the scatterer [4]

Sn(Q , пыо) = (1 /n\)(Q 2U2)n exp(-Q 2(/2). (1)

Acta  Physica Hungarica 75, 1994



INELASTIC NEUTRON SCATTERING 133

Here n is an integer (1, for the fundamental, 2 for the first overtone, etc.) ljq is the 
oscillator frequency; U2 equals /i/2/rwo where ц is the oscillator reduced mass. The 
INS spectrum is thus the amplitude-weighted vibrational density of states averaged 
over all Q space.

All molecular vibrations are neutron-active. This is because the nuclear in­
teractions are independent of dipole or polarizability selection rules. Accordingly 
the scattering intensity is straightforwardly related to the concentration of the scat­
tered In neutron spectroscopy more emphasis is placed on band intensities than in 
photon spectroscopy [2]. Neutrons are much more penetrating than photons and 
electrons and pass through material in the beam. The ability of a nucleus to scatter 
a neutron is given by its scattering cross-section, <7. The value of a is 80 barns 
for hydrogen and ca 5 barns for most other elements and for deuterium. There­
fore motions involving hydrogen are strongly emphasized in neutron spectroscopy: 
stretching, bending and rotational modes of H-X bonds (where X is H or another 
element) and modes where hydrogen rides on another atom, for example a X -0  
vibration of a X-OH bond.

Because the scattering cross-section of deuterium is so much less than that 
of hydrogen selective substitution of hydrogen by deuterium in a scatterer can help 
with assignments, those modes involving deuterium becoming very weak. Of course 
the oscillator frequency also falls as a result of the mass change as in photon spec­
troscopy.

In the INS spectra of catalysts and adsorbed species scattering due to species 
other than hydrogen (metal atoms, oxygen, sulfur) is weak whereas infrared and 
Raman bands from modes involving other atoms as well as hydrogen may be strong 
and so add to the complexity of the spectra. Neutron spectroscopy, as we shall see, 
is especially useful for studying the spectra of hydrogenic species uncomplicated by 
other species.

Experim ental procedure

My experience is mainly with pulsed neutrons from the spallation source at 
the Isis facility at the Rutherford Appleton Laboratory (RAL) in the UK [3,5,6] 
but much of what I have to say is applicable to neutrons from a reactor [7]. Here 
I describe a typical inelastic scattering neutron experiment on the Time-of-Flight 
Crystal Analyser (TFXA) spectrometer at the RAL.

Sample masses and data accumulation times are large for neutron spectra 
because the intensities are weak compared with photon and electron spectra. To 
measure the spectrum of an adsorbed species which comprises a few per cent of 
the total material (for example, thiophene on a molybdenum disulfide catalyst) we 
would use 5-10 g of material and accumulate the spectrum for 12 h. However, 
with a pure substance excellent spectra may be obtained with less than a gram of 
material.

For an air stable compound the sample container is an aluminium foil sachet. 
Air sensitive compounds are contained in a stainless steel or aluminium cell located
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in the neutron beam. The beam area is 5 x 25 cm. The spectrum is measured with 
the material at 20 К to minimise thermal broadening.

In the TFXA spectrometer the energies of the scattered neutrons are measured 
by a time-of-flight method. The data analysis with instrument-based computer 
programs is an important part of the neutron scattering experiment. Background 
scattering from the instrument and the sample container is subtracted from the 
spectrum. The resulting spectrum may be integrated to obtain the number of 
hydrogen atoms in the beam. The scattering intensities of a series of samples 
may be normalised on the sample masses (assuming all of each sample is in the 
neutron beam) or by integration of the intensities in selected regions of the spectrum. 
To obtain the spectrum of an adsorbed species one subtracts the spectrum of the 
support determined separately. Manipulation of the neutron scattering intensities 
in this way is successful because the intensities are proportional to the mass of the 
scatterer -— an attractive feature of neutron scattering. The result is a complete 
vibrational spectrum of a substance over the range 16 to 8000 cm-1 with a resolution 
of 1-2 %. Using these techniques significant structural information is extracted from 
what, at first sight, may seem unpromising spectra (Fig. 2).

Fig. 2. In e lastic  n e u tro n  sc a tte rin g  sp e c tra  of 7-a lu m in a  and  m olybdate  on  alum ina: (a) a lu m in a , 
(b) 7 % M 0O 3/a lu m in a , (c) 14 % M0O3 /a lu m in a

M odelling the spectra

The final stage of interpretation is to fit the experimental spectrum and a 
theoretical spectrum generated by a molecular force field model. Computer fitting 
of observed and calculated INS spectra can be achieved with, for example, the CLI­
MAX program [8]. Vibrational frequencies and amplitudes are calculated from the 
masses and dispositions of the constituent atoms and the forces operating between 
them. The force constants are refined to give the best fit to the position and intensi­
ties of the INS bands. The program then minimises the residual difference between
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the observed spectra and those calculated from the model. Using this or equiva­
lent procedures we can, for example, test the validity of proposed adsorbate-site 
geometries.

Chemisorbed hydrogen. The INS spectrum of hydrogen chemisorbed on Raney Ni 
can be modelled with hydrogen atoms in three-fold sites of Ni (111) [9] (944 cm-1 , 
symmetric stretch, E\ 1137 cm-1 , Ai asymmetric stretch). Solving the harmonic 
model gives the force constant and bond length A;(H-Ni) 0.58 mdyn Â-1 , d(Ni-H) 
1.88 Â. Similarly the INS spectrum of hydrogen on Pd black [10,11] can be modelled 
with hydrogen in 3-fold sites (823 cm-1 symmetric stretch, 916 cm-1 asymmetric 
stretch giving fc(H-Pd) 0.4617 mdyn À-1 and d(H-Pd) 1.881 Â. However, on Pt 
black saturated with hydrogen at 80 К the INS spectra are best modelled for H in 
a 2-fold site [12,13] (532 cm-1 , asymmetric stretch along 2ÏÏ; 927, 1339 H in 2-fold 
site asymmetric stretch along 0ÏÏ and symmetric stretch along 111) giving fc(H-Pt)
0.86 mdyn À-1 , d(H-Pt) 1.90 À.

Adsorbed benzene. In a classic study of benzene on nickel and platinum the height 
of the benzene molecule above the nickel surface was calculated from changes in the 
spectrum of benzene due to distortion of the adsorbed benzene molecule [7,14,15]. 
From valence force field analysis of the spring constants of the adsorbed benzene it 
was found that benzene is ca 2-2.5 Á above the metal surface.

Adsorbed thiophene. Currently we are using INS to determine the orientation of 
thiophene molecules on the surface of a molybdenum disulfide catalyst [16]. We use 
INS because scattering from adsorbed thiophene, which is hydrogenic, is stronger 
than scattering from the catalyst and therefore the thiophene spectrum is not ob­
scured by the spectrum of the catalyst. The INS spectrum is measured at 20 К 
and is therefore the spectrum of solid thiophene. The spectra (internal modes at 
> 400 cm-1) are shown in Fig. 3. For thiophene adsorbed on a fully sulfided molyb- 
denum/alumina catalyst the C-H out-of-plane modes of thiophene are changed in 
position and intensity compared with solid thiophene. This suggests that thio­
phene lies flat on the surface. On a reduced molybdenum sulfide/alumina catalyst, 
where there are anion vacancies at molybdenum, changes are observed in the in­
plane modes suggesting that the orientation of the thiophene molecule has changed, 
possibly by binding at a molybdenum site.

Species characterisation by INS fingerprinting

Just like photon spectra, neutron spectra can be used for fingerprinting mole­
cules — assigning bands to characteristic modes and hence to molecular species 
[17]. For hydrogenic species the neutron scattering spectra will often provide more 
information than infrared, Raman and electron energy loss spectra [1, 3]. The 
possibility of overtones in the neutron spectra may also be exploited (see below). 
In making assignments it is desirable to have also the infrared and Raman spectra. 
I describe a number of examples in the catalyst area.
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energy transfer (cm’ ')

Fig. 3. Ine lastic  n e u tro n  sca tte rin g  sp e c tra  of ad so rb ed  th iophene (ca  1 m onolayer) on  a lum ina- 
su p p o rte d  m olybdenum  disulfide ca ta ly s ts  (a) c a ta ly s t  sulfided b u t n o t reduced in  hydrogen , (b) 
ca ta ly s t su lfided  an d  reduced . N otice th e  b an d  sh ifts  an d  in tensity  changes in the  C -H  out-of-p lane 

m odes (cf. Fig. 1 (b )) in  (a) a n d  in  th e  in-p lane m odes in  (b)

Oxides and sulfides. In neutron scattering spectra bands due to metal-oxygen and 
metal-sulfur vibrations are inherently weak. The INS spectra reveal features of the 
spectra of hydrogenic species in particular M-H and H -0 and H-S modes, arising 
from the chemisorption of hydrogen

M - X  + H2 ^ M - H  + H - X .

The INS of zinc oxide having hydrogen chemisorbed at room temperature and mea­
sured at 77 К shows Zn-H bending (829 cm-1) and stretching (1665 cm-1) and a 
H -0 bend (1125 cm-1). Hydrogen motions associated with lattice phonon modes 
were observed below 600 cm-1 [18].

There is much interest in the interaction of hydrogen with sulfide catalysts 
used as hydrogenation and hydrodesulfurisation catalysts [19]. On sulfides hydrogen 
chemisorbs dissociatively as on oxides. H-S modes have been identified on MoS2 
(662 S-H bend) and WS2 [20-25] (694 cm-1 S-H bend, 1380 cm-1 and 2074 cm-1 
first and second harmonics, 2500 cm-1 S-H stretch). But Mo-H and W-H species 
have not been identified. Possibly protons migrate to sulfide groups after dissocia­
tion of H2.
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In contrast on a reduced RuS2 catalyst both H-S species (654 and 720 cm-1) 
and Ru-H species (540 and 823 cm-1 , bending modes of two different Ru-H species) 
have been identified by INS [26].

Zeolites. Zeolites are acidic aluminosilicates with an internal structure of linked 
channels and cages of molecular dimensions. INS has been used extensively to 
probe the acidity and internal space of zeolites. There have been a number of force 
field calculations which enable one to compare calculated frequencies and intensities 
of the INS spectra with experimental spectra and so model the atomic motions of 
the zeolite. For example, the band assignments for dehydrated zeolite rho (where 
T is tetrahedral Al3+ or Si4+) are T-OH torsion of planar symmetric A10(H)Si 
units (360 cm-1), H motion associated with symmetrical T -0  stretch (750 cm-1), 
out-of-plane T-O-H bend (1060 cm-1), in plane T-O-H bend (1150 cm-1) [27].

INS studies of ammonia and ammonium ions in zeolites have been used to 
probe the acidity and internal space of zeolites. The INS of ammonium ions in 
zeolite Y shows species in the supercages [28] (240-400 cm-1 hindered librations) 
and in smaller sodalite cages (64 cm-1 NĤ ").

We have used INS to demonstrate that a metal complex encapsulated in the 
zeolite cage and acting as a well-defined catalytic centre is distorted compared with 
the free complex (Fig. 4).

Water in a hydrated molybdenum oxide/alumina catalyst — overtones. The libra- 
tional modes of water in a hydrated molybdenum oxide/alumina catalyst appear as 
a broad peak with maxima near 450 cm-1 and the first overtone near 900 cm-1 . 
The peak intensity is proportional to the molybdenum in the catalyst; therefore 
the 450 cm-1 peak is assigned to water associated with molybdenum. The reduced 
mass, p, of water was calculated from the ratio of the intensities of the fundamen­
tal and first overtone using Eq. (1) (with n = 1,2; U2 = /i/27two- The value (4) 
indicates water coordinated to molybdenum [29].

Surface species and reactions

Changes of neutron scattering intensity of hydrogen on surfaces have been 
used to study interactions between hydrogen atoms and reaction with other species 
of catalytic interest.

Dilution of chemisorbed hydrogen with deuterium — lateral interactions between 
surface hydrogen atoms. Deuterium is heavier than hydrogen and a weaker scatter­
ed Partial substitution of hydrogen with deuterium has an effect which helps us 
to understand the hydrogen interactions. On Pt black isotopic dilution of adsorbed 
H with D causes narrowing of the INS band shapes and a shift of energies due to 
reduction of coupling between H oscillators on the surface [30,31].

Surface reaction of CO with hydrogen. Reactions involving hydrogen have been 
monitored using INS. When a hydrogenated raney nickel catalyst was dosed with 
carbon monoxide the scattering intensity of hydrogen in three-fold sites decreased 
as the temperature was raised from 80 to 300 K. At the same time features in
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Co phthalocyanine

Fig. 4. In e lastic  n e u tro n  sc a tte r in g  sp ec tra  of c o b a lt ph thalocyanine (C oPc) (a) solid, (b ) encap­
su la ted  in  zeo lite  Y. N otice changes in  th e  b a n d  positions and in te n sitie s  of en cap su la ted  CoPc 

show ing d is to rtio n  of th e  s tru c tu re  due to  encap su la tio n

the spectrum assigned to C-H modes appeared. Thus the three-fold hydrogen was 
reacting with adsorbed CO [32,33].

Surface reaction of hydrogen with oxygen. On platinum reaction of adsorbed hy­
drogen with oxygen has been followed by the decrease of intensity of the hydrogen 
scattering and development of H O  modes (1032 cm-1 , bending mode of HO/Pt 
(111) [34]).

Quasielastic neutron scattering. Quasielastic neutron scattering (QUENS) [3] is not 
strictly part of the subject matter of this paper but it should be mentioned as an 
important application of neutron scattering in catalysis. In the QENS technique we 
exploit the broadening of the incoherent elastically scattered peak due to translation 
and rotation of scattering nuclei to investigate diffusion in solids and liquids. The 
elastic peak width is analysed as a function of momentum transfer. We thus obtain 
atomic-scale information on the motions of hydrogen and hydrogenic species on 
catalysts. The technique has been especially useful in studying the dynamics of 
molecules in zeolites: methane [35], benzene [36-39], xylene [40].
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Conclusions

Many catalysed reactions involve hydrogen and hydrogen-containing molecules. 
My aim in this paper has been to illustrate how inelastic neutron scattering can 
be exploited to provide information on the structures of catalysts and adsorbed 
and reacting molecules. With the development of neutron sources we expect to see 
increased use of neutron scattering in catalytic research but, inevitably, with the 
proviso that in proposing experiments we are clear what it is we can get from neu­
tron scattering that we cannot get — or only with great difficulty — from another 
technique.
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NEUTRON RADIOLOGY — AN OVERVIEW

J o h n  P . B a r t o n

N R E, Inc. (C onsu ltan t)
14 2 2  Vue Du Bay Ct, San Diego, CA 92109 USA

N eutron  rad ia tio n  can  be used like X -rays to  p e n e tra te  m ateria ls for in sp ection . 
T h e  in fo rm atio n  o b ta in ed  can  be qu ite  d ifferent from  th a t o b ta in e d  by X -rays because 
on ly  n e u tro n s  respond  to  th e  nuclear p ro p e rtie s  of m ateria ls . T h e  sim plest technology p ro ­
v ides s ta tic  im aging of th e  tran sm itte d  n e u tro n  beam  (n eu tro n  rad iography), b u t  dynam ic 
im ag in g  (n eu tro n  radioscopy) is becom ing increasingly powerful. High flux re ac to r  sources 
offer im p o rta n t advantages over a lte rn a tiv e  lower flux sources (reactors, acce lera to rs and 
iso to p es) especially th ro u g h  the  use of h igh  b eam  collim ation, h igh  beam  in tensity , o r se­
lec ted  n e u tro n  energy. C om plem entary  n e u tro n  probe techniques for m ateria ls ev aluation  
in clu d e  n eu tro n  e lastic  sca tte rin g , th e rm al n e u tro n  analysis, fa s t n eu tro n  analysis, pulsed  
fa st n e u tro n  analysis, n e u tro n  resonance a tte n u a tio n  and  asso c ia ted  particle  tim e-of-flight 
techn iques. N eu tron  radio logy and  su p p o rtin g  n eu tro n  probe  m eth o d s have app lications 
for m acroscopic m ate ria ls  evaluation , engineering  studies, or n o n d estru ctiv e  te s tin g  in fields 
such  as nuclear fuels, pyrotechnics, a irc raft inspection , forensic science, ag ricu ltu re , m edi­
c a l-d e n ta l  research, a n d  in te rn a tio n a l verification  of nuclear non-pro liferation  agreem ents.

1. Introduction

This paper provides a brief review of the present status of neutron radiolo­
gy activities worldwide. It is hoped that this independent perspective may assist 
in the future development of neutron activities at the Budapest Neutron Centre 
(BNC). The modernized 10 MW KFKI research reactor has several features that 
are obvious candidates for neutron radiology uses: radial beams, tangential beams, 
and eventually a cold source with neutron guide. The BNC might also consider 
accelerator and isotopic source potential using complementary Neutron Inspection 
for Location and Composition (NILC).

The staff of the Budapest KFKI centre, including M. Balaskó and E. Sváb, 
have reported neutron radioscopy research performed since 1984 using the 4.4 MW 
WWR-SM reactor at Budapest and the 9 MW ASTRA reactor at Seibersdorf, 
Austria. This research features dynamic studies with simultaneous neutron and 
gamma ray analysis applied to important engineering development of refrigerator 
design, and visco clutch design [1].

2. Com plem entary m ethods for m acroscopic inspection with neutrons

The review will cover several different macroscopic inspection techniques that 
use neutron sources and nuclear radiation detection expertise. Other papers in this 
workshop will cover neutron activation analysis and microscopic neutron techniques 
such as neutron scattering and neutron interferometry.
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Methods for neutron radiology and related macroscopie inspections are divid­
ed below into eight groups. The activity in each group can fall into three categories: 
(1) research into new or improved neutron based inspection techniques; (2) use of 
the neutron inspection method for product quality control or monitoring; and (3) 
use of the neutron inspection method for research in other fields including engineer­
ing development.

2.1. Neutron radiography -  Thermal neutrons

In this group of methods a collimated neutron beam is extracted from a neu­
tron moderator and passed through the object being inspected where a still picture 
is obtained, normally using X-radiography transparency film. There are numerous 
variables such as neutron source type, collimator design, and method of obtaining 
the photographic image. This is the simplest method of neutron radiography. It 
has a wide variety of applications, and it is the most widely applied method [2].

2.2. Neutron radiography — Epithermal, resonance energy, fast neutrons

In these methods the neutron energy is selected. For example, a reactor 
neutron beam may be filtered by cadmium. An alternative filter, steel, can provide a 
window at a special energy which penetrates the object. Also a crystal spectrometer 
may be used to provide a monochromatic beam at a particular resonance peak. 
The methods can provide advantages over standard neutron radiography especially 
where the item of interest has high neutron resonance cross-section peaks [3].

2.3. Neutron radiography — Subthermal neutrons

These methods use either a filter (such as beryllium-bismuth) or a guide tube 
with a cold neutron source (refrigerated moderator) to enhance the subthermal 
neutron intensity. The method offers the advantage that, for certain crystalline 
materials, cold neutron penetration can be high. Also cold neutrons can increase 
the opacity of other materials that may need to be distinguished [4].

2.J,. Neutron radioscopy

These methods use electronic imaging in place of the film. Radioscopy is used 
widely for studies of dynamic situations, such as fluid flow. Also neutron radioscopy 
is useful for imaging static situations, where image integration and electronic image 
processing are important. Neutron radioscopy is being developed for thermal and 
cold neutrons [5].

2.5. Neutron computed tomography

Typically the object is rotated in a fixed neutron beam and image information 
is extracted at multiple angles of projection. The data is then processed in a com­
puter to provide tomographic axial slice images. The method has been developed
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computer to provide tomographic axial slice images. The method has been devel­
oped using film data input [6] or electronic imaging [7]. The method can provide 
sensitivities much improved over methods 1-4. Dramatic progress is being reported. 
In one recent research program neutron computed tomography using a moderately 
powered reactor beam (250 kW) was able to show fine details of hydride buildup in 
titanium-alloy aircraft jet engine fan blades.

2.6. Neutron induced autoradiography

In these methods the object is exposed to a field of neutrons and the capture 
gamma forms an image of either prompt or delayed activity. The applications range 
from study of ancient paintings to medical research [8].

2.7. Neutron gauging

Neutron attenuation can be determined using a neutron flux counter in place 
of a film or video detection system. This quantitative method, known as neutron 
gauging, can provide superior precision for some applications. The AEROTEST re­
actor facility in the USA has a permanently installed narrow neutron beam specially 
designed for neutron gauging [9].

2.8. Neutron inspection for location and composition (NILC)

In thermal neutron analysis a beam of thermal neutrons is directed at the 
item to be inspected and the emergent gamma ray pattern, detected with an array 
of detectors, enables information about the internal geometry and composition to 
be reconstructed. The techniques are being developed so that non-reactor neutron 
sources can be used to identify hidden narcotics, explosives, or fissile materials. 
The material identification relies on multi-dimensional data analysis of ratios of 
elements such as N, С, О and H. Primary signatures are from nitrogen (10.8 MeV), 
and hydrogen (2.2 MeV). For airport security baggage inspection, performances of 
100 % sensitivity with 20 % false positive readings, and 90 % sensitivity with 2 % 
false positive readings have been reported [10].

Fast Neutron Analysis is similar to the thermal neutron analysis discussed 
above, except that the signals are from interactions of fast neutrons, mostly inelastic 
scattering. The method provides high penetration for large objects [11].

In the Neutron Elastic Scattering a beam of neutrons is directed at the object 
and the neutrons scattered back from the object are measured.

In the Neutron Resonance Attenuation method the incident neutron beam is 
typically in the range 0.5 MeV to 5 MeV. The resonances in the total cross-sections 
enable a two dimensional projection to be reconstructed [12].

The Associated Particle Neutron Imaging method uses neutrons generated by 
a reaction such as deuteron on tritium, where an alpha particle is associated with 
each emisson of a 14 MeV neutron. Detection of the alpha particle enables the time
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and direction of the neutron emission to be registered. The method permits either 2- 
dimensional or 3-dimensional fast neutron transmission images to be reconstructed
[13].

The Pulsed Thermal Neutron Analysis method is similar to thermal neutron 
analysis except that the neutron source is pulsed (accelerator or beam chopper), 
and the gamma rays are measured when the source is off. The method is best used 
in conjunction with other methods, as by itself it has poor imaging and sensitivity 
properties [12].

The Pulsed Fast Neutron Analysis method is similar to fast neutron analysis 
but uses time-of-flight technologies to obtain spatial distribution of the signal. It 
is claimed to be more promising than many of the alternative methods. It should 
provide both 2-dimensional and 3-dimensional imaging of small and large objects.

In many cases a particular inspection is best performed using a combination 
of methods. This can apply equally to small neutron source methods (e g. pulsed 
fast thermal neutron interrogation) [12], or to reactor beam methods (e.g. neutron 
radioscopy and neutron gauging).

3. Sources, collimators and imagers trends

3.1. Sources

Reactor types in use worldwide for neutron radiology range from the high flux 
reactors at Petten (HFR), Saclay (ORPHEE), and Japan (JRR-3) to low power 
reactors of which the extreme may be the 1 watt UTR reactor at Kinki University 
in Japan. About 30 different countries have at least one reactor-based neutron 
radiology research project. Japan has neutron projects on nine reactors [14].

Accelerators are in use widely, for example in Japan six neutron radiology 
centers rely on accelerators (3 cyclotrons and 3 Van de Graaff). In the USA there 
are neutron radiology projects using the MF Physics D-T type sealed tube generator, 
and the Radio Frequency Quadrupole (RFQ) accelerator. In France the SODERN 
sealed tube DT generator is being developed with increased yield. In the United 
Kingdom, Oxford Instruments and Rolls Royce have announced a neutron radiology 
system based on a supercooled transportable cyclotron [15].

Isotopic sources are also in use for neutron radiology. Examples include a mo­
bile system for underwater inspection at nuclear power plants [16], a maneuverable 
system for inspection of intact aircraft for corrosion [17], and a stationary system 
planned to produce one high quality exposure each day [18].

3.2. Collimators

Collimators need to be custom designed for each particular situation. Typ­
ical options include underwater or dry, horizontal or vertical, radial or tangential, 
divergent or parallel. Other important features include filters, beam scrapers, and 
variable apertures. Recent designs include a very wide angle collimator at Pantex 
in USA which will expose up to nine films simultaneously [18].
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• 3.3. Imagers

The most widely used imaging methods for non-radioactive objects are (1) 
gadolinium metal converter with fine grain, single coated, X-ray transparency film; 
(2) scintillator screen with spectrally matched light sensitive film; (3) electric imag­
ing using either an image intensifier with an optimized gadolinium oxy-sulphide 
input screen, or a changeable scintillator viewed by a TV camera. The video chain 
invariably includes an image processing system.

For neutron radiology inspection of nuclear fuel or other highly radioactive 
objects the two most useful imager processes are: (1) activation transfer and (2) 
track etch. The track etch is mostly used when precise dimensional changes are 
being investigated.

4. D iscussion o f NR equipm ent possible at BNC

4-1. Cold beam from reactor

The cold neutron guide will be particularly attractive for neutron radiology. 
There are only three comparable guide tube neutron radiology facilities; ORPHEE 
14 MW reactor, France; KUR 5 MW reactor and JRR-3 20 MW reactor, Japan [19]. 
The beams have exceptionally high intensity cold neutron flux, and they have low 
interference radiation. This is offset by lack of collimation. In addition to the cold 
guide narrow beam and the radial narrow beam designed for simultaneous neutron 
and gamma radioscopy, consideration may be given to a third beam optimized to 
compete for the international market in turbine blade and other film type neutron 
radiography. A broad beam design using beryllium-bismuth filters cooled by liquid 
nitrogen could be cost effective if sufficient workload can be won. Reports from 
other cold beam facilities should be noted. There are operating broad beam cold 
neutron facilities at Petten HFR reactor. In addition past work with cold beams at 
the Aldermaston HERALD reactor, Harwell DIDO reactor, and General Atomics 
TRIGA reactor should be noted [20].

4-2. Thermal beam from reactor

Consideration might be given to shared use of a thermal neutron beam in 
addition to the cold beam. By use of helium flight paths it may be possible to pro­
vide a thermal neutron radiology beam with field of view larger than the cold beam 
without displacing other beam users. A study of collimator designs for reactors, 
such as SAPHIR (Switzerland) could be helpful on this matter [21].

4-3. Complementary neutron source methods

In addition to reactor based neutron radiology systems there is an expanding 
future for custom built neutron inspection systems for applications such as aircraft 
maintenance [17], airport security [12], and process control [9]. Circumstances could 
arise in which the BNC could consider development of a transportable or custom 
designed stationary neutron system for general or specific applications.
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5. Discussion o f NR activ ities possible at BNC

5.1. Nondestructive testing services

There is an international market for neutron radiography services. In some 
cases those needing neutron radiographie inspections will look for the most conve­
nient service, but in others they may shop worldwide for the least expensive service. 
For example, large numbers of jet engine turbine blades have to be inspected with 
neutron radiography. In some cases blades made by Rolls Royce in England have 
been shipped to such places as Australia, Canada or the USA for routine inspection. 
A first step in preparing a new business plan for the KFKI reactor could be to hold 
discussions with the current users of neutron radiography services worldwide.

The most common applications requiring neutron radiography include nuclear 
fuel, jet engine blades, and pyrotechnics. However, there are other potential appli­
cations. For example in recent months the manufacturers of automobile air bag 
safety systems in the USA have decided to inspect, using X-ray, every one of the 
million or more bag detonator systems manufactured each year. If neutron radiolo­
gy could be pioneered to include automatic defect recognition and to be available at 
an acceptable price this could be a future high throughput service to complement 
the X-ray inspection.

5.2. NR for Research Projects

Recently centers in 4 countries reported on NR research progress for compos­
ites and ceramics [22]. Also a KFKI electronic imaging capability could complement 
recent progress on fluid flow particularly in Japan and USA [23]. The work done 
in nearby Vienna and Prague on inspection of building materials (concrete) should 
be noted [24]. There has been a tendency for certain countries to focus on high 
technology applications and weapons. Low technology but potentially very impor­
tant work, in fields such as agriculture research could be very rewarding [25]. Initial 
work has been done in applications of NR for dental or medical research [26]. Much 
of this work appears suitable for expanded interdisciplinary studies, possibly low in 
budget but high in value. One study area that is suggested would evaluate tech­
niques for radiography of human extremities high in bone content such as wrist and 
ankles, elbows and knees. By use of thermal or epithermal neutrons combined with 
thin slice neutron computer tomography techniques it should be possible to obtain 
radiographs at acceptably low radiation doses.

5.3. Neutron inspection for location and composition (NILC) development

Important probe (NILC) techniques are rapidly progressing. One important 
application is nuclear materials assay. The International Atomic Energy Agency 
(IAEA) headquartered in Vienna, near Budapest, monitors the Non-Proliferation 
Treaty. They might also help to monitor the storage of dismantled nuclear warhead 
material. In addition to IAEA activity by nuclear powers there appears to be a
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case for a non-nuclear power participation. In this way a non-nuclear power might 
maintain the independent expertise to verify the verifiers of nuclear Non-Prolifer­
ation Treaties to which it may be a signatory. The needs for neutron inspection 
methods are complex and could include methods to determine the quantity of fissile 
material in a sealed container without revealing the owners design details [27].

6 . Conclusions

Firstly, the facilities at the new Budapest Neutron Centre (BNC) might pro­
vide for research projects leading to more sophisticated and more powerful methods 
for macroscopic inspections using neutrons. Also the complementary nature of re­
actor and accelerator neutron sources appears to open many avenues for research 
into new techniques.

Secondly, the BNC could consider providing neutron radiology services to 
meet the needs of national or international industries and to provide some financial 
income.

Thirdly, neutron techniques used as a tool for research in other areas (such 
as the refrigerator and clutch engineering research already under way) could be 
expanded to other areas of research. Examples given include composites, construc­
tion materials, fluid flow problems, agriculture research, medical-dental research, 
and international verification of nuclear non-proliferation or disarmament [28-32].
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STRESS MEASUREMENT FOR PLEASURE 
AND PROFIT
M. T. H u t c h i n g s

N D T  Department, A EA  Industr ia l  Technology 
521.1 Harwell, Didcot, O X  11 ORA, UK

N eu tro n  diffraction  is th e  best available technique  to m easure  non-destructively  th e  
ab so lu te  stress  tensor as a  fu n c tio n  of dep th  w ith in  com ponents o r w eldm ents of c ry sta llin e  
m ateria ls . T he technique has been  used extensively, often on com m ercial con tract, to  ex am ­
ine th e  stress  field in com ponents which are sm all enough to be tak en  to  an  intense n e u tro n  
source. It h as also been  used to  calib ra te  the m o re  lim ited , bu t p o rta b le , techniques w hich 
can  be used  in situ  on p lan t, and  to validate c o m p u te r codes using  m odel sam ples. T h e  
d a ta  o ften  provide new insigh ts in to  the  behav iour of m aterials of im p o rtan ce  to physic ists , 
m ate ria ls  sc ien tists and  engineers. T his paper gives a  short descrip tion  of th e  technique a n d  
illu s tra te s  its  use w ith exam ples of the  m easu rem en t of the stress in  weldm ents, m eta llic  
com ponents, and  com posite  m ateria ls .

Introduction

Almost all neutron source institutes now have a diffractometer which is either 
dedicated to, or is available for, stress measurement. In an era when the value of 
science to society must be increasingly emphasized, stress measurement provides 
an excellent example of the application of neutron scattering to industry-related 
problems. This is substantiated by the fact that industry is willing to pay the full 
commercial cost of measurements if they help to solve an urgent and expensive prob­
lem. This additional contribution to the funding of an institute is often welcomed 
to supplement that from the more conventional sources.

The detailed measurement of residual stress fields within components and 
weldments, which are formed by inhomogeneous plastic deformation or heat treat­
ment such as welding, has been a challenge set by engineers for many years (Mordfin
[1] ). Macrostress or Type I stress, which varies over distances which are relatively 
large compared to the grain size, is of prime concern to the engineer. However, 
microstress or Type II stress, which varies on a spatial scale of the order of the 
grain size can also give information relevant to the mechanical behaviour of many 
materials.

The neutron diffraction method of stress measurement (Hutchings and Krawitz
[2] ) closely parallels and complements the X-ray diffraction method (Noyan and 
Cohen [3]). However, it enables in-depth measurements to be made on account 
of the much deeper penetration, by a factor of 102—104, of the neutron into most 
materials. In contrast the X-ray method examines near-surface stress fields to a 
maximum depth of ~  100 /im. Absolute macrostress tensors, macrostress gradients, 
stresses due to applied loading, and microstress can be measured in-depth uniquely 
using neutron diffraction. The technique was first developed in 1980, with parallel
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Fig. 1. T h e  princip les of s tra in  m easurem ent, show ing the defin ition  of gauge volume sam p led
a n d  th e  d irection of s tra in  m easured

work being carried out in the UK (Allen et al [4]), in Germany (Pintschovius et al
[5]) and in the USA (Krawitz et al [6]). It is now used with confidence world-wide 
as a non-destructive technique, providing new information for the engineer in an 
increasing number of applications. The major drawback of the neutron diffraction 
method to the engineer is its need of intense neutron beams, available only at medi­
um or high-flux reactor or at an accelerator-based, usually time-pulsed, neutron 
source. This limits its use to relatively small portable components, with typical 
maximum dimension ~  50 — 100 cm. However, it can also be used to test computer 
codes using model samples, to test assumptions made in the use of portable, but 
usually much more limited, techniques, and to calibrate these techniques for use in 
the factory or field. The exploration of the finer points of the neutron diffraction 
technique is providing materials scientists with new insights into the fundamental 
behaviour of materials under stress, as well as providing neutron experimentalists 
with a new instrumental challenge to improve the speed of measurement (see Vrana 
et al [7] for example).

Principles of the diffraction technique

The basic principle of the method lies in the use of the lattice plane spacing 
of grains to act as an internal strain gauge throughout the component. Full details 
are given by Allen et al [8]. The diffraction method is illustrated in Fig. 1 and 
is discussed here primarily in terms of a reactor-based instrument, where modified 
standard high-resolution powder neutron diffractometers are often quite suitable.
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The white neutron beam from the reactor is first monochrornated to a chosen 
wavelength Л by Bragg reflection from a large single-crystal monochromator. This 
monochrornated beam is defined in direction by a soller slit collimator, or by aper­
tures, to pass over the ‘sample axis’ about which the detector rotates. The detector 
counts neutrons scattered through an angle ф, with the scattered beam again de­
fined in direction by a soller slit assembly. Both the beam incident on the sample 
and the beam entering the detector are defined in area by horizontal and vertical 
apertures in a neutron absorbing mask, made of cadmium for example. The ‘gauge 
volume’ or ‘volume sampled’ by the diffractometer is defined by the intersection of 
the incident and scattered beam, as shown in Fig. 1. A sample placed wholly within 
this volume will have its average property measured, whereas a large sample may 
be moved through the gauge volume in order to obtain a profile of a property such 
as strain.

Polycrystalline materials give rise to cones of diffracted neutrons at angles 
Фик1 — 20hki about the incident beam on the sample. These angles are given by 
Bragg’s Law:

2 d h k i s i n  9hki  =  ( 1 )

where d^ki is the lattice spacing of planes with Miller incides hkl. The cone of 
scattering arises from a subset of crystallites or grains in the sample, just those 
which satisfy Bragg’s Law and which are oriented so that the planes are at an angle 
в to the incident beam. It is usual to define a scattering vector Q = к,- — к /, 
where к; and к / are the incident and scattered neutron wavevector, of magnitude 
\k\ = 27г/A, as shown in Fig. 1. For Bragg reflection Q is normal to the planes 
giving the diffracted beam, and of magnitude equal to that of the reciprocal lattice 
vector T of the planes, |Q| =

The detector is scanned through фьк1 to determine the peak-count angle, 
which, in the case of a large component, corresponds to the average dhkt of the 
grains in the gauge volume sampled. Usually a fitting routine using least-squares 
minimisation is used to determine the angle and angular width of the peak. The 
average lattice macrostrain in the volume sampled is then given by

ehkl =  {dhkl -  d0hkl ) /d-ohkl = — (cot в0hkl ) ' (Фш ~ Фокы)/^, (2)

where d0kki is the lattice spacing of a ‘stress free’ sample of the same material 
composition, and ф0кк1 = 2#0ды the corresponding diffraction angle. The direction 
in which the strain e^ki is measured is that of the scattering vector Q. The mean 
lattice microstrain in the volume sampled is related to the angular peak width, 
although there may be other contributions.

As the lattice spacing can only change elastically it is an elastic strain which 
is always measured, but this may be a result of intergranular strains arising from a 
plastic deformation or thermal treatment of the sample. If an accurate value of do, 
or фо, can be measured, the strain determined is absolute. However, obtaining a 
true фо may prove difficult in practice. A small annealed sample with measurements 
made in several orientations and averaged, or an extreme part of a component, may
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be taken to be in zero strain. Alternatively a sum rule or boundary conditions, after 
conversion to stress, may be used.

In order to determine the strain in different directions in the sample, the 
sample must be rotated accurately about the centre of the gauge volume so that 
each direction lies along Q. This is often quite difficult to do in practice, and 
requires very careful alignment and centering of the sample. Large samples may 
hit the spectrometer hardware, or path lengths of the beam in the sample may 
become excessive, preventing some orientations. It should be noted that the volume 
sampled is independent of the vertical height of the aperture in the scattered beam, 
so in order to increase intensity this can be as large as possible consistent with 
the definition in direction of e required. At ф = 90° the cone becomes a plane 
of scattering, and this is usually also the optimum scattering angle for definition 
of the gauge volume. Although the resolution in strain increases with ф and is 
best at ф ~  180°, using ф ~  90° scattering at both monochromator and sample is 
often a good compromise. The gauge volume shape and size must be chosen with 
due consideration paid to the direction and magnitude of the strain gradient, the 
intensity of scattering and consequent measurement time, and the size of the grains 
in the sample. Typically, gauge volumes are between 1 and 27 mm3.

The use of a horizontal position sensitive detector (PSD) can speed up data 
collection by effectively performing the scan of ф at one setting. However, care 
must be taken as the definition of the gauge volume becomes difficult, masks must 
be placed very close to the sample and these may well prevent rotation of the 
sample to give strains in different directions. It should be noted that, in contrast 
to normal powder diffraction, higher wavelength orders, Л/2, Л/3, etc., from the 
monochromator can often be used with advantage in strain measurement. In order 
to obtain diffraction angles of ф ~  90° neutron wavelengths in the region Л = 
1.5 — 3.0 Ä must usually be used.

An alternative to a steady reactor source of neutrons is the pulsed white beam 
of neutrons given by a spallation source. In this case polycrystalline diffraction is 
observed at a fixed ф, and time-of-ffight t is used to scan the different lattice planes. 
The strain is now given by e = A t/t — ДА/А, where t = L /v  = (Am /h)L  is the 
time taken for a neutron with mass m and velocity v to travel a path length L, 
and h is Planck’s constant. The advantage of this method is that strains may be 
measured from many lattice planes {hkl} at once. As for the reactor instrument 
counters at 90° must be used to give measurement of the full strain tensor, and 
such instruments are currently under development. The positioning of the sample 
is even more critical here as it may effect L and hence t.

Conversion of strain to stress
In most cases the strain and stress are triaxial and can be represented by 

a strain tensor e and stress tensor a .  If we define axes Oxyz within the sample, 
and define e at a point with respect to these axes, then the strain measured in a 
direction specified by direction cosines (I'm 'n ') relative to Oxyz is given by:

e(l'm'n') = l'2exx +  m,2£yy + n'2ezz +  2 l'm'exy + 2 m'n'eyz + 2n'l'ezx. (3)
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At least six measurements of e(l'm'n') are therefore necessary to determine 
the six terms in e, but clearly the accuracy can be improved if more are made. The 
simplest directions are those along, and at 45° to the axes Oxyz. Having determined 
e, the principal strain axes OXYZ and the principal strains sD along them may be 
found by diagonalization. The principal internal stresses along these axes are then 
related, assuming an elastically isotropic model with macroscopic Young’s modulus 
E  and Poisson’s ratio i>, by

a?i — [E/ ( l  + i')]£ít + { t/^ / [ ( l_ 2t/)(l+//)]} (£-^A-+ £yy+ £fz ), i = X ,Y ,Z . (4)

Plane strain or plane stress are special cases of these general expressions. 
Typically, for steel a shift in ф from that of a stress-free sample of 0.01° at 90° 
indicates a strain of ~  100 ye or a stress of ~ 20 MPa. Accuracy in measurement 
of 0.005°-0.010° is usually obtained by peak profile fitting using a computer. Prac­
tical path lengths, that is of the total incident plus diffracted beams, in steel and 
in aluminium are typically 50 and 100 mm, respectively, for volumes sampled of 
27 mm3. This means that one can measure to a depth of ~ 2.5 cm into steel from a 
flat surface. Longer paths in the material, for deeper penetration, can be realised by 
sampling larger gauge volumes, but absorption effects may then become important 
and these can give rise to anomalous shifts in peak angle. In principle all crystalline 
materials can be examined, but some materials, such as nickel, scatter neutrons in­
coherently, and others, such as titanium alloy, have small Bragg intensities making 
measurements at depth correspondingly more difficult.

Anisotropy of the elastic constants

In most materials, the values of E and v in Eq. (4) are dependent on the lattice 
planes (hkl) used as the ‘strain gauge’, since the elastic response of each grain to 
an applied stress is anisotropic. Indeed one needs to determine the ‘neutron elastic 
constants’ by calibration, using for example a compact stress rig which can be 
accommodated on a neutron diffractometer (see Allen et al [9]). Such a rig allows 
a known uniaxial stress to be applied in tension or compression to a sample of 
material, and the strain to be measured either along the direction of stress (||) or 
perpendicular to it (J_). The intensity of the reflection, related to its multiplicity 
and the effects of any texture present, has also to be considered when making a 
choice of (hkl).

For a single crystal the effective elastic modulus can readily be calculated, 
and, for example, is found to vary by over a factor of two between reflections in fer­
ritic steel, showing that inclusion of the effects of elastic anisotropy is of paramount 
importance in interpreting neutron diffraction stress data. The calculation of the 
response of polycrystalline material to an applied uniaxial stress in not straight­
forward, and assumptions as to continuity at grain boundaries must be made to 
simplify the procedure. The two simplest approximations give extreme bounds to 
the actual response. These are the Voigt and Reuss models in which strain or stress 
is respectively assumed continuous across grain boundaries. A more realistic model
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is given by Kroner (Sayers [10], Allen et al [8]), which approximates to the mean 
of the Voigt and Reuss bounds (Allen et al [9]). If stresses beyond the yield point 
are applied, slip will tend to occur in the grains but will be constrained by the 
surroundings. The theory for such effects is not yet fully developed (Leffers [11]). 
Results obtained from measurements using stress rigs should provide key data for a 
better understanding of plastic strain at the grain interaction level. Measurements 
show that the use of the 211 Bragg reflection is a good practical choice for steels.

Exam ples o f strain and stress field m easurement

A selection of examples of measurements is briefly given to illustrate the range 
of application of the technique. Full details can be found in the references given.

Stress in weldments

One of the the key uses of the neutron diffraction method of stress measure­
ment has been to investigate in-depth stresses in and around the weld in a variety 
of weldments. These measurements can now actually test the assumptions and the­
ories which had hitherto been used to estimate the stress levels. Another typical 
use is in the validation of a new portable magnetic stress measurement technique 
developed for the Harwell Offshore Inspection Service (HOIS). A series of neutron 
diffraction measurements were made on a single-V manual metal arc weldment of 
50D steel (Allen et al [12]). The triaxial stress was determined from a series of 
strain measurements using a gauge volume of 3 x 3 x 3 mm3, at positions along a 
line perpendicular to the weld line at an average depth of 1.5 mm below the surface. 
The principle axes were found to lie close to the symmetry axes of the weldment. 
Using the magnetic techniques of magnetoacoustic emission (MAE) and stress-in­
duced magnetic anisotropy (SMA), measurements were also made along the same 
line. The magnetic data were converted into biaxial stress levels, with errors, using 
dedicated software together with biaxial calibration maps made from similar ma­
terial under known applied stress. The comparison of the two sets of stress values 
shows excellent agreement as seen from Figs 2a and 2b (Buttle and Hutchings [13]).

Near-surface residual stresses caused by shot peening

Shot peening is a cold-working process in which the surface is plastically 
deformed by bombardment with fine shot. It is used to produce compressive stress 
at the surface layer of components in order to inhibit the propagation of surface 
cracks. The components of residual strain as a function of depth beneath the surface 
of a heavily peened block of nickel based superalloy have been measured by Ezeilo et 
al [14] using a gauge volume of dimension ~  0.5 mm perpendicular to the surface. 
The triaxial strain data, corrected for partially filled gauge volume effects, were 
converted into the stress values, shown in Fig. 3. The compressive surface stress 
rapidly diminishes and a significant tensile region is observed between depths of 0.6 
and 2 mm. The nature of this tensile region was first revealed by such neutron 
diffraction measurements.
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•  SMA /  MAE (a)

- 5 0  0 50  to o  150
d is ta n c e  f r o m  weld  l i n e  (m m ) d i s t a n c e  f ro m  weld  line  ( m m )

Fig. 2. B iaxial stress a lo n g  the  sym m etry  axis perpend icu lar to  the  weld line de te rm in ed  from  
co m bination  of MAE a n d  SMA m easurem en ts and  from n e u tro n  diffraction on  m ild  steel p la te  
con ta in ing  single-V m a n u a l m eta l arc weld (inset), (a) S tress com ponent p a ralle l, and  (b) stress 

com ponent perpen d icu la r, to th e  weld line

Residual stress in composite materials

The stress in each component of a crystalline composite material can be mea­
sured separately from its distinct Bragg reflections. This unique ability of the neu­
tron diffraction technique to measure the through-thickness strain in each phase of a 
two phase material is illustrated by recent work, carried out for the UK Department 
of Trade and Industry (DTI), on quenching induced stresses in an Al/particulate- 
SiC composite. Of specific interest is the effect of macroscopic residual stress on the 
crack front propagation during fracture toughness tests, when crack front curvature 
might invalidate the test. A 15 mm thick plate of BP217 Al/SiCp was studied at 
Ris0 National Laboratory.

This plate had been subjected to a ‘T4’ heat treatment which entails a rapid 
quench from 505 °C. The measured principal strain and stress represented as vectors 
(T) in each phase i, A1 or SiC, averaged over the gauge volume, may be taken to
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0 .0 0  1 .0 0  2 .0 0  3 .0 0  4 .0 0  5 .0 0  6 .0 0  7 .0 0  8 .0 0  9 .0 0  1 0 .0 0 1 1 .0 0 1 2 .0 0
z (mm)

Fig. 3. R esidual stress com ponents as a  fu n c tio n  of d ep th  (z) from  the  surface of a  sh o t peened 
nickel superalloy  block. T h e  x  and  y axes lie in th e  surface p lan e  of th e  block (E zeilo  e t al [14])

comprise two types of contribution (see Allen et al [15] for example):

e j(  r) = eM(r) + e["(r), (5)

aI  (r ) =  ° M(r ) + °Г (г)- (6)

The first contribution is a macrostrain (M) component, independent of phase, 
which will arise from uneven or constrained cooling of the component during manu­
facture or heat treatment. The second contribution (m), is sometimes referred to as 
a ‘microstrain/stress’, but is better described as a mean ‘mismatch’ strain/stress, 
in each phase. The mismatch contribution has two parts. Firstly, a mismatch elas­
tic term, proportional to the macroscopic contribution, due to the elastic constant 
mismatch between the reinforcing particles and the matrix. This gives the elastic 
transfer of the load from the matrix to the inclusions. Secondly, a mismatch ther­
mal term, due to the different expansion coefficients and elastic constants of the 
two phases. This arises from cooling in production, and is tensile in the matrix 
and compressive in the reinforcement. The equilibrium condition for the mismatch 
strains over the gauge volume gives

f i aT + (1 — / i ) CT2* = 0, (7)
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position z (mm)

Fig. 4. T h e  v a ria tio n  of th ree  p rincipal m acrostress com ponents, as ca lcu la ted  from th e  m easu red  
A1 m atrix  a n d  SiC rein forcem ent stra ins , th ro u g h  th e  thickness (z) o f a  quenched A l/S iC  MMC 

p la te . T h e  x  and  y axes lie in  the  plane of th e  p la te

where is the volume fraction of the reinforcing phase (SiC). Thus if the stresses in 
the two phases and the volume fractions of each phase are known, the macroscopic 
stress may be readily deduced from

<*M(r) = /itxf(r) +  (1 -  /i)txf(r). (8)

The three strain components, ex , ey and ez were measured in each phase 
using the A l(lll), Al(002), and S iC(lll) Bragg reflections. These data were then 
converted to stress neglecting the small anisotropy in the elastic constants. The 
resulting stresses in each phase show the same general trend through the thickness, 
z, but with the A1 phase more tensile than the SiC phase. Using Eq. (8) and 
the volume fraction of SiC, f\  = 0.17, the macroscopic stress was calculated and 
is shown in Fig. 4. It is seen that the components have a parabolic variation 
through the plate, but that <тг does not approach zero at the surfaces as expected, 
probably reflecting the accumulative uncertainties in the calculation, particularly 
in the reference zero stress values used. The parabolic form of stress is as expected 
from thermal quenching, and will cause curvature of a crack front propagating in 
directions where it affects the crack opening.

Stress during fatigue cycling of a compact tension specimen

The maximum triaxial stress levels along the line of cracking of a small (31.5 x 
49.6 x 13.1 mm3) compact tension specimen of BS 4360 steel have been measured by 
bolting the specimen at the peak stress level (Hutchings et al [16]). The specimen
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distance from sample cen tre  (x)(mm)

Fig. 5. T riaxial s tre ss  variation  w ith  p o sitio n  x in a  cracked  fatigue test specim en  bo lted  in th e  
m ax im um  crack -tip  s tre ss  configuration . T he arrow d en o tes  th e  position  of th e  crack tip  on th e  

specim en  cen tre  line , an d  the  shaded  line  the  ou ter edge of th e  specim en (H utchings e t a] [16])

had been subjected to 20 000 cycles of fatigue loading, with a stress intensity level 
varying between a minimum of К  = 3 and maximum of К = 34 MPa mm1/2, in 
order to produce a small crack of 3.6 mm length. The data were taken with a gauge 
volume of 1 mm3, and are shown in Fig. 5. The stress field was found to be neither 
plane strain nor plane stress, states often assumed in theoretical calculations, and 
the peak stress levels are spatially broader and less in magnitude than expected 
from theory assuming plane strain. Instrumental gauge volume resolution could 
have contributed to this reduction. On removal of the bolt to give the minimum 
load situation, it was found that the peak level moved away from the crack tip with 
consequences for hydrogen or sulphur embrittlement.

Summary

Neutron diffraction provides a non-destructive absolute method of measure­
ment of residual stress at depths of up to ~ 2.5 cm in steel and ~  7 cm in aluminium. 
Its unique nature is particularly important for addressing safety related industrial 
problems. The technique is also becoming increasingly valuable to the fundamental 
materials science field, in the understanding of the stress distribution in new mate­
rials to be used by engineers such as metal matrix composites, and also in shedding 
light on the strain response at the average grain level of metals stressed into the 
plastic regime.
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DIFFUSE NEUTRON SCATTERING 
FOR INVESTIGATION OF ORDERING 
PHENOMENA IN SOLIDS: YBa2Cu30 6+I 

AND METAL-HYDRIDES

O. B l a s c h k o

In s t i tu t  für  Experimentalphysik, Universität W ien  
Strudlhofgasse 4, A - 1090 Wien, Austr ia

T he elastic  diffuse neu tro n  sc a tte r in g  technique allows th e  investigation  of order­
ing phenom ena in solids. Recent re su lts  on oxygen ordering  in У В агС изО б+х an d  some 
p ecu lia r  features of hydrogen  ordering  in  m eta l-hydrogen  system s are discussed.

1. Introduction

In perfect crystals the elastic intensity is essentially confined to Bragg points 
in reciprocal space. If the perfect long-range ordered structure is deteriorated by 
defects, lattice distortions, imperfect and short-range order, then elastic scatter­
ing is observed outside the fundamental Bragg reflections. This elastic scattering 
which generally appears as broad intensity distributions in reciprocal space gives 
valuable information on the state of imperfect order and short-range order present 
in the crystal. Despite its low intensity elastic diffuse neutron scattering can reveal 
very peculiar structural features in solids. In the present paper we will shortly de­
scribe the possibilities of diffuse neutron scattering experiments by giving a review 
on experimental results recently obtained in two systems, i.e. УВа2СизОб+г and 
hexagonal rare-earth hydrides.

2. Oxygen order in the H igh-Тс УВа2СизОб+х com pound

In УВа2СизОб+х compound oxygen atoms form chains for x > 0.4 within 
the basal plane inducing a symmetry change from a tetragonal to an orthorhombic 
structure [1]. This orthorhombic structure represents the well-known high temper­
ature superconductor and is stoichiometric at x = 1.

At lower concentrations 0.4 < x < 1 the presence of oxygen vacancies gives 
the possibility of vacancy ordering. This ordering process procédés by the forma­
tion of superstructures consisting of filled and empty oxygen chains. For x = 0.5 
a (1/2, 0,0) superlattice reflection weis found indicating a sequence of alternating 
filled and vacant oxygen chains and corresponding to the Oil phase [2-5]. Oth­
er superstructures were obtained by electron microscopy methods showing locally 
different ordering sequences [6], [7]. Theoretical models suggest for x > 0.5 an oxy­
gen ordering according to the Magneli series, i.e. (□•)n* (where □ and • represent 
empty and filled oxygen chains and n a parameter related to oxygen stoichiometry).
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The occurrence of a Magneli-type ordering should induce with increasing x a 
broadening of the (1/2, 0, 0) peak giving finally satellites at (1/3, 0, 0) and (2/3, 0, 0) 
for x = 2/3 [8]. Diffuse neutron scattering experiments were performed in a 
УВагСизОб+х single crystal for a series of different oxygen concentrations. The 
region in reciprocal space near the (1/2,0,0) reciprocal lattice point was investigat­
ed as a function of temperature [9]. The results are shown in Figs 1 and 2.

Fig. 1 . Diffuse in te n s ity  in  У В агС изО б+х a round  the  (1 /2 , 0 ,0 )  su p erla ttice  po sitio n  along the 
[100] d irec tion  for d ifferen t values of th e  o rthorhom bic  sp littin g  A a / a  a t 50 °C . T h e  corresponding 
oxygen concen tra tions a re  (a) x  =  0.68, (b ) x  =  0.64, (c) x  =  0.60, (d) x  =  0.57 a n d  (e) x  =  0.50
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[{00]

Fig. 2 . T em p era tu re  dep en d en ce  in  У В агС изО в+ х of th e  diffuse in tensity  a ro u n d  th e  ( 1 /2 ,0 ,0 ) 
su p e rla ttic e  position  for d ifferent tem p e ra tu res  a t  a  fixed con cen tra tio n  of  x  = 0.50. (a) T  = 

150 °C , (Ь) T  =  100 °C and  (с) X =  50 °C

oxygen concentration

Fig. 3. Schem atic re p re sen ta tio n  of th e  observed  stab ility  lim it (dashed  Une) of th e  [1 /2 ,0,0] 
o rdered  s tru c tu re  in YB.42 Cilla, O04. V in com parison  to  a  th eo re tical phase  d iag ram  of [10]. T h e  dif­
ferent phases are the  te trag o n a l (T ), the  o rtho rhom bic  (01), an d  th e  orthorhom bic  su p e rs tru c tu re  
(O il). T h e  sohd line in d ica te s  th e  T -O II ph ase  boundary , th e  d o tte d  line th e  th eo re tica l s ta b ih ty

lim it o f th e  O il phase
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In Fig. 1 for concentrations 0.5 < x < 0.64 a broad elastic intensity dis­
tribution centered at the (1/2, 0,0) point is observed. The width of the intensity 
distribution may increase by a few per cent with concentration, but no drastic 
broadening is observed when x —+ 2/3. Moreover, for x > 0.64 no diffuse intensi­
ty at all is found. In Fig. 2 the temperature dependence of the short-range order 
intensity is shown for a typical concentration of x = 0.5. Figure 2 shows that the 
intensity decreases at 100 °C and finally has disappeared at 150 °C.

Fig. 4. Two ad ja ce n t u n it cells of th e  hexagonal lu te tiu m  la ttic e  aligned along th e  c-axis: • 
lu te tiu m  atom s; о in te rs titia l sites; •  hydrogens. In  th e  u p p e r  h a lf of th e  F igure a  lu te tiu m  
te tra h e d ro n  is show n. T h e  arrow s in d ica te  d isp lacem ents of th e  m eta l a tom s. In th e  lower p a r t, 
th e  o ccu pation  of two second-neighbour te trah e d ra l in te rs titia l sites along th e  c d irec tio n  is shown 
w ith  th e  und isp laced  c en tra l lu te tiu m  a to m  com m on to  b o th  te trah ed ra . T h e  h a tch ed  section 
m ark s th e  c* — a* sc a tte r in g  plane. As in d ica ted  on th e  left-h an d  side, second-nearest neighbours 

form ing th e  hydrogen  p a ir  are se p a ra ted  by (3 /4 )c.

From these investigations a phase diagram could be established and is shown 
in Fig. 3. The experimentally determined phase diagram confirms the stability of 
the Oil phase within a similar concentration range as predicted by theory [10]. On 
the other hand, the experiments showed that the stability of the Oil is significantly 
lower in temperature (150 °C) as proposed in the theoretical work [10].

Finally, no indication for a Magneli-type ordering was found in this work [9].
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3. H ydrogen ordering in hexagonal rare-earth-hydrogen system s

The phase diagram of some hexagonal rare-earth-hydrogen systems such as 
ScHx, YHX, HoHx, ErHr , TmHx and LuHx is characterized by a solid solution phase 
extending to rather high hydrogen concentrations and stable down to О К [11]. An 
anomaly in resistivity found about 20 years ago was the only indication for some 
structural change occurring within the solid solution phase at lower temperatures

Fig. 5. D ifference betw een th e  diffuse sca ttering  in tensities observed a t  150 and 300 К w ith in  
(c* ,a* ) p lane  in LuDo.19. T he b a rs  indicate th e  full w id th  a t half-m axim um  in ind iv idual scans

In recent years a peculiar hydrogen ordering tendency was discovered by a 
series of diffuse neutron scattering experiments [13-16]. In these rare-earth systems 
the hydrogen atom is located on a tetrahedral interstitial site. The diffuse neutron 
scattering experiments have shown that with decreasing temperature the hydrogen 
atoms form chains along the hexagonal c-direction. The basic structural entity of 
the chains is a hydrogen pair bridged by a central metal atom (Fig. 4).

This peculiar structural state was deduced from elastic diffuse scattering re­
sults as shown in Fig. 5 for LuDx. Fig. 5 shows a complex intensity pattern in recip­
rocal space characterized by diffuse intensity ridges perpendicular to the hexagonal 
c-direction.

The ridges shown as isointensity contours within the (c*, a*) reciprocal lattice 
plane in Fig. 5 were also observed in (c*,6*) reciprocal lattice planes and indicate
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Fig. 6 . T h ree  different tw o-chain  a rrangem ents on  ad jacen t c axes a long  the 6 d irection

a two-dimensional intensity distribution in reciprocal space. From fundamental 
arguments of scattering theory it follows that the corresponding H order should 
consist of one-dimensional H structures. The intersection points of the ridges with 
the c-axis, i.e. (0,0, 4/3) for the first order position and (0,0, 8/3) for the second 
position indicate the presence of an atomic correlation over a distance of (3/4)c in 
real space. The (3/4)c distance corresponds to the distance between the hydrogen 
atoms in the pair (as shown in Fig. 4).

However, an arrangement of individual H pairs is not able to explain the 
scattering pattern experimentally observed. From the width of the diffuse ridges 
along c* it follows that the (3/4)c correlations should extend over several atomic 
distances. This means that hydrogen chains consisting of H pairs should be formed.

Furthermore, in addition to the diffuse ridges Fig. 5 shows localized intensi­
ties represented by closed intensity contours. These localized intensities cannot be 
understood by a random arrangement of hydrogen chains but indicate the presence 
of interchain correlations. Therefore, in order to take into account the interchain 
correlations two chain arrangements as shown in Fig. 6 have been proposed. The 
calculated scattering pattern obtained from a statistical average of the three pos­
sible two-chain arrangements, taking into account all symmetry operations of the 
hexagonal lattice, is in quite good agreement with the experimental results (Fig. 7).

4. Conclusion

In this review I have presented two recent examples of elastic diffuse neutron 
scattering experiments revealing significant information on partially ordered struc-
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Fig. 7. C alcu la ted  full w idth a t h a lf  m axim um  co n to u rs  of the  sca tte red  in tensity  w ith in  th e  
(c* ,a*) p lane in  L uD x o b tained  from  a  sta tis tica l average of the  three s tru c tu re s  shown, tak in g  
in to  account all sy m m etry  operations o f th e  hexagonal m a tr ix . For the regions of increased in ten sity  
m arked  by dashed  con tours , no re liab le  experim ental d a ta  are  available for com parison due to  th e

nearby  Bragg peak s

tures. Elastic diffuse neutron scattering is a valuable tool for the investigation of 
microscopic structural features in solid state systems.
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IS IT POSSIBLE TO PRODUCE THE NEXT  
GENERATION OF UCN SOURCES WITH 

DENSITY 103-1 0 4 cm -3?

A. S e r e b r o v

St. Petersburg Nuclear Physics Institute  
188350 Gatchina, Russia

T h e  analysis of th e  evo lu tion  of UCN sources is presented. I t  is shown th a t  th e  gain 
fac to r of a b o u t 104 an d  th e  UCN density a b o u t  103- 104 cm -3  c an  be obtained by  m eans 
of solid  D 2 a t 4 K.

For the first time ultracold neutrons (UCN) were obtained 25 years ago in 
the experiments, which were carried out by F. Shapiro with colleagues in Dubna 
(Russia) [1] and by Steyerl in Munich (Germany) [2]. From that time the densi­
ty of UCN has been increased by eight orders of magnitude and now it accounts 
for around 10—102 n/cm3. Figure 1 shows UCN source evolution from 1968 up 
to now. Here only those experiments are presented which demonstrated the best 
UCN densities every time, the total number of experiments related to this problem 
is considerably higher. The highest densities of UCN were obtained in Gatchina 
(PNPI) [3] and Grenoble (ILL) [4]. It was reached with high thermal neutron flux­
es, with liquid hydrogen and deuterium sources. The dependence in Fig. 1 looks like 
a saturation function. It seems that the future progress is problematic, Actually, 
the most intensive fluxes of thermal neutrons were used already.

Nevertheless, the question is the following: is it possible to produce the alter­
native version of UCN sources at very low temperature, but with moderate neutron 
fluxes? More detailed consideration shows that such approach is possible to apply 
and it allows to obtain considerable UCN density up to 103—104 ncm~3 and to 
create a new generation of UCN sources. Therefore, the slack development of UCN 
sources in the past is a temporary phenomenon. A new sudden change of UCN 
density is possible. The talk is devoted to this question.

As it is well known, the gain factor for the yield of very cold neutrons is 
proportional to 1 /T%, where Tn is the temperature of neutron flux. For example, the 
thermalization of neutron flux down to 30 К gives the gain factor about 100. Since 
the thermalization of neutron spectrum below 30 К is a very difficult experimental 
task, it seems that the temperature gain factor about 100 is the upper limit for the 
method of low temperature UCN sources. However, this conclusion is correct for 
the thermodynamical equilibrium between neutron flux and medium. It could be 
shown that for nonequilibrium systems the considerable gain factor of UCN yield is
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Fig. 1. E v o lu tio n  of UCN sources. J IN R  -  Joint In s t i tu te  of Nuclear R esearch  (D ubna, R u ss ia ); 
IA E  -  K u rchatov  In s t i tu te  of A tom ic E nergy  (Moscow, R ussia); TUM -  Technical U niversity  M u ­
n ich  (G arching, G erm an y ); P N P I -  S t. P etersburg  N u c lea r Physics In s t i tu te  (G atch ina, R u ss ia ); 
SR IA R  -  Scientific  R esearch In s t i tu te  of Atomic R eac to rs  (D im itrovgrad , R ussia); ILL -  In s t i tu te  

Max von L au e  -  P au l Langevin (G renoble, F rance)

possible. For example, for D2 UCN source at the temperature 4 К and the neutron 
temperature 40 К the gain factor accounts for 2.5 • 104.

Let us consider the yield of UCN from a substance at the temperature T  with 
neutron flux at the temperature T„. The probability of UCN production is:

P(Eucn) = n J  Ф(Тп, E0) ■ a(T, E0 —* Euc n )cIEo, (1)

where Ф(Tn, Eq) = Фо ■ Eq/T% exp(—Eo/Tn) is the neutron flux, cr(T, Eo —* Eu c n ) 
is the differential cross-section for UCN production from energy E q, n is the number 
of nucleus per volume unit. The yield of UCN or the flux of UCN will be:

$UCn (E) = j - P ( E u c n ) exp(-ncrucNl/cose)sm9dedldifi, (2)

/ is depth, where UCN was produced, в is the angle of escape; (t(Eu c n ) = cra(Eu c n ) 
+  /  a(T,EucN —* Eo)dEo is the total UCN cross-section, which is the sum of the 
capture cross-section and the scattering cross-section. After integration we have:

Ф( E u c n , T ,  Tn)
f  Ф(Тп, Eq)(t(T, Eq —> Eucu)dE0 

4 (га{Еисы) + f  &(T,Eucn —► E0)dE0 (3)
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Let us define the temperature gain factor as:

C(T T \ =  _______ * U C N ( T , T n )__________
1 ’ n) &ucn (T = 300 K,Tn = 300 K) ’ (4)

then

f / r r  rp \ _  3Q02 /  Eq/ E ucn exp(-£'o/T’n) • cr(T, E0 —> E uc^ d E p  
T% & a { E u c N ) +  /  & { T , E u c n  —+ E o ) d E o

The cross-section of inelastic scattering can be calculated in the frames of Debye 
model by means of three parameters 9, cr0, fi [5], where в is the Debye temperature, 
с  о the nuclear cross section, ц reduced mass (#d2 — HO K).

OO
a(Ei -* Ef ) = ^ c r n ( T ,  E,  - *  Ej)

l

is the sum of multiphonon processes

<r(Ei Ef) — ao (̂ ) ( 6)

where
Ш= I / „ - i ( t ' )  / ( £

Де ) = ,(1 - e- . ff) ' « « “ F '1’ 1 |£|<<,;

I = 5 ' (?) ( / , •
The results of the G(T,Tn) calculations for D2 UCN source are presented in 

Fig. 2 and Fig. 3. Here the experimental results of measurements for the source 
with volume 150 cm3 for the temperature range 10-19 К [6] and for the UCN 
source with the volume 1 liter for the temperature range 19-25 К [7] are presented 
also. The dotted line in Fig. 2 is the extrapolation to the temperature range 10- 
19 К for the 1 liter source on the basis of experimental data for the 150 cm3 
source. Rather good agreement between the experimental and theoretical parameter 
dG/dT  is seen. This allows us to hope that these calculations will hold true for the 
temperature range down to 4 K. Figure 3 shows the UCN yield dependence on the 
effective temperature of the neutron spectrum. The calculations have been carried 
out taking into account multiphonon processes. Optimal temperature of neutron 
spectrum 40 К corresponds to the maximum of UCN rate production, which depends 
rather weakly on the source temperature. The decreasing of source temperature
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S(T„>

Fig. 2. T he c a lcu la ted  dependences of gain facto r in UCN yield on th e  tem p e ra tu re  of D 2 . D ifferent 
curves co rresp o n d  to  the  different tem p era tu res  o f th e  n eu tro n  flux. 1 . experim ental dependence  
of gain fa c to r in  UCN yield on th e  tem p era tu re  o f th e  D2 UCN source  w ith volum e 150 cm 3; 
2 . w ith volum e 1 lite r; 3. ex tra p o la tio n  of experim en ta l d a ta  (2) to  th e  tem p e ra tu re  range  1 0 -1 9  К

by m eans of ex p erim en ta l d a ta  (1)

provides the increasing of the depth of UCN yield. This process provides mainly 
the temperature dependence of gain factor, as it is shown in Fig. 2.

For these calculations the source temperature and the effective temperature 
of neutron spectrum were considered as independent parameters. However, they 
are connected closely and an effective temperature of neutron flux inside the source 
depends on the source volume and its temperature. The necessary source size is 
defined also by the depth of UCN yield, which grows up with the decreasing of 
the source temperature reaching its limit because of the capture cross-section. The 
inelastic scattering cross-section and the capture cross-section for D2 are compared 
at 4 K, therefore the decreasing of source temperature below 4 К is not so effective. 
The exponential depth of UCN yield at this temperature amounts to 54 cm for UCN 
with a velocity 7 m/s. The dependence of UCN yield as a function of the source 
size can be calculated with the formula:

$ ( E u c n ) =  ^  P  ■ L 0 (7)

where Lq — {n ■ a) 1, Ei is the Eiri function.
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10 50 100 500 TnK
Fig. 3. T h e  calcu la ted  dependence of UCN gain  factor on th e  tem p era tu re  of n e u tro n  flux. 
1. one-phonon  approxim ation ; 2. tw o-phonon approxim ation ; 3. th ree-phonon  appro x im atio n

For instance, when L/Lo = 1 the UCN yield amounts to 78 %, when L/Lo = 2 
the UCN yield will be 93 %. For the source with 58Ni coating on the internal surface 
of its walls besides the window the source size can be reduced by the factor of two. 
Therefore, in practical case the source size 30 cm should be sufficient. At the same 
time the D2 source with this size can thermalize the flux of thermal neutron down 
to the temperature 60-100 K. This is rather close to optimal conditions for this task 
and can give a gain factor (1 4- 2) • 104.

The density of UCN in the source is:

_2Фо (  Elim \ 2 G(T,Tn)
P 3 \ T n =  300 KJ vlim ’ K)

where Фо is the total neutron flux, Ецт, ьцт are limit energy and limit velocity of 
UCN spectrum. Taking into account that = 4.4 m/s and vu£ ‘ = 8.2 m/s we 
have: p = 8.9- 10-14ФоС(Т, Tn). Thus for Ф0 = 2 1014 n/cm2 s and G = (1-f2)104, 
p=  (2-=-4) • 105 cm"3.

The next principal question is: could the source of this type be placed in 
the neutron flux 2 • 1014 n/cm2 • s? Sure, the allocation of this source close to 
the reactor core is impossible because of the heating by fast neutrons and 7-rays 
from the fuel elements, but at the distance 1 m from the reactor core inside D2O 
reflector the 7-field is decreased by a factor of 100, while the flux of thermal neutrons 
is decreased not more than six times. For instance, at the edge of D2O reflector 
of HF ILL reactor the 7-heating is 4 • 10“ 2 W/g at the flux of thermal neutrons 
2 • 1014 n/cm2 • s. The heavy water is a good shielding from 7-rays of core and it 
almost completely restricts the flux of fast neutrons.
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The minimal limit for the ratio of 7-field and the field of thermal neutrons is 
formed by Ф7 =  ФглЕогО • PÊbO’ where £ d2o an<̂  Md2o are the macroscopic neu­
tron capture cross-section and the absorption coefficient for the 7-rays, respectively. 
Thus the 7-heating is: q(^y) =  Ф7 • /íd2 • pï,\ ■ Еу — 2.8 ■ 10-17 ■ Ф</, (cm-2 • s-1) or 
5.5 10_3(y-) for Ф(л = 2-1014 cm_ 2 s_1. This is the minimal limit. Unfortunately, 
any shell which provides the cavity in D2O medium will give a considerably higher 
contribution for the source heating. One of the best materials for this purpose is 
zirconium. For the 3 mm vacuum shell and 1 mm cold shell the 7-heating will be: 
g7( ^ )  = 0.92 ■ 10_16Ф(/, (cm“ 2 s“ 1) or 1.8 ■ 10~2( ^ )  for Ф(л = 2 • 1014. This esti­
mate should be increased by 30 % because of the partial thermalization of neutron 
flux. Thus for the practical case the total 7-heating for D2 of UCN source will be 
about (6-^7)- 10~2( ^ )  at the edge of the D2O reflector. This level of heating can 
be reduced by the factor of 2 or 3 by means of interchannel Bi shield if it will be 
necessary.

The next principal question is: what temperature will be inside the solid 
D2 source at this level of radiation? The temperature difference between the wall 
and center of source: AT = q-^ ■ R? for the spherical form or A T  = q ^  ■ R2 
for cylindrical form, where Л is the coefficient of thermal conductivity, R is the 
radius. The thermal conductivity of the solid deuterium considerably depends on 
its ortho-para modification. For 98 % ortho-deuterium (equilibrium concentration 
at 4 К) Л = 0.12 W em-1 • К-1 . For the UCN source the most close to practical 
realization (cylinder with 150-180 mm diameter and 300 mm length, see Fig. 4) the 
temperature in the center of source will differ from the wall temperature by 1.2 K. 
The possibility to keep 98 % concentration of ortho-deuterium under radiation must 
be checked experimentally. In the worst case, if it will be impossible, the problem 
of thermal conductivity may be solved by the sectionalization of the source with 
the size of cylindrical cell with 50 mm diameter.

When the source is cooled with liquid helium and the thermal flux is about 
610-2 W em-2 then the difference of wall and helium temperatures could amount to 
0.1-0.2 K. Thus the average source temperature of about 5 К can be provided. When 
the effective neutron temperature is about 100 К then the gain factor will be about 
104. Then pucN — 8 .910_10 Ф(Д or p = 1.8105 cm"3 for Ф(/, = 2 • 1014 cm-2 s"1. 
Taking into account the losses of UCN in the source walls and the transmission factor 
through UCN guide one should expect the UCN density about (1 -7 2) • 104 cm-3 
for the experiment.

The thermal power released in the solid deuterium will be about 60-70 W, 
the same power will be released in zirconium source walls. To cool this source the 
refrigerator with power 150-200 W will be required. This task may be solved using 
available cryogenic equipment.

Thus the next generation of UCN sources with UCN density 103—104 cm-3 for 
experimental researches is possible. The increasing of UCN density by two orders 
of magnitude will allow to improve considerably the accuracy of measurements in 
the field of fundamental physics (neutron electric dipole moment, neutron lifetime, 
asymmetry of the neutron decay and so on). Apparently, applied researches for
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Fig. 4. S im plest layout of solid D 2 UCN source a t  th e  edge of D2O reflector. 1. UCN source; 
2. UCN guide; 3. R eactor ch an n e l; 4. Bi shield

the solid state and surface physics will be possible if this density of UCN will be 
obtained.

The UCN source of this type may be realized at high flux reactors with heavy 
water reflector like HFR at ILL (Grenoble, France), also at the reactor PIK, being 
constructed at PNPI (Gatchina, Russia) and at the reactor ANS under construction 
at ORNL (Oak-Ridge, USA).
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COLD NEUTRON GUIDING AND FOCUSING
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N eu tro n  guides using  reflective op tics a re  used to  tra n sp o rt  th erm al n e u tro n  beam s. 
Narrow  channels enab le  th e  n eu tro n  beam  to  b e  b en t m ore sh a rp ly  th an  w ith wide guides. 
R ecent developm ents in polycapillary  fibers w ith  thousands of channels having sizes of a 
few m icrons have allowed cold neu trons to  be  guided and focused. A n e u tro n  focusing  
lens can enab le  an  increased  la te ra l re so lu tio n  of the  m easu rem en t and  an  im provem ent 
in th e  d e tec tio n  lim its for specific elem ents fo r n eu tro n  ab so rp tio n  techniques in  an a ly tica l 
an d  m ate ria ls  research . O ver an  o rder of m ag n itu d e  increase in  n eu tro n  in tensity  w ith in  
a  su bm illim eter focal sp o t has been achieved. Beam  benders c an  also provide m ore  end- 
positions for ex p erim en ta l s ta tio n s.

Introduction

The principle of multiple mirror reflection from smooth surfaces at small graz­
ing angles enables the transport of high intensity slow neutron beams to locations 
of low background for neutron scattering experiments and to provide facilities for 
multiple instruments. These neutron guides are now commonplace at research re­
actors, particularly those with cold sources. The transmission depends on the crit­
ical angle of the guide coating. Originally coatings of nickel with a critical angle 
7C = 17.3 mrad nm "1 were used. Now 58Ni guides with 7C =  20.4 mrad n m '1 are 
preferred with a 40 % increase in transmission. Further increase in transmission is 
obtained with nickel-titanium supermirror coatings. The limitations of the reflec­
tivity of the earlier supermirrors coatings are probably now overcome, and guides 
with a critical angle of twice that of ordinary nickel are shortly expected [1]. Some 
guides are curved to take the beam away from the fast neutrons and gammas, and 
have good transmission for slow neutrons above a characteristic wavelength; others 
are straight and require filters to obtain good transmission characteristics without 
the unwanted radiation.

A new concept proposed by Hayter [2] is the neutron optical filter in which 
the beam may be deflected by a small angle with a high transmission above a cut­
off wavelength, without the spatial asymmetry of the curved guide. An initial long 
nickel guide is followed by a short length of supermirror guide offset by a small angle 
£, after which the nickel guide continues at a further small angle f . The length of the 
intermediate supermirror guide is such that there is no direct line of sight through 
the entire system. The advantage of such geometry is that it has the property that

Acta Physica Hungarica 75, 1994 
Akadémiai  Kiadó, Budapest



178 D. F .  R. MILDNER et al

a parallel beam is transported unchanged, unlike the case of a curved guide. The 
supermirror critical angle must be at least twice that of nickel. This concept has 
been extended by Copley [3] who has calculated the transmission properties of such 
filters, with either parallel-sided or tapered central sections having different critical 
angles. A filter of this type can therefore be designed for the particular experimental 
arrangements.

Converging guides

The ability to transport cold neutrons with high efficiency using highly re­
flecting surfaces provides the opportunity to focus the neutron beam. However, 
Liouville’s theorem requires that an increase in neutron current density given by 
focusing is obtained with a necessary increase in beam divergence. This theorem 
can be satisfied by placing a converging guide at the end of a long straight guide. 
The gain of converging systems depends on three factors: the convergence angle for 
the converging guide, the ratio of the critical angles of the converging and straight 
guides, and the neutron wavelength A. Intensity gains for the two-dimensional 
converging guide [4] are limited to perhaps an order of magnitude on account of 
the increase in the absolute angle that a neutron trajectory makes with the device 
axis upon successive reflections. This increase occurs until either the neutron is 
transmitted by the system, or the glancing angle is greater than the critical an­
gle for reflection at that particular wavelength, in which case the neutron is lost. 
The greatest gains are achieved when the critical angle 6C of the converging guide 
is much greater than the divergence of the incoming beam defined by the critical 
angle of the straight guide.

Measurements have been performed by Copley and Majkrzak [5] at a wave­
length A = 0.41 nm, using two converging glass plates, with a surface of one of three 
different materials, float glass (~/c =  10.8 mrad nm-1), nickel-coated float glass, and 
float glass with Ni-Ti supermirror coating. The converging plates are placed after a 
straight guide consisting of two float glass plates that define the incident beam, and 
are of sufficient length that the spatial distribution at the exit is uniform. They find 
that their experimental results agree well with calculations, except in the case of the 
supermirror. This is because the high reflectivity for the supermirror is not main­
tained at large values of вс/ A. A two-dimensional focusing system using nickel-tita­
nium supermirrors is in operation at Jülich [6]. The square conical guide is placed 
at the end of a straight guide with a surface coating of 58Ni, and increases of 2.5 and 
3.0 in intensity have been obtained at wavelengths of 0.6 and 1.0 nm respectively.

No doubt higher gains can now be achieved with the current technology in the 
manufacture of supermirror coatings. However, the maximum intensity gain possi­
ble from a converging guide system is about an order of magnitude [4]. The reason is 
that many trajectories are lost after multiple reflections. A much better method is to 
use many narrow guides. This allows the possibility of a greater curvature than for 
macroguides for a given wavelength, for the transmission characteristics of a curved 
guide depend on the ratio of the transverse to longitudinal dimension of the guide [7].
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Polycapillary fibers

Miniature versions of neutron guides can be used to transport, bend and fo­
cus thermal neutron beams. Recent developments in glass polycapillary fibers with 
thousands of channels having sizes of a few microns have enabled cold neutrons 
to be guided and focused on a scale suitable for laboratory needs [8]. Neutron 
absorption techniques in analytical and materials research (such as neutron depth 
profiling [9] and prompt gamma activation analysis [10]) do not require a monochro­
matic incident beam nor a small angular divergence. A neutron focusing lens can 
enable an increased spatial resolution of the measurement and an improvement in 
the detection limits for individual elements. This might allow such techniques to 
complement other means for non-destructive analysis of trace elements in materials. 
For example, a large specimen, such as a weld, might be scanned across a focused 
neutron beam to obtain spatially resolved elemental compositions at selected areas. 
This allows the two-dimensional prompt radiation analysis with submillimeter res­
olution of certain elements such as H, B, Li, N and Na. Applications to neutron 
scattering instrumentation, such as small-angle scattering, may also become possi­
ble. In addition, beam benders constructed in a similar manner can also provide 
more end-positions for other instrumentation.

The cross-section of a typical polycapillary fiber is shown in Fig. 1. The 
advantage of narrow (~ 10 fim) channels is that the neutron beam can be bent 
through a smaller radius of curvature than with wide (~ 50 mm) guides. The neu­
tron trajectories have more reflections per unit length through the narrow channels, 
and the coefficient of reflection must be high for reasonable transmission through 
the channels. The transmission properties of the capillaries depend on the internal 
diameter and the bending radius of the channels, the glass composition, and the sur­
face smoothness. These properties need to be understood if the capillaries are to be 
used efficiently to construct a high gain focusing device. We have performed exper­
imental measurements, computer simulations and analytic calculations to support 
the design of neutron focusing lenses.

We have studied the properties of individual polycapillary fibers of various 
compositions, and have performed cold neutron transmission measurements on both 
straight and bent fibers of different lengths. An example of the transmission mea­
surement through a straight fiber as a function of fiber length is shown in Fig. 2. 
These transmission and divergence measurements have been aided by the develop­
ment of video radiation detector [11] (VRD), which consists of a charge injection 
device imaging chip with a 6LiF (n ,a) converter film, as a position detector. Typ­
ically the active area of the silicon chip is 7 x 9 mm2, with pixel sizes as small as 
12 x 13.7 /rm2. The average intensity is evaluated by integrating the number of 
counts in the pixels within the area of interest.

The transmission efficiencies depend strongly on the divergence of the inci­
dent beam. Provided that the reflectivity of the inner surface is close to unity, the 
transmission loss is linearly proportional to the average number of reflections that 
neutrons make travelling along the channel. The transmission through bent poly­
capillaries is important because the bending of the fibers makes the redirecting of
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Fig. 1. An o p tica l m icrograph  of a  po lycap illary  fiber w ith  17 /im  d iam ete r capillaries

Fig. 2. T ransm ission  of s tra ig h t fibers as a  fu n c tio n  of the  fiber len g th  for evaluating  th e  reflectivity
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neutron beams possible. We have also performed divergence measurements [12,13] 
on the transmitted beam for both straight and bent polycapillaries.

In our earliest measurements [14] we measured the transmission of a white 
beam of cold neutrons through polycapillary fibers made of a lead-silica glass with 
an outer diameter of 0.4 mm and hexagonal cross-section. Each fiber had an open 
area of 36 % and contained 1261 parallel channels each of a hexagonal cross-section. 
Each capillary channel had an internal diameter of 6 /im. Measurements have been 
performed both on straight and bent fibers. As the curvature is increased, the 
transport efficiency decreases, but even with a bending radius of 0.38 m, ~  50 % 
of those neutrons which enter the fiber are transmitted. For this case, the neutron 
beam is deflected by 18.5° over a distance of 130 mm.

A relatively crude demonstration of the possible focusing action was shown 
by placing nine such fibers around a cylindrical surface and forcing their exit to 
point towards a common focus. A series of images of the emerging neutron beam 
at 10 mm intervals from the end of the fibers demonstrated the focusing effect. In 
a practical instrument, more than a thousand such fibers are required to achieve 
intensity gains which could be as high as a couple of orders of magnitude.

Neutron focusing lens

The prototype neutron focusing lens [15] with lead-silica capillary fiber optics 
used a technology developed originally for X-rays using boron-silica glass. The lens 
was constructed with 721 fibers (described above) held in place by four membranes 
with an array of holes made by chemical etching. The holes are spaced so that 
the first two meshes hold all the fibers parallel to the lens axis, and the last two 
meshes maintain the fibers all pointing towards a common focal spot on the axis. 
The bending radius of the outermost fiber is 1327 mm. The entrance diameter of 
the lens is 29 mm, and the exit diameter is 15 mm. The lens has been thoroughly 
examined with both thermal and cold neutron beam of various spectral and spatial 
distributions. The focal spot is 104 mm from the exit of the lens, and we have 
shown that a cold neutron beam can be focused to a size of 1 mm with a gain of 
order three. The actual characteristics depend on the divergence and spectrum of 
the incident beam. The neutron transmission of the fibers, and consequently the 
gain of the lens, depends on the neutron wavelength. In practice, the lens must 
be designed for a given application. When the incident beam divergence is high 
relative to the critical angle of the glass of the fibers, a lower proportion of the 
incident beam is captured by the lens, so that the gain is reduced.

More recently we have tested a second lens [16] (shown schematically in 
Fig. 3) of focal length 57 mm which contains fibers of borosilicate glass (7C =  
11.3 mrad n m '1). The original purpose of the lens was for producing a quasiparal­
lel beam of soft X-rays from a point source, but we have obtained excellent results 
using the lens in the reverse direction, taking a broad cold neutron beam to a focus 
of less than 1 mm. This lens has a total length of 100 mm and a focal distance of 
57 mm from the end of the fibers. The entrance of the lens (of hexagonal cross-sec­
tion with a corner-to-corner distance of 29.4 mm) was placed about 150 mm from
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1 2  3  4 5

100 mm------------------- ----------lf = 57 mm—

Fig. 3. A sch em a tic  d iagram  show ing the  a rran g em en t of the  lens, in d ic a tin g  the lo ca tio n  of the 
fine m eshes which hold in  p lace the 919 fibers, all of which p o in t to  the focus F

the exit of a 50 x 50 mm2 5SNi guide which views the cold source through a beryllium 
filter cooled to 77 К and has a nominal current density of 1 x 108 cm-2 s_1. Hence 
only neutrons of wavelengths longer than 0.4 nm are incident on the lens, and with 
a divergence of 20.4 mrad nm-1 characteristic of the guide surface material.

distance from the exit of the fibers (mm)

46 51 57 63 68

Fig. 4. T h e  im ages of the  tra n s m itte d  n eu tro n  flux taken  by a  rea l- tim e  neu tro n  c am era  a t 
different d is tan c es  from  the  exit o f th e  lens, in d ica tin g  the  convergence of the o u tp u ts  o f the  
fibers, an d  th e ir  subsequent d ivergence beyond th e  focus. A three  d im ensional image a t  th e  focus 

of th e  lens shows the  focused beam  in tensity

The intensity distribution of the images taken by the VRD at different dis­
tances around the focus indicates that the focused intensity has a conical distri­
bution rising above the surrounding background (see Fig. 4). From this image the
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spatial distribution or intensity profile of the beam at the focus is obtained (see 
Fig. 5). The results show that this focus is symmetric in azimuth, and the profile 
is nearly triangular in shape, with a FWHM of 0.49 mm, and with some further 
intensity in the wings. The base width of the intensity profile is about 1.2 mm. 
The narrow (compared to lead-silica fibers) FWHM of the profile is caused by ab­
sorption, consistent with previous experimental observation for borosilicate fibers 
[13].

Fig. 5. T he spa tia l d is tr ib u tio n  or in ten sity  profile of th e  b eam  a t the  focus. T he resu lts  from  
th e  com puter s im u la tio n  are superim posed  on the experim entally  d e term ined  d a ta  p o in ts

An important characteristic of a focusing lens is its gain in neutron current 
density at the focus; this depends on the divergence of the incident neutron beam. 
The design of a focusing lens does not allow all neutrons incident on the entrance 
to be focused. For this lens there are 919 capillary fibers, each of radius 0.22 mm, 
arranged in a hexagonal pattern around the central straight fiber. Although all the 
fibers are close-packed at the exit, the filled fraction f i  at the entrance of the lens is 
0.27. Similarly, each fiber has a hexagonal arrangement of 547 channels, each with 
a diameter of 14 /im, and a fractional open area fp  — 0.55. The lens therefore takes 
only a fraction of the neutron beam of area ~ 680 mm2 at the lens entrance and 
focuses it into an area of less than 1 mm2. Hence the gain obtained by a reduction 
in effective area is about 100. This ignores the diminished transmission through 
the outer curved fibers (the maximum bending angle is 0.134 rad). In addition, the 
incident beam divergence 9d from the 58Ni guide tube is greater than the critical 
angle 9C of the capillaries, so that the gain of a lens modified [17] by the factor 
{ec/ed) \  which is independent of wavelength. From this analysis the expected
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Fig. 6 . T he b eam  in ten sity  m easu red  w ith  an d  w ithout the  focusing lens as a  fu n c tio n  of the
thickness of th e  acrylic  a tte n u a to r

intensity gain [16] averaged over the area corresponding to the expected FWHM 
(0.77 mm) is 37. The results show that the maximum gain of the focused beam is 
about 40, though the gain averaged over the observed FWHM (0.49 mm) is 25. The 
gain averaged over an area corresponding to the rms value of the radial distribution 
of the intensity at the focus (0.71 mm) is 19. These experimental results agree well 
with those obtained by computer simulation [18] (see Fig. 5).

Spectrum shift of the focused beam

One property of a capillary lens is the shifting of the spectrum transmitted 
through the lens. Measurements were performed with a spectrum approximating a 
65 К Maxwellian distribution, with a 0.4 nm cut-off by a beryllium-bismuth filter. 
Four acrylic attenuators of different thickness t  are placed upstream of the lens 
and the intensity at the focal point was recorded for each thickness (see Fig. 6). 
Similarly, the direct beam intensity as a function of the attenuator thickness was also 
recorded after removing the lens. No data were collected without the attenuators 
because the detector count rate had saturated.

Both curves show the characteristic exponential decrease of intensity as a 
function of t, as expected in any transmission measurements. The fit using I = 
Io exp(—fit) gives an attenuation coefficient p = 0.54 mm-1 for the direct beam, 
and 0.58 mm-1 for the focused beam. Here, p represents the removal cross-sec­
tion for the polychromatic beam by the attenuator, which is determined by the 
composition of the acrylic, averaged over the incident spectrum and modified by 
the wavelength dependence of the efficiency of the detector. If the neutron spec­
trum were not altered by the presence of the lens, the two attenuation coefficients 
would be the same. Though these measurements are only qualitative, the differ­
ence in attenuation demonstrates that the spectrum transmitted through the lens
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Fig. 7. T he full w idth  a t ha lf-m axim um  of the b e a m  profile a round  th e  focus a t 57 m m  for the  
lens w ith fibers of rad ius 0.22 m m , using  a  M axw ellian beam  of n eu tro n s  w ith a  short w avelength  

cut-off a t  0.4 nm . Also in d ic a te d  is the theoretical w id th

is weighted to longer wavelengths, as expected. However, this difference is com­
parable to the margin of error in the measurements, so that the spectrum shift is 
not easily detectable using the current technique. Also shown is the ratio of these 
two measurements, that is, the intensity gain at the focus averaged over a circle 
of diameter 0.4 mm, as a function of attenuator thickness. Extrapolation of these 
data to zero attenuation gives a gain of 33.

Analytic calculations

We have characterized the properties of a polycapillary neutron lens. The 
beam width as a function of the distance from the exit of the lens is expressed [17] 
in terms of the transverse variance of the spatial distribution of neutrons leaving 
the fibers. From these expressions the intensity gain of the lens may be defined. 
The size of the beam at the focus for a given wavelength depends on the focal 
length of the lens, the critical angle of the fibers, the radius of the polycapillary 
fibers, and numerical aperture of the lens. We obtain an optimum focal length [19] 
of the lens by maximizing the current density at the focus for a given size of the 
focal spot. This length depends on the critical angle averaged over the spectrum 
transmitted by the lens. In addition, we may define a depth of focus as a measure of 
the range of distance over which the focus is reasonably constant. We have related 
these values both to the prototype lens and the second lens on which we have 
made measurements. The results shown in Fig. 7 indicate that these considerations 
describe the characteristics of the lens remarkably well.
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We have also calculated the distribution of polar angles for trajectories which 
may be propagated through a cylindrical channel [20]. We can then determine the 
transmission and the beam profile at a given distance from the end of the channel as 
a function of polar angle. In our experimental work, we measure the transmission 
through cylindrical channels illuminated by a beam delivered by a square guide of 
much larger area (shown schematically in Fig. 8). We have determined a reasonable 
approximation [21] for the transmission properties and compared the results with 
those generated using a computer simulation.

Fig. 8 . A sch em a tic  d iag ram  in d ic a tin g  a n eu tro n  gu id e  of rectangu lar cross-section and  c r it i ­
cal angle 8d i llu m in a tin g  a fiber of sm alle r cross-section con ta in ing  m any  cylindrical channels o r

cap illa ries w ith c ritica l ang le  вс

Computer simulation

These experimental results are compared with a ray-tracing simulation [18]. 
The program selects trajectories randomly from the spectral, spatial and angular 
distributions of the output of the guide, calculates the reflection probabilities for 
each reflection for the trajectory through the curved channel, and determines the 
transmission and exit divergence through the lens. Good agreement with experi­
mental results has been obtained (see Fig. 5) by considering in the simulation only 
reflectivity losses caused by absorption. We conclude that the influence of other loss 
mechanisms on reflectivity, such as surface roughness and waviness, are not signif­
icant compared with the absorption loss for the borosilicate fibers. This program 
has enabled us to characterize the expected performance of a neutron focusing lens 
placed at the end of a 5SNi guide tube. Over an order of magnitude increase in 
neutron intensity within a submillimeter focal spot is predicted.

We have reported the results of a simulation which models the performance 
of a neutron focusing lens which uses polycapillary fibers with channel diameters
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of 17 /лп. While these two studies are not directly comparable, we find that de­
creasing only the channel diameters, but keeping the other parameters exactly the 
same, increases the gain by about 20-30 %. Further gains might be achievable by 
even narrower channels, though we find that the optimum is about 10 цт diameter 
channels. With the smaller channel widths the number of reflections increases fur­
ther and therefore reflection losses increase. In addition, the spacing of the meshes 
which hold the polycapillaries in position determines the accuracy with which the 
fibers point to the focus.

Conclusions

The principle of multiple mirror reflection from smooth surfaces at small graz­
ing angles enables the transport of neutron beams through polycapillary fibers of 
narrow hollow channels (~ 10 цm). These miniature neutron guides can be used 
in a focusing lens for neutron absorption techniques in analytical and materials re­
search for increasing the spatial resolution of the measurement and improving the 
detection limits for individual elements. The transmission efficiency and exit diver­
gence of cold neutrons guided through both straight and bent polycapillary fibers 
made of borosilicate glass have been measured, and experimental results have been 
compared with ray-tracing simulations. The good agreement suggests that surface 
roughness and waviness are not significant compared with absorption losses.

The performance of a neutron focusing lens placed at the end of a 58Ni guide 
tube has been characterized and optimized for a neutron spectrum from a cold 
source. We have shown that significant gains in neutron current density within a 
submillimeter focal spot are achieved using a focusing lens of polycapillary fibers. 
The results of focusing a polychromatic cold neutron beam using a compact lens of 
borosilicate fibers with a focal distance of 57 mm show an intensity profile at the 
focus which is approximately conical in shape with a full-width at half- maximum 
of 0.5 mm, and with an average gain in intensity of about 20. These results which 
are also confirmed by a simulation with excellent agreement are considerably better 
than our earlier results on a prototype lens using lead silica glass polycapillary 
fibers. The potential for high gains is substantially better for such lenses than for 
converging guides. We expect intensity gains of two orders of magnitude within a 
submillimeter focal spot should be achievable in the near future.

Acknowledgements

W e  a c k n o w l e d g e  m a n y  f r u i t f u l  d i s c u s s i o n s  w i t h  c o l l e a g u e s  a t  N I S T ,  X - R a y  O p t i c a l  S y s t e m s ,  
I n c .  o f  A lb a n y ,  N Y ,  t h e  C e n t e r  f o r  X - R a y  O p t i c s  a t  t h e  S t a t e  U n i v e r s i t y  o f  N e w  Y o r k  a t  A l b a n y ,  
a n d  t h e  I n s t i t u t e  f o r  R o e n t g e n  O p t i c a l  S y s t e m s  a t  t h e  R u s s i a n  S c ie n t i f i c  C e n t e r ,  K u r c h a t o v  I n s t i ­
t u t e  i n  M o s c o w , R u s s i a .  T h e  U .S .  D e p a r t m e n t  o f  C o m m e r c e ,  D e p a r t m e n t  o f  E n e r g y ,  a n d  N a t i o n a l  
S c i e n c e  F o u n d a t i o n  h a v e  s u p p o r t e d  t h i s  w o r k .  V . A . S h a r o v  h a s  b e e n  s u p p o r t e d  p a r t i a l l y  b y  a  
g r a n t  u n d e r  t h e  C o o p e r a t i o n  in  A p p l i e d  S c ie n c e  a n d  T e c h n o l o g y  ( C A S T )  p r o g r a m  o f  t h e  A g e n c y  
f o r  I n t e r n a t i o n a l  D e v e l o p m e n t ,  a d m i n i s t e r e d  b y  t h e  N a t i o n a l  R e s e a r c h  C o u n c i l .

t
Acta Physica Hungarica 75, 1994



188 D. F. R. MILDNER et al

References
1. B. V id a l. Z. J ian g  a n d  F . Sam uel, in: N eu tro n  O ptical D evices and  A pplications, eds

C. F . M a jk rza k  a n d  J. L. W ood, P roc. SP IE , 173 8 , 30, 1992.
2. J . B. H ay ter, in: N eu tro n  O p tica l Devices a n d  A pplications, eds C. F. M a jk rza k  and 

J. L. W ood, P ro c . SP IE , 1738 , 2, 1992.
3. J. R. D. Copley, J . N eut. R es., 2 , 21, 1994.
4. D. F . R . M ildner, Nucl. In s tru m , an d  M eth. A 3 0 1 ,3 95 , 1991.
5. J. R. D. C opley  an d  C. F . M ajk rzak , in: T h in -F ilm  N eutron O p tica l Devices: M irrors, Super- 

m irro rs , M ultilay er M onochrom ators, P o larizers a n d  Beam  G uides, ed. C. F. M ajk rzak , Proc. 
SP IE , 983,  93, 1989.

6. M. R ossbach , О. Schärpf, W . K aiser, W . G raf, A. Schirm er, W . Faber, J. D u p p ich  and 
R. Zeisler, N ucl. In stru m . M eth . B35,  181, 1988.

7. D. F . R. M ildner, Nucl. In s tru m ., A290,  189, 1990.
8. D. F . R . M ildner, H. C hen, R . G . Dow ning a n d  V. A. Sharov, J . N eu t. Res., 1, 1, 1993.
9. R. G. D ow ning, G. P. L am aze a n d  J. K. L an g lan d , J. Res. N IST, 98,  109, 1993.

10. R. M. L in d stro m , J. Res. N IS T , 98, 127, 1993.
11. R. G. D ow ning, C. J. Zeissler a n d  H. C hen, in: N eutrons, X -R ays a n d  G am m a R ays: Im ag­

ing D e tec to rs , M a teria l C h arac te riza tio n  T echniques and  A pplica tions, eds J. M. C a rp en te r ,
D. B. C line, R . L anza  an d  D. F . R . M ildner, P ro c . SPIE , 1737, 308, 1993.

12. H. C hen, R . G . Downing, D. F . R. M ildner a n d  V. A. Sharov, in : N eutron  O p tica l Devices
an d  A pp lica tions, eds C. F . M ajk rzak  and  J. L. W ood, Proc. S P IE , 1738 , 395, 1992.

13. H. C hen, D . F . R . M ildner, R . G . Downing, R . E . Benenson, Q. F . Xiao and V. A. Sharov, 
Nucl. In s tru m , a n d  M eth ., B ,  89,  411, 1994.

14. H. C hen, R . G . D ow ning, D. F . R. M ildner, W . M. Gibson, M. A. K um akhov, I. Yu. Pono­
m arev  a n d  M . V. G ubarev , N a tu re  (L ondon), 357,  391, 1992.

15. M. A. K u m akhov  an d  V. A. Sharov , N atu re  (L ondon) 357, 390, 1992.
16. H. C hen, D. F . R . M ildner a n d  Q. F . Xiao, A ppl. Phys. L ett., 64,  2068, 1994.
17. D. F . R . M ildner an d  H. C hen , J . Appl. C ry st., 27,  943, 1994.
18. Q. F . X iao, H. C hen, D. F . R . M ildner, R. G. Downing an d  R . E . Benenson, R ev . Sei. 

In s tru m ., 64,  3252, 1993.
19. D. F . R. M ildner, J . A ppl. C ry st., 26, 721, 1993.
20. D. F . R . M ildner an d  H. C hen, J . A ppl. C ry st., 27,  316, 1994.
21. D. F . R . M ildner, V. A. Sharov  an d  H. C hen, J . A ppl. C ryst., 28,  in  press, 1995.

Acta Physica Hungarica  75, 1994



A cta  Physica Hungarica 75 (l~4)> VV• 189-197  (1994)

NEUTRON ACTIVATION ANALYSIS:
AN OLD FAITHFUL TO CHERISH

F .  D e  C o r t e
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N eutron  ac tiv a tio n  analysis (NA A) was launched in  1936, and  has since th en  un d er­
gone a  d ram a tic  evo lu tion  w ith re sp ec t to  in stru m en ta tio n  an d  applications. From  a  few 
se lec ted  exam ples th ro u g h o u t these years, it is concluded th a t  NAA exh ib its  a  nu m b er of 
o u ts tan d in g  fea tu res  which are of la s tin g  value up  to  th e  p resen t day. T his sh o u ld  also be 
seen  in  th e  ligh t o f recent developm ents which are p av in g  th e  way to  m ore effective, new 
a n d  specific ap p lications .

Introduction

At the 7th International Conference on Modern Trends in Activation Analysis, 
held in Copenhagen/Denmark, June 1986, Hilde Levi presented a semicentennial 
lecture [1] describing the experiments she carried out in 1935-1936 together with 
George von Hevesy at the Copenhagen Institute of Theoretical Physics (nowadays 
known as the Niels Bohr Institute) and which were leading to the launching of neu­
tron activation analysis [2]. These experiments were linked to a topic of the day 
which even at present is a challenging analytical task: the determination of a rare 
earth in one of the other elements of the RE series. Apart from Levi’s story of 
how it was found out that one “should be able to detect even the smallest trace 
of dysprosium in any other of the rare earths, even if it is only present as a slight 
impurity” , and how this was followed by the really decisive analytical experiment 
which concerned the determination of europium in gadolinium samples, a descrip­
tion was given of the equipment used. This consisted of a Ra-Be source, a Geiger 
counter and an amplifier — all home made — combined with a commercial phone 
call register as the recorder, an equipment of which she said to “have a notion that 
it would amuse you very much to learn how primitive the tools and the means were 
at that time, especially in comparison with what you use in machinery and gadgetry 
nowadays” .

Today, in 1994, the analyst would make use of a pneumatic rabbit trans­
fer system for short and long irradiations in reactor sites with a suitable neutron 
thermalisation, whereby the sample could be surrounded by a cadmium cover in 
order to improve the sensitivity for elements activating well with epithermal neu­
trons. Then, gamma-spectrometry would be performed using high-resolution HPGe 
and LEPD detectors served with an automatic sample changer and connected via 
spectroscopy-grade electronics to a PC-based spectrum analyzer for storage and
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processing. If still needed, computer-steered post-irradiation chemical separations 
would be carried out so as to avoid insurmountable spectral interferences and thus 
to significantly lower the limit of detection. All this is the result of an evolution 
where isotopic neutron sources were replaced by research reactors, where GM coun­
ters were replaced by Nal(Tl) and next by lithium-drifted Ge detectors, and where 
recorders were replaced by single- and multi-channel analyzers first off- and then 
on-line with mainframes and later on with personal computers.

Sustained by these dramatic instrumental developments, during this time span 
of 58 years — from 1936 up to the present date — NAA proved to be of vital impor­
tance when it came to the trace and ultratrace quantification in a wide variety of 
sample types, related to applications in such areas as geochemistry and cosmochem- 
istry, biomedicine, archaeometry and authenticity control of art objects, production 
and processing of high-purity materials, forensics, and environmental monitoring. 
This is illustrated in the present paper by means of four selected topics, namely 
radiochemical NAA of semiconductor-grade silicon (as developed in the mid 1960s), 
radiochemical and instrumental NAA of lunar samples collected by Apollo missions 
(late 1960s and 1970s), instrumental NAA of sewage sludges of municipal or indus­
trial origin (early 1980s) and radiochemical fco-standardised NAA of human blood 
serum (second half of the 1980s). From these and other applications conclusions 
can be drawn regarding the usefulness of reactor neutron activation analysis and its 
possible role in the future. As emphasised, this role should be considered in the light 
of new insights into the power of NAA, e.g. as a reference determination method 
with a physically different basis compared to other techniques, and in the light of 
new developments such as the design of automated NAA labs, the introduction of 
software-supported fco-NAA, and the extension to prompt-7 cold-neutron activation 
analysis, paving the way to more effective, new and specific applications.

Radiochem ical NAA o f semiconductor-grade silicon

The first application shown here deals with a topic that was quite actual in the 
1960s, namely the analysis of semiconductor materials such as silicon, germanium, 
selenium, gallium arsenide, etc., the properties of which are very dependent on 
the presence of impurity atoms at a concentration level as low as the nanogram 
per gram. The example given is the radiochemical NAA of silicon as developed 
and applied in our laboratory in the period 1964-1969 [3,4]. Samples of about
1 gram were irradiated for periods of a few days up to two weeks in the BR-
2 reactor of the Nuclear Study Centre, Mol/Belgium, at a thermal neutron flux 
of ~  1014 cm~2s_1. The post-irradiation separation scheme, worked out for the 
determination of 21 elements, involved extraction, ion exchange, distillation and 
precipitation techniques. It may be curious to see in [3] that the analysis scheme 
included measurements both with a Nal(Tl) and with a Ge(Li) detector (apart from 
plastic scintillation counting used for the 204T1 pure ß~-emitter). This perfectly 
reflects, however, the quite drastic instrumental evolution in those years, when the 
first, home made, Ge(Li) detector (18 cm3 volume, 4 keV resolution) was put into 
operation in our lab (in fact, just after the elaboration of the separation scheme
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T ab le  I
A nalysis re su lts  of sem iconductor-grade Si, n g  g

В con ten t, Si D l Si D3 Si C3 Si B3 Si A3

Si-type < 1 < 1 < 0.5 <  0.25 < 0.12
Specific P n n n n

resistance >  250 Г2 • cm > 25 Г2 • cm >  50 Í2 • cm > 150 Q ■cm > 200 Г2 • cm

Au 0.00074 0.00028 < 0.0001 0.00017 0.00048
Sb 0.0093 0.0032 <  0.003 <  0.002 < 0.006
G a < 0.03 < 0.003 <  0.003 < 0.004 < 0.01
Fe < 20 < 30 < 40 < 40 < 100
К < 5 < 1 <  1 <  2 < 5
Cr < 0.5 < 0.4 < 0.6 <  0.5 < 1
Mo < 0.2 < 0.06 < 0.08 <  0.07 < 0.2
Sn < 9 < 6 < 8 <  7 < 20
As < 0.02 0.81 <  0.008 0.007 < 0.02
Co < 0.2 < 0.2 <  0.2 < 0.2 < 0.6
In < 3 < 2 <  3 < 2 < 7
Zn < 6 < 3 <  3 < 3 < 9
Cu < 0.1 < 0.06 <  0.07 2.62 < 0.56
W < 0.01 < 0.005 <  0.006 < 0.005 < 0.02
Та 1.6 < 0.03 <  0.04 <  0.03 < 0.09
Na 0.30 1.53 0.34 0.24 0.51
E u < 0.01 < 0.006 <  0.002 <  0.008 < 0.02
Sm <  0.003 < 0.002 < 0.002 <  0.002 < 0.006
La < 0.01 < 0.01 < 0.01 <  0.01 < 0.04
Sc 0.15 < 0.02 < 0.04 <  0.03 < 0.09
T l < 2 < 2 < 2 <  2 < 9

was nearly completed).
An important feature of the analysis scheme was that the standardisation 

was performed by means of the so-called triple-comparator method [4], which was 
especially developed for this purpose in order to solve the problem of multi-element 
standardisation in the actual circumstances, where the samples had to be packed in 
small containers for irradiation in reactor sites with ever changing neutron spectrum 
characteristics. Therefore, Girardi’s well-known single-comparator method [5] was 
made flexible with respect to the irradiation conditions by using a minimum of two 
(or better, three) monitors thus allowing the in-situ determination of the thermal 
to epithermal neutron flux ratio. In fact, this was one of the developments leading 
later on to the fc0-method [6].

The analysis results of some types of semiconductor-grade silicon are shown 
in Table I. Apart from giving an idea of the sensitivity of the method, one striking 
result concerns the Na content, which seems to be rather constant in all samples, 
between 0.2 and 1.5 ng g-1 . Instead of this being due to a rather reproducible 
contamination, as believed at that moment, it is caused by the matrix interference 
28Si(n, ap)24Na with a very high Q-value of 14.7 MeV, as published by Niese in 
1977 [7].
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Radiochem ical and instrum ental N A A  of lunar sam ples

The earliest applications of NAA were in the areas of geochemistry and cos- 
mochemistry, many of them being concerned with the determination of the rare 
earth elements in terrestrial rocks, meteorites and sediments. In order to improve 
the detection limits, it was often necessary to make use of dedicated single-element 
or group separations, or to apply special techniques for irradiation and counting, 
such as epicadmium NAA or low-energy counting with an LEPD, respectively.

NAA applications in the geosciences were significantly stimulated by the 
Apollo Lunar Sample Analysis Program in the late 1960s and 1970s. With these 
valuable and unique materials, the emphasis was put on the determination of as 
many elements as possible in a single small aliquot of the sample. Illustrative for 
this is, among others, the work of Wanke and collaborators of the Max-Planck-In- 
stitut für Chemie at Mainz/Germany, an example of which can be found in the 
Proceedings of the Second Lunar Science Conference, 1971 [8]. Their paper reports 
on the concentration determination of 47 major and trace elements in 14 samples 
of lunar igneous rocks, soils and breccias, collected by the Apollo 12 mission. For 
the determination of 43 elements on one and the same sample of 0.5 g, the samples 
were processed as follows:
- 1st and 2nd irradiation: with neutrons from a 14 MeV neutron generator;

1. five times 10 s each for the determination of О and Si;
2. three times 5 min each for the determination of Fe, Mg and Al;

- 3rd and 4th irradiation: in the Mainz TRIGA research reactor, for 6 h at 7 x 
1011 c m 'V 1;

3. instrumentally, with several countings during a cooling period of 3 weeks,
using a large volume Ge(Li) detector, for the determination of Na, K, Sc, Ti,
Ca, Cr, Mn, Fe, Co, La, Ce, Nd, Sm, Tb, Yb, Lu, Hf and Ta;
4. radiochemically, after decomposition under vacuum with Na2C>2, for the
determination of Ni, Cu, Ga, Ge, Rb, Sr, Pd, In, Cs, Ba, Pr, Gd, Dy, Ho, Er,
W, Ir, Au, Th and U.
Without going into detail, it can be stated that the results of these activation 

analysis procedures enabled to draw highly relevant conclusions with respect to i) 
the chemical composition of the igneous rocks and its relation to sample locations 
and cosmic ray exposure ages, ii) the two component origin (local basaltic and 
granitic) of the various soil samples, and iii) the classification into two groups of 
metallic iron particles separated from the fines of a sample. With respect to the 
latter it should be noted that analyses were performed on individual metal grain 
masses at the sub-mg level.

Instrum ental NA A of sewage sludges

It goes without saying that elemental concentration determination has always 
been one of the corner stones when it came to environmental control and sanitation. 
Thus, it is not surprising that, as soon as mankind became fully conscious of this 
problem, NAA was going to play a significant if not pioneering role, in spite of the
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fact that for instance such an important element as lead cannot be detected with 
this technique (unless use is made of special installations for measuring the 800 ms 
207mPb isotope).

T able II
M axim um  perm issib le  add itions of sludge to ag ricu ltu ra l land

O rigin of sludge A d dition , 
to n .h a “ 1

L im iting
elem ent

Dry sludge K oersel 530 Zn
Dry sludge Löm m el 68 Zn (C d)
Dry sludge Bocholt 415 Cu (Zn)
Dry sludge G enk 250 Cr, Zn

As one of the numerous applications of NAA, in the present paper the example 
is given of a pilot study performed in the early 1980s by Dams and coworkers at 
the Institute for Nuclear Sciences of the Gent University, dealing with instrumental 
NAA of sewage sludges originating from municipal or industrial water treatment 
plants [9]. The relevancy of this study is clear when considering that at that moment 
the application of sewage sludges (which can be considered as a low-grade fertilizer) 
as a manure to agriculture land became more and more attractive. Thus, the 
fear existed that the presence of heavy metals could lead to contamination of the 
soil, soil or surface waters and food crops. In the paper of Dams et al [9], it was 
argued that, next to the extractable fraction also the total metal content of the 
sludge is of interest, not only concerning the most important heavy metals usually 
determined by AAS (such as Cr, Ni, Co, Cu, Zn, Cd, Pb, Mo and Sn) but also the 
nutrient elements K, Ca, Mg, Na, etc. and other potentially toxic elements. In view 
of this, the possibility of applying multielement NAA, with a reasonable expense 
of manpower, was explored. After solving the serious problem of how to obtain 
a representative homogeneous sample for the analysis, 50 mg amounts (prepared 
from 2 kg fractions taken from the sludge drying beds) were wrapped in Whatman 
41 filters and pressed into pellets for irradiation in the Gent Thetis reactor. Two 
irradiations were carried out: one of 2 min at a neutron flux of 2.5 x 1012 cm~2s_1 
followed by 2 Ge(Li) measurements after decay times of 4 and 22 min, and one of 
2 h at 1.5 x 1012 cm“ 2s_1 followed by 3 measurements with decay times up to 15 
days. For standardisation, use was made of Girardi’s single-comparator method or 
of multielement standards, for the short or long irradiations, respectively.

From the results obtained in the above mentioned pilot study, it was con­
cluded that, with 40 major elements detectable, the elaborated instrumental NAA 
procedure turned out to be at least competitive if not superior to most other ana­
lytical techniques. It was found that one single irradiation followed by two Ge(Li) 
measurements after 10 h and 5 days decay times, enabled to trace significant en­
richments for the most important metals Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Ag, 
Cd, Sb, Au and U. Simultaneously, concentration data for elements such as Na, K, 
Br, Sr, Cs, Ba, rare earths, W, Th, etc. are obtained with no additional costs. As 
a practical result, Table II shows the maximum permissible additions to agricultur­
al land of the four “domestic” sludges investigated, together with the element(s)
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playing a limiting role. The latter was derived from the acceptable metal contents 
for soils published by the Food Administration Organisation (FAO). On the other 
hand, the industrial sludge, originating from a water treatment plant connected 
with a wire-drawing mill, turned out to be so heavily contaminated with metals 
that it could not be considered for agricultural application at all.

Radiochem ical Fo-standardised NA A of human blood serum

Instrumental NAA for trace and ultratrace elements in biological/biomedical 
matrices is often hampered by the fact that major radioactivities of such radionu­
clides as 24Na, 32P, 82Br, etc. are induced. Then, post-irradiation separations 
are required in order to avoid gamma-spectral interferences. The example given 
here concerns the radiochemical NAA for thirteen trace elements in human blood 
serum, as performed in the second half of the 1980s by Lin Xilei et al, of the group 
of Cornelis at Gent [10]. The material investigated was a pooled serum which was 
prepared a few years earlier by Versieck et al [11] and certified on the authority 
of several specialists all over the world who analysed it with different analytical 
techniques [12].

For the determination of Cs, Fe, Hg, Rb, Se and Zn in the here described NAA 
application about 100 mg of lyophilized serum was irradiated for 13 days at a neu­
tron flux of 1013 cm_2s_1 in the BR-2 reactor in Mol, Belgium. The determination 
of Ag, Co, Cr, Sb, Sc, Sn and Sr necessitated working with ashed samples because 
of the required long irradiation at a high neutron flux (13 days at 1014 cm_2s_1 in 
the BR-2 reactor). After irradiation and sample digestion, a radiochemical group 
separation procedure was applied based on the use of three inorganic ion exchangers: 
acid aluminium oxide (AAO), hydrated antimony pentoxide (HAP) and hydrated 
manganese dioxide (HMD). Four separated groups with matched gamma-ray ener­
gies and intensities were obtained, leading to reliable and efficient measurements. 
The standardisation of the analysis was done by means of both the Fo-method, 
with the use of Zr-foil and Au-Al alloy as flux monitors/comparators [13], and the 
relative method, with the use of standards which after irradiation underwent the 
same procedure as the samples.

The results of the analysis, shown in Table III, reveal that the concentrations 
obtained by the &o-method and the relative method are consistent and are also in 
good agreement with the certified values when available. It is interesting to note that 
Sn was an unexpectedly detected element for which no standard was coirradiated, 
so that quantification was only possible via the Fo-method. Furthermore, it should 
be mentioned that significant corrections had to be performed for the interference 
reactions 54Fe(n,a)51Cr and 44Ca(n,7; ß~ ;n,7)46Sc in the determination of Cr and 
Sc via the reactions 50Cr(n,7)51Cr and 45Sc(n,7)46Sc, respectively. As shown in a 
separate paper [14] in the fco-standardisation method these neutron induced reaction 
interferences can be accurately corrected for by employing the usual neutron flux 
monitors, namely a Zr-foil and a dilute Au-Al alloy.
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Table III
RNAA re su lts  for th irte en  e lem en ts in biological reference m ate ria l h u m an  serum

E lem ent
No. of M ean db s.d .

C ertified  values
/co-m ethod R elative  m eth o d

Ag (ng g _ 1 ) 4 0 .9 3 Í0 .0 3 9 0.93±0.084 - -

Co ( n g g - 1 ) 10 3.0 ±0.14 2 .91±0.039 3.6 ( 3 .0 -  4.2)
Cr ( n g g - 1 ) 4 1.0 ±0.60 1.0 ± 0 .4 3 0.76 (0.67 -  0.87)
Cs ( n g g - 1 ) 6 9.8 ±0.47 9.3 ±0 .24 10.0 ( 7 .7 -  12.3)
Fe (Mg g _ 1 ) 12 26 ± 1 .4 26 ± 1.0 25.9 (24.4 -  27.4)
Hg (ng g “ 1) 6 6.1 ± 0.21 6.4 ± 0 .1 8 - -
R b (Mg g _ 1 ) 12 1.7 ±0.15 1 .62±0.089 1.85 (1.52 -  2.18)
Sb ( n g g - 1 ) 4 0.25±0.15 0 .24±0 .13 - -
Sc ( p g g - 1) 3 19 ±2.2 16 ± 2.2 - -
Se (Mg g _ 1 ) 6 1.07±0.034 0.98±0.043 1.05 (1 .0 0 -  1 .10)
Sn (ng g _ 1 ) 4 10 ± 2.6 - - -
Sr (M gg- 1 ) 6 0.35±0.014 0.35±0.016 - -
Zn (Mg g _ 1 ) 12 9.7 ±0.46 9.4 ± 0 .3 7 9.6 (9.4 -  9.8)

Present and future role o f NAA

The above given examples represent only four of a myriad of applications 
reported since the launching of NAA. More information can for instance be found 
in the series of proceedings of the international conferences on Modern Trends in 
(Neutron) Activation Analysis [Texas A&M (1961), Texas A&M (1965), NBS Wash­
ington D. C. (1968), Saclay, France (1972), München, Germany (1976), Toronto, 
Canada (1981), Copenhagen, Denmark (1986), Wien, Austria (1991)]. From all this, 
it is clear that the success of NAA was due to a number of outstanding features. In­
deed, its excellent sensitivity for many elements, its experimental versatility leading 
to a high selectivity, its multielement capability, its contamination- and blank-free 
character, its matrix independent properties, its non-destructive possibilities and its 
solid theoretical foundation enabling to identify and predict all sources of system­
atic or random variation, all these combined features made NAA to a very powerful 
and reliable analytical tool.

In spite of these top-level performances, it should not be denied that in recent 
years NAA was seriously waylaid by a number of developments and circumstances, 
such as the advent of powerful novel determination techniques (optimized A AS, 
ICP-MS, etc.) and the interest in spéciation e.g. in the analysis of biomedical 
matrices, not to speak about the post-Chernobyl “nuclear doom”. However, apart 
from the latter mania being misplaced from the nuclear-analytical point of view, 
it would be superficial to conclude that NAA is a thing of the past which simply 
can be brushed aside. Indeed one should use NAA for what it can do, and one 
should realize that some of its features are of lasting value and even unique up to 
the present day.

The present and future role of NAA should be interpreted in the light of new 
insights into its power. This especially refers to the fact that it is an accurate and
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traceable method, with a physically different basis compared to other techniques, 
and with a built-in possibility of self verification since in many cases results for 
an element can be obtained via different 7-lines of different isotopes [15, 16]. This 
makes NAA to a reference method, which is eminently suited for the calibration of 
other analytical techniques and for the certification of reference materials.

Also, the role of NAA should be seen in the context of new developments. 
Among these, mention can be made of the installation of automated NAA labs, 
as done by Erdtmann and Petri at the Research Centre KFA Jülich [13] and of 
the introduction of prompt-7 cold-neutron activation analysis, as dealt with at 
the present Workshop by Lindstrom from the NIST, Gaithersburg, USA [17]. In 
addition, an important recent development is considered to be the release of the 
software package KAYZERO/SOLCOI (for MS-DOS) by Bossus and Van Sluijs at 
DSM Research (Geleen, The Netherlands) for use in &o-based NAA, as reported 
earlier [18] and also at the present Workshop [19]. As shown in former papers 
[13, 20, 21] the £o-method — the principles of which are used nowadays in some 
45 labs — significantly increases the manageability of NAA. This is especially so 
in case of multielement or panoramic analysis where an irradiation of a monitor 
together with the sample, followed by some 4 measurements after decay times up to 
1 month, allows the determination of concentrations or detection limits for about 
60 elements. Finally, it is not without importance to remark that, as a contribution 
to the accuracy and traceability of fco'NAA, a few years ago the European IRMM 
(former CBNM) at Geel, Belgium issued an A1 -  0.1 % Au alloy with a certified Au 
content [22].

It is believed that the above sketched modern insights and developments, 
among others, will lead to a situation where NAA will continue to fulfil its specific 
and valuable role in the arsenal of the available analytical techniques.
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ULTRAFAST RABBIT SYSTEMS 
AND THEIR APPLICATIONS

F.  G r a s s

A to m in s t i tu t  der Österreichischen Universitäten 
Schüttelstrasse 115, A - 1020 Wien, Austria

I r rad ia tio n  facilities available for sh o rt- tim e  activation  an a ly sis  a t the A to m in s titu t  
are d escribed  to g eth e r w ith  th e ir  practiced use  in  various fields such  as env ironm ental science 
and  geochem istry.

The rabbit systems are installed in the institute’s TRIGA Mark II reactor: 
the horizontal Fast Irradiation and Measurement Systems with a transfer time of 
20 ms, leading to a n-flux of 1.3E12 s-1cm-2 and a flux ratio of 20; the Vertical 
Fast Irradiation and Measurement System with a transfer times of 300 ms (with N2

T able I
N uclear d a ta  of radionuclides used  for analyses

Nuclide Half
life

G am m a
energy
[keV]

B e ta
energy
[MeV]

Nuclide H alf
hfe

G a m m a
energy
[keV]

Li-8 810 ms 12.6 Se-77m 17.7 s 162
B-12 20 ms 13.4 Br-79m 4.8 s 208
F-20 11.1 s 1633 5.4 Br-80 17.6 m in 616
Ne-23 37.2 s 439 Sr-87m 2.81 h 388
N a-24m 20 ms 472 Y-89m 15.7 s 909
M g-27 9.48 m in 1014 Ag-108 2.41 m in 633
Al-28 2.246 m in 1779 Ag-110 24 s 657
Cl-38m 710 ms 671 In-116ni2 2.18 s 162
Cl-38 37.3 m in 2168 In-116m i 54.2 m in 417
Sc-46m 18.7 s 142 1-128 25 m in 443
Ca-49 8.72 m in 3084 or DE Ba-137m 2.55 m in 662
Ti-51 5.76 m in 320 Ba-139 83.3 m in 166
V-52 3.75 m in 1433 La-140 40.2 h 1596
M n-56 2.56 h 1811 Pr-142 19.2 h 1576
Co-60 10.5 m in 59 Sm-155 22.4 m in 104
C u-66 5.10 m in 1039 Eu-152m 9.2 h 963
Zn-69m 13.8 h 439 Gd-161 3.6 m in 361
G a-72m 37 ms 97 E r-167 2.6 s 208
G a-72 14.1 h 834 Dy-165m 13 m in 108
G e-71m 20 ms 175 Dy-165 2.65 h 515
Ge-75m 49 s 140 Pb-207m 840 m in 569
As-75m 16 ms 279 Au-197m 7.8 s 279
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Table II
A pplica tion  of sh o rt- t im e  activation  analy sis  a t the  A to m in s titu te

Sam ple E lem ents an alysed Irrad ia tio n  Schedule R em arks
descrip tion by rad ionuclides device T irr, T m l ,  

T m 2, T m 3  [s]
questions

A s-ore As-75m FIM S 1 - 0.1 - - content
“B e ta ly t”
(A I2O3 ,Na20 ,L i2 0 ) Na-24m , L i-8 , Al-28 FIM S 2 - 6 - 2 0 0 N a/L i exchange
Polyaniline Na-24m , C l-38m FIM S 5 - 5 - - NaC104 ?
Polyacetylene Na-24m , C l-38m , Li-8 , F IM S 20 - 6 - 600 - LiC104?

F-20, T i-51 , Al-28 L1B F 4?
O il well water, sea  w a te r  
en rich ed  on D O W E X  1 XB

B-12 FIM S 1 -1 BF-i-com plex

F  in  s tan d ard  m a te ria ls F-20, N a-24m FIM S 22 - 22 - - correction  of
p la n ts , sea an im als , b o n e , N a-23(n ,a lpha) F-20
sew age, sedim ents reaction  by Na-24m
C l in  iron concrete  a f te r Cl-38m FIM S 5 - 5 - - d ep th  profile  by
PV C -fire drilling holes
All halogens in  fu m aro le F-20, C l-38, Br-80, 1-128 V FIM S 300-30-300-600 6 L iD -converter
w a te r
W aste  w ater of a F -20, C l-38, Br-79m , 1-128 FIM S 20-20-200 single a c tiv a tio n
w aste  incinera tion  p la n t  
W et filter cake of a F-20, C l-38, Se-77m FIM S 20-20-60-6- pseudo cyclic
w aste  incinera tion  p la n t Co-60m, Z n-69m , Ag-110, 

V-52, B a-139 , 1-128, 
Cu-66, B r-80

5 sam ples

R a re  e a rth  analysis La-140, P r-1 4 2 , Sm-155 
E u-152m, G d-161, Er-167 
Dy-165m, Y -89m

FIM S 20-20-200 RE-ore

W et filter cake 0-19 , Sn-125, C d - l l lm , V FIM S 900, 60, 300, 900 pseudo cyclic
Hg-199m, V -52, Co-60m, 5 sam ples
As-76, Sb-122, Ba-137m 
Cu-66, In -116m (Sn), Sr87m 
Zn-69m, 1-128, Br-80

6L iD -converter

B C R  176, BCR-146 F-20, C l-38, Ag-110 V FIM S 20-20-200 single ac tiv a tio n
Cu-66, In -1 1 6 m  (Sn) 
C d - l l lm ,  In -116 , V-52 
1-128, H g-199m

V FIM S 900-600-600 6L i-converter

O il p ro ducts V-52 G A P T S 300-600 up to 10 g sam ples
O rg an ic  chlorine in  H 2 О Cl-38 G A P T S 900-900 extract

cts transport gas) or 120 ms (with He) leading to a flux position of 2.5E12 s-1cm~2 
and a flux ratio of 12, and the General Atomic Pneumatic Transfer System with a 
transfer time of 4 s leading to an equivalent position using pressurized air form the 
institute’s air pressure system.

VFIMS enables a drastic flux hardening by inserting a 6LiD-converter over 
the irradiation position. It is fully automatized allowing 16 samples to be irradiated 
and measured according to a preset time table. Decay analyses can be performed
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on FIMS and VFIMS simultaneously with the registration of the gamma-spectra. 
Decay curve analysis and evaluation of peak areas can be performed immediately 
after their registration. A Cherenkov detector for hard /^-emitters and neutron 
counters for the delayed neutron-emitters together with a 15 % and a 20 % n-type 
HPGe detector enable the determination of up to 20 elements: В by 20 ms 12B, Li 
by 840 ms 8Li, and F by 11.3 s 20F using the Cherenkov counter, the fissionable 
U and Pu isotopes by delayed neutron counting, and Na by 20 ms 24mNa, Ge by 
20 ms 71mGe, Ga by the 37 ms 70mGa, Yb by 68 ms 175mYb, Ba by 320 ms 136mBa, 
Cl by 715 ms 38mCl, Pb by 740 ms 207mPb, and Zr by 760 ms 90mZr using the 
HPGe detectors, to list only short lived isotopes with less than 1 s half life. To 
enable gamma-spectrometry at the high count rates unavoidable when using these 
short lived nuclides for AA, Westphal’s Loss Free Counting system with a Preloaded 
Filter Amplifier has been used in the latest applications. The PFA system allows 
an actual throughput of up to 100 kc/s with only moderate peak broadening.

The nuclear data of the short and medium lived radionuclides used in these 
systems for analysis are listed in Table I.

As seen from Table II fast transfer systems have a broad applicability not only 
for the radionuclides in the second half life range, but also in the range of hours or 
even days.
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ACHIEVEMENTS IN NEUTRON 
INTERFEROMETRY

H. R a u c h

A tom ins ti tu t  der Österreichischen Universitäten  
Schüttelstrasse 115, A-1020 Wien, Austria

W ith in  a  perfect c ry s ta l in terferom eter w idely separated  co heren t beam s c an  be 
produced  w hich can be influenced by nuclear, m ag n e tic  and g rav ita tio n a l in te rac tion . T h e  
verification of th e  47r-sym m etry  of sp inor wave fu n c tio n s and of th e  sp in  su perposition  law 
a t a  m acroscopic scale and  th e  observation  of g ra v ita tio n a l effects in c lu d in g  the  Sagnac ef­
fect have b een  widely d eb ated  in lite ra tu re . T he coupling  of the n e u tro n  m agnetic  m om ent 
to reso n ato r coils p e rm itte d  th e  coherent energy exchange betw een th e  n eu tro n  system  an d  
th e  m acroscopic resonator. T h is  phenom enon p ro v id ed  the basis for th e  observation of th e  
m agnetic  Josephson  effect w ith  a n  energy sen sitiv ity  of 10-19 eV. P a r t ia l  beam  p a th  de­
tec tion  ex p erim en ts are in close connection w ith  th e  developm ent o f q u a n tu m  m echanical 
m easurem ent theory. A s trik in g  spec tra l m o d u la tio n  effect has b een  observed by m ean s 
of a  p ro p er post-se lection  p ro ced u re  under co n d itio n s where th e  sp a tia l  shift of th e  wave 
tra in s  g rea tly  exceeds the  coherence length of th e  neu tro n  b eam s traversing  an  in te rfe r­
om eter. It is shown th a t Schrödinger-cat-like s ta te s  are c rea ted  by th e  su p erp o sitio n  of 
two coheren t s ta te s  generated  in  th e  in te rferom eter. These en tan g led  s ta te s  exh ib it u n d e r  
certa in  c ircum stances ch aracte ris tic  squeezing p h en o m en a  ind ica ting  a  highly non-classical 
behaviour.

Introduction

Different kinds of neutron interferometers have been tested in the past. The 
slit interferometer is based on wavefront division and provides long beam paths but 
only a very small beam separation [1, 2]. The perfect crystal interferometer [3, 4] 
is based on amplitude division. The interferometer based on grating diffraction is 
a more recent development and has its main application for very slow neutrons [5]. 
A schematical comparison is shown in Fig. 1. The perfect crystal interferometer 
provides highest intensity and highest flexibility for beam handling and is now 
most frequently used due its wide beam separation and its universal availability for 
fundamental, nuclear and solid-state physics research.

The perfect crystal interferometer represents a macroscopic quantum device 
with characteristic dimensions of several centimeters. The basis for this kind of 
neutron interferometry is provided by the undisturbed arrangement of atoms in a 
monolithic perfect silicon crystal [3, 6]. An incident beam is split coherently at the 
first crystal plate, reflected at the middle plate and coherently superposed at the 
third plate (Fig. 1, middle).

From general symmetry considerations follows immediately that the wave 
functions in both beam paths, which compose the beam in the forward direction be­
hind the interferometer, are equal (ipQ = because they are transmitted-reflect- 
ed-reflected (TRR) and reflected-reflected-transmitted (RRT), respectively. The
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entrance slit Bi-prism

Fig. 1. Schem e of a  s lit, a  perfect c ry s ta l an d  a g ra tin g  in terferom eter

de Broglie wavelength of the neutrons diffracted from such crystals is about 1.8 Â 
and their energy is about 0.025 eV. The theoretical treatment of the diffraction 
process from the perfect crystal is described by the dynamical diffraction theory, 
which can also be found in the literature for the neutron case [7, 8, 9, 10]. In­
side the perfect crystal two wave fields are excited when the incident beam fulfils 
the Bragg condition, one of them having its nodes at the position of the atoms 
and the other in between them. Therefore, their wave vectors are slightly different 
(&i — &2 = 10-5&o) and due to mutual interference processes, a rather complicated 
interference pattern is built up, which changes substantially over a characteristic 
length Д0, the so-called Pendellösung length, which is of the order of 50 pm for an 
ordinary silicon reflection. To preserve the interference properties over the length 
of the interferometer, the dimensions of the monolithic system have to be accurate 
on a scale comparable to this quantity. The whole interferometer crystal has to be 
placed on a stable goniometer table under conditions avoiding temperature gradi­
ents and vibrations. A phase shift between the two coherent beams can be produced 
by nuclear, magnetic or gravitational interactions. In the first case, the phase shift 
is most easily calculated using the index of refraction [11, 12]:

A 2 N  

~2tT
oy , a r N X

b- - n + ' ^ T ' ( i )

which simplifies for weakly absorbing materials (crr

n = 1 — A2N b c

2tt ’

0) to

( 2)
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where bc is the coherent scattering length and N  is the particle density of the phase 
shifting material. The different A:-vector inside the phase shifter causes a spatial 
shift Д of the wave packet which depends on the orientation of the sample surface s

A = к -  k0
к Do with к — ко

(1 — n)ks 
(к - s)

( 3 )

As in ordinary light optics the change of the wave functions is obtained as follows:

Ф —*■ ipoeiAk  = tp0e~NbcXD = ipoe'x- (4)

Therefore, the intensity behind the interferometer becomes

h  ос \фо + V-o'l2 ce (1 + cos*). (5)

The intensity of the beam in the deviated direction follows from particle conserva­
tion:

lo + Ih — const. (6)

Thus, the intensities behind the interferometer vary as a function of the thickness 
D of the phase shifter, the particle density N or the neutron wavelength Л. A wave- 
packet description has to be used to define coherence properties in real experiments.

rp(r )  oc J  a(k)e,k rd3k. (7)

Standard quantum mechanics defines the momentum distribution of the beam by

ff(k) = |V>(k)|2 = I a(k) 12 (8)

and, therefore, one gets the real part of the coherence function as the Fourier-trans- 
form of the momentum distribution

|Г(Д)| ос I J g(k)eik A d3k\, (9)

which simplifies for Gaussian momentum distributions

g(k) cc exp [—(k  — k 0 ) 2 / 26k 2] , (10)

with characteristic widths <5Aq to

|Г (Ао) |=  П  exp [-(Д,-а*,-)2/2] . (11)
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The mean square distance related to |Г(Д)| defines the coherence length Д  which 
is for Gaussian distribution functions directly related to the minimum uncertainty 
relation (Д* =  1/(2<$&,)).

Any experimental device deviates form the idealized assumptions made by 
the theory: the perfect crystal can have slight deviations from its perfectness, and 
its dimensions may vary slightly; the phase shifter contributes to imperfections by 
variations in its thickness and inhomogeneities; and even the neutron beam itself 
contributes to a devation form the idealized situation because of its momentum 
spread 6k. Therefore, the experimental interference patterns have to be described 
by a generalized relation

I  cc A + В cos(x +  Фо), (12)
where A, В and Ф are characteristic parameters of a certain set-up. It should be 
mentioned, however, that the idealized behaviour described by Eq. (5) can nearly 
be approached by a well balanced set-up [13]. The reduction of the contrast at high 
order results from the longitudinal coherence length which is determined by the mo­
mentum spread of the neutron beam (Д̂ , = (26kx)~l . This causes a change in the 
amplitude factor ofEq. (12) as (В —> В exp[— (Д,-6&,)2/2]). The wavelength depen­
dence of X in Eq. (4) disappears in a special sample position where the surface of the 
sample is oriented parallel to the reflecting planes and the path length through the 
interferometer becomes Do/ sin 9b and, therefore, the phase shift x = —2dhkiNbcDo 
becomes independent of the wavelength and the damping at high interference or­
ders is strongly reduced as compared to the standard position. Related results of a 
recent experiment where the interference pattern in the 256th interference order has 
been measured in the dispersive and the nondispersive sample position are shown 
in Fig. 2 [14]. The much higher visibility of the interferences in the nondispersive 
sample arrangement is visible and is caused by the much smaller momentum spread 
perpendicular to the reflecting planes of the perfect crystal.

Various post-selection measurements in neutron interferometry have shown 
that interference fringes can be restored even in cases when the overall beam does not 
exhibit any interference fringes due to spatial phase shifts larger than the coherence 
length of the interfering beams [15, 16, 17, 18]. This indicates that the simple picture 
which predicts interference only when wave packets spatially overlap is untrue. 
Interference actually occurs no matter how large the optical path difference may be. 
From classical optics it has been known for many years that the coherence properties 
manifest themselves in a spatial intensity variation for phase shifts smaller than the 
coherence length and in a spectral intensity variation for large phase shifts [19, 
20, 21, 22, 23]. This phenomenon becomes more apparent for less monochromatic 
beams and can cause overall spectral shifts [24, 25] and even squeezing phenomena 
[26, 27]. The related phenomena for matter waves have been discussed recently [28, 
29] and will be elucidated in more detail in this paper.

All the results of interferometric measurements, obtained until now can be 
explained well in terms of the wave picture of quantum mechanics and the comple­
mentarity principle of standard quantum mechanics. Nevertheless, one should bear 
in mind that the neutron also carries well-defined particle properties, which have 
to be transferred through the interferometer. These properties are summarized in
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crystal

5 cm

a)

Fig. 2. Interference p a tte rn  observed a t h igh order (m  =  256) with a  d ispersively  (above) a n d  a 
nondispersively a rra n g e d  sam ple [14]. (D ashed  lines co rresp o n d  to m easurem ent a t low order.)

Table I together with a formulation in the wave picture. Both particle and wave 
properties are well established and, therefore, neutrons seem to be a proper tool for 
testing quantum mechanics with massive particles, where the wave-particle dualism 
becomes very obvious.

All neutron interferometric experiments pertain to the case of self-interference, 
where during a certain time interval, only one neutron is inside the interferometer, 
if at all. Usually, at that time the next neutron has not yet been born and is 
still contained in the uranium nuclei of the reactor fuel. Although there is no 
interaction between different neutrons, they have a certain common history within 
predetermined limits which are defined, e.g., by the neutron moderation process, 
by their movement along the neutron guide tubes, by the monochromator crystal 
and by the special interferometer set-up. Therefore, any real interferometer pattern 
contains single particle and ensemble properties together.

Partial beam path detection experiments

A certain attenuation can be achieved either by a semi-transparent material 
or a proper chopper system. The transmission probability in the first case is defined 
by the absorption cross-section <ra of the material [a — I / Iq — exp(—<raND)] and 
the change of the wave function is obtained directly form the complex index of 
refraction (Eq. 1):

xp — * ipoe' n̂ ^ kD — \poe'xe a*NDl '1 — e'x\/axp. (13)
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T able I
Properties of th e  neu trons

Partic le  p ro p erties :

m ass m =  1.6749543(86) ■ ÎO“ 24 g
spin s — h / 2
m agnetic  m o m en t m  =  -1 .91304308(54)/j a-
ha lf life T 1/2 =  641(8) s
electric  charge q < 2.2 • 10_20e
electric d ipó l m om ent d <  4 .8  • 10“ 25e • cm
confinem ent ra d iu s R  =  0 .7  fm
qu ark  s tru c tu re n = u — d — d

W ave p ro p erties :

C om pton  w avelength Л =  h / m c  =  1.32 • 10 13 cm
de Broglie w avelength Л в  = h / m u  ~  1 • 10“ 8 cm*
coherence len g th Д с =  А2/Д А  =  1 ■ 1 0 -6  cm*
packet len g th А р  — V ■ A t  = 1.10 cm*
decay leng th A d  =  V • T i /2  =  2 • 108 cm*
phase difference 0 <  X <  27r

* values belong to  therm al n eu tro n s  (Ag =  1.8 Â, v =  2200 m /s)

Therefore, the beam modulation behind the interferometer is obtained in the fol­
lowing form

Io cc IIpo +  ^ l 2 oc [(1 + a) + 2y/a cos x] ■ (14)

On the other hand, the transmission probability of a chopper wheel or another 
shutter system is given by the open to closed ratio, a = topen/(topen + tclosed), and 
one obtains after straightforward calculations

/ос [(1 -  a)|V>o7|2 + a\ipo +  г^7|2] ос [(1 + a) + 2a cos x], (15)

i.e. the contrast of the interference pattern is proportional to t/ 5, in the first case, 
and proportional to a in the second case, although the same number of neutrons 
are absorbed in both cases. The absorption represents a measuring process in both 
cases because a compound nucleus is produced with an excitation energy of several 
MeV, which is usually de-excited by gamma rays. These can easily be detected by 
different means.

Figure 3 shows the dependence of the normalized contrast of the measured 
interference pattern on the transmission probability [30, 31, 32]. The different 
contrast becomes especially obvious for low transmission probabilities where the 
interfering part of the interference pattern is distinctly larger than the transmission 
probability through the semi-transparent absorber sheet. The discrepancy diverges 
for a —» 0 but it has been shown that in this regime the variations of the transmission 
due to variations of the thickness or of the density of the absorber plate have to be 
taken into account which shifts the points below the -y/a-curve [33]. This can most 
easily be understood if the variation of the beam attenuation due to variations of 
the thickness or density fluctuations are included a = a + Да, which yields after
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absorbing
foil

phase
shifter

incident 
I neutron beam 

- Bragg planes 
( 2200 )

interferometer, 
crystal

beam
chopper

//-detector 
Ckfetector

a)

absorbing
lattice

b) c)

Fig. 3. Sketch of the  ex p erim en ta l a rran g em en t for absorber m easu rem en ts (above), (a) stochastic  
ab so rp tion , (b) d e te rm in istic  absorp tion , (c) a tte n u a tio n  by a  transm ission  gra ting . R ed u ctio n  of 
the  co n tra s t as a  function  of beam  a tte n u a tio n  for different a tte n u a tio n  m ethods (below ) [31, 32]

averaging
л/а < \/ä (16)

indicating that the points fall below the л/H-curve.
The region between the linear and the square root behaviour can be reached 

by very narrow chopper slits or by narrow transmission lattices, where one starts to 
lose information of through which individual slit the neutron went. This is exactly 
the region which shows the transition between a deterministic and a stochastic view 
and, therefore, it can be formulated by a Bell-like [34, 35] inequality

л/ а  > X > а. (17)

The stochastic limit corresponds to the quantum limit when one does not know 
any more through which individual slit the neutron went. Which situation exists 
depends on how the slit widths compare to the coherence lengths (Д,- «  (2<5fc,)_1) 
in the related direction. In case that the slit widths become smaller than the
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Fig. 4. L attice  a b so rb e r  in  the in te rfero m ete r approaching th e  classical lim it when th e  slits are 
o rien ted  ho rizo n ta lly  and the  q u a n tu m  lim it when th ey  are oriented  vertically  [31, 36]

coherence lengths, the wave function behind the slits shows distinct diffraction peaks 
which correspond to new quantum states (n ф 0), which now do not overlap with 
the undisturbed reference beam. The creation of the new quantum states means 
that those labelled neutrons carry information about the chosen beam path and, 
therefore, do not contribute to the interference amplitude [36]. A related experiment 
has been carried out by rotating an absorption lattice around the beam axis where 
one changes from / Ar (vertical slits) to / A y (horizontal slits), Fig. 4, because 
the coherence length parallel to the reflecting lattice vector is much larger than in 
any other directions. Thus, the attenuation factor a has to be generalized including 
not only nuclear absorption and scattering processes but also lattice diffraction 
effects if they remove neutrons from the original phase space.

A very similar situation exists if a very fast chopper produces beam bursts 
(packet lengths) shorter than the coherence time Д tc =  A/v.  In this case, diffraction 
in time occurs which also removes neutrons out of the original phase space. This 
limit is very difficult to reach with a mechanical chopper but it can probably be 
tackled with a high frequency spin flipper.

N eutron Josephson effect

This phenomenon is based on the dipól coupling of the magnetic moment 
pt of the neutron to a magnetic field В(Я = — pB) which causes the famous 4ít- 
symmetry of spinor wave functions, as measured in early neutron interferometer 
experiments [37, 38]. The change of the wave function reads:

ф — ^ ое- ' (я</ л) =  ^ о е - '("в ‘/л> = ф0е~{аа/2 = ф(а), (18)

where a represents a formal description of the Larmor rotation angle around the 
field B (a = (2/r/ft) f  Bdt = (2ц/hv) f  Bds). This enabled also the realization of the
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spin superposition experiments where spin-up (| |> )  and spin-down states (| J.>) 
are superposed producing a final state perpendicular to both initial states [39, 40]. 
It is interesting to mention that in the case of spin reversal by means of a resonance 
flipper the spin term is accompanied by an energy exchange equal to the Zeeman 
energy hu>r = 2цВ. This provided the basis for the observation of a new quantum 
beat effect: the magnetic Josephson analog.

A double coil arrangement can be used for the observation of a new quantum 
beat effect. If the frequencies of the two coils are chosen to be slightly different, 
the energy transfer becomes different too (A E  — h{ujr\ — wr2)). The frequency 
difference can be made very small, if high quality frequency generators are used for 
the field generation. The flipping efficiencies for both coils are always very close to 
unity (better than 0.99). Now, the wave functions change according to

i/> — i>  [> . (19)

Therefore, the intensity behind the interferometer exhibits a typical quantum beat 
effect, given by

/  ос 1 + cos[x + (wri -  wr2)f]. (20)

Thus, the intensity behind the interferometer oscillates between the forward and 
deviated beam without any apparent change inside the interferometer [41]. The 
time constant of this modulation can reach a macroscopic scale which is correlated 
to an uncertainty relation AEAi  < h /2. Figure 5 shows the result of an experiment, 
where the periodicity of the intensity modulation, T  =  2n/(uir\ — wr2), amounts 
to T — (47.90 ± 0.15) s caused by a frequency difference of about 0.02 Hz. This 
corresponds to a mean difference of the energy transfer between the two beams, 
AE =  8.6 • 10“ 17 eV, and to an energy sensitivity of 2.7 ■ 10-19 eV, which is better 
by many orders of magnitude than that of other advanced spectroscopic methods. 
This high resolution is strongly decoupled from the monochromaticity of the neutron 
beam, which was AE — 5.5 • 10-4 eV around a mean energy of the beam Ев  = 
0.023 eV in this case. It should be mentioned, that the result can also be interpreted 
as being the effect of a slowly varying phase A(<) between the two flipper fields, 
but the more physical description is based on the argument of a different energy 
transfer. The extremely high resolution may be used for fundamental, nuclear and 
solid-state physics applications.

The quantum beat effect can also be interpreted as a magnetic Josephson 
effect analog. In this case, the phase difference is driven by the magnetic energy 
( Д £ ? о  =  В 02 — Boi)

—(A2 — Ai) — wr2 • W rl =
2/1A 5 q

and, therefore,

A(<) = (wr2 -Wri)t
2/i ASq

( 21)

( 22)
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resonance flipper

interferometer

Fig. 5. Q u a n tu m  b e a t  effect observed  when th e  frequencies o f th e  two flipper coils differ by ab o u t
0.02 Hz a ro u n d  71.89979 kHz [41]

This yields the observed modulation (compare Eq. (20))

I oc (1 + cos A(i)). (23)

This is analogous to the well-known Josephson effect in superconducting tunnel 
junctions [42], where the phase of the Cooper pairs in both superconductors is 
related to the electrical energies on both sides of the junction according to

^ (ф 2 -  Ф0 = \ { E 2 -  Ex) = ±2 eV (24)

which is driven by the electrical potential V between both superconductors. This 
gives

m  =  (2 5 )

and a superconducting Josephson current

Is = E,Mar sin<£(<). (26)

Postselection o f states

In the course of several neutron interferometer experiments [15, 16, 17, 18] it 
has been established that smoothed out interference properties at high interference 
order can be resored even behind the interferometer when a proper spectral filtering 
is applied. The experimental arrangement with an indication of the wave packets 
at different parts of the interference experiment is shown in Fig. 6. An additional
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monochromator

Fig. 6 . Scheme of th e  experim ental a rrangem ent w ith  a  skew -sym m etrically c u t perfect c ry s ta l 
in terferom eter a n d  a  post-selection an a ly se r crystal [18, 28]

monochromatization is applied behind the interferometer by means of various single 
crystals brought into Bragg position.

Using Eqs (5) and (7), the momentum-dependent intensity reads:

/0(r,k) =  |ti>o(r,k) + ^ / ( r+  Д ,к)|2 ос |a(k)|2|l + cos(A(k) ■ k)|2, (27)

whereas the overall beam reads

70(Д 0) ос 1 + |Г(Д0)| cos Д 0 ■ к, (28)

where До represents the spatial phase shift for the ко-component of the packet. 
Eq. (28) describes the interference fringes when До is varied. The formula also 
shows that the overall interference fringes disappear for spatial phase shifts larger 
than the coherence lengths [A; > A* = l/(26fc,-)] (see Eq. (11)). This behaviour is 
shown in Fig. 7 and has been verified experimentally by several investigations for 
Gaussian and non-Gaussian neutron beams [43, 44, 45].

In our experiment we deal with the coherence properties along the interfer­
ometer axis (X), where the (tangential) components of the momentum vectors (and 
coherence length) do not change due to Bragg diffraction. According to basic quan­
tum mechanical laws, the related momentum distribution follows from Eq. (27) and 
for Gaussian packets it can be rewritten in the form (k = k X! k y , k z )

1 + cos ^xo

where the mean phase shift is introduced (xo = &oAo = NbcXoDeff).  The sur­
prising feature is that /q(&) becomes oscillatory for large phase shifts where the

Io(k) — exp[— (к — ко)2/26k7]
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interference fringes described by Eq. (28) disappear (see Fig. 7). This indicates 
that interference in phase space has to be considered [46,47] rather than the sim­
ple wave function overlap criterion described by the coherence function (Eq. (10)). 
The second beam behind the interferometer (H ) just shows the complementary 
modulation Ifj = Itotai — lo-

The amplitude function [48] of the packets arising from beam paths I and II 
determines the spatial shape of the packets behind the interferometer

I0(x) = \гр(х) + ip(x + A)\2, (30)

which separates for large phase shifts into two peaks (Fig. 7). For Gaussian packets, 
6x corresponds to the coherence length Ac and fulfils the minimum uncertainty 
relation 6x6k =  1/2. For an appropriately large displacement (A Ac), the 
related state can be interpreted as a superposition state of two macroscopically 
distinguishable states, that is, a stationary Schrödinger-cat-like state [49, 59], but 
here first for massive particles. These states — separated in ordinary space and 
oscillating in momentum space — seem to be notoriously fragile and sensitive to 
dephasing effects [51, 52, 53, 54].

Schroedinger-cat-like

Fig. 7. In terference  p a tte rn  as a  fu n c tio n  of the  re la tiv e  phase sh ift (m iddle) and re la te d  wave 
packets an d  m o m en tu m  spec tra  b e h in d  the  in te rferom eter [18]

Measurements of the wavelength spectrum were made with a silicon crystal 
with a rather narrow mosaic spread which reflects in the parallel position a very
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narrow band of neutrons only (6k1 /ко ~  0.0003) causing an enhanced visibility 
at large phase shifts (Fig. 8). This feature shows that an interference pattern 
can be restored even behind the interferometer by means of a proper postselection 
procedure. In this case the overall beam does not show interference fringes anymore 
and the wave packets originating from the two different beam paths do not overlap.

The momentum distribution has been measured by scanning the analyser 
crystal through the Bragg position. The related results are shown in Fig. 9 for 
different phase shifts. These results clearly demonstrate that the predicted spectral 
modulation (Eq. (29)) appears when the interference fringes of the overall beam dis­
appear. The modulation is somehow smeared out due to averaging processes across 
the beam due to various imperfections, unavoidably existing in any experimental 
arrangement. The contrast of the empty interferometer was 60 %.

filtered

180000 

D = 0 m m
120000
1SOOOO

D = 4 m m
140000

120000 

D= 12m m
140000

120000 

D = 2 0 m m
140000

unfiltered
T---T------

-I-----1----- H

H-----1----- h

-0 .6  -0 .4  0.0 0.4

a (deg)

-O .t -0 .4  0.0 0.4 0.6

a (deg)

Fig. 8 . In terference p a tte rn  of th e  overall beam  (ők/ко  =  0.012) and th e  b e a m  reflected fro m  a  
nearly  p e rfec t crysta l an aly se r in  the  an tip a ra lle l position  (ők1 /ко  =  0.003) [18]

Discussion

All the results of the neutron interferometric experiments are well described by 
the formalism of quantum mechanics. According to the complementarity principle 
of the Copenhagen interpretation, the wave picture ható to be used to describe the 
observed phenomena. The question how the well-defined particle properties of the
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neutron are transferred through the interferometer, is not a meaningful one within 
this interpretation, but from the physical point of view it should be an allowed one.

The newly discovered persisting phase space coupling in cases of large spatial 
shifts of the wave packets may bring some attenuation to the action of plane wave 
components outside the packet, The results clearly demonstrate that a spectral 
modulation can be observed in neutron interference experiments at high interference 
order and that interference has to be treated in phase space rather than in ordinary 
space. It looks like that the plane wave components of the wave packets, i.e. narrow 
band width components, interact over a much larger distance than the size of the 
packets. This interaction guides neutrons of certain momentum bands to the 0- 
or H-beam, respectively. These phenomena throw a new light on the discussion 
on Schrodinger-cat-like situations in quantum mechanics and, therefore, on the 
discussion about the EPR-experiments, too [28, 56, 57, 58]. Spatially separated 
packets remain entangled in phase space and nonlocality appears as a result of 
this entanglement. The analogy with optical experiments performed in the time- 
frequency domain is striking [23]. An analogue situation exists in neutron spin- 
echo systems where multiple spin rotation plays an equivalent role as high order 
interferences discussed here [59].

Each peak in the momentum distribution corresponds to a different number 
of phase shifts experienced by the neutrons of that wavelength band during its pas­
sage through the interferometer. In that sense, the minimum quantum unity of the 
incident wave packet becomes a new quantity representing different quantum states 
with distinguishable properties. This kind of labelling shows that constructive inter­
ference is restricted to that wavelength band only; a situation similar to that where 
new states have been created due to lattice diffraction inside the interferometer 
(Fig. 4) [36].

The new quantum states created behind the interferometer can be analysed 
with regard to their uncertainty properties. Analogies between a coherent state 
behaviour and a free but coherently coupled particle motion inside the interfero­
meter have been addressed previously [32]. In such cases, the dynamical conjugate 
variables x and p minimize the uncertainty product with identical uncertainties 
(Ax)2 = (A k )2 = 1/2 (in dimensionless units). Using Io(k) and Io(x) (Eqs (29) 
and (30)) as distribution function we get in our case

д»гг < (AxS>2 >=< x 2 > -  < x >2= (6x)2 + ( д )  (31)

and (for 6к/ко <C 1)

< (Д&)2 > =< k2 > -  < к >2
Í A o \  e - ( A o / 2 ^ ) a/ 2  c o s ( A o fr0 ) +  e - ( A o / 2 < « ) 3 \

\ 2 6 x J  [ l  e - { ^ o l " i b x y /2 cos(Aofco)]2 /  (32)

These relations are shown in Fig. 10 indicating that for (Ak)2 values below the 
coherent state value can be achieved, which in quantum optic terminology means

= ( Щ 2 1
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Fig. 9. M easured sp e c tra l m o du la tion  of th e  outgoing b e am  and  the  residual interference p a t ­
te rn  for different b ism u th  phase  sh ifter thickness. T he w avelength  resolution of th e  analyser was

0.002 A [18]

squeezing [35, 60, 61]. One emphasizes that a single coherent state does not exhibit 
squeezing, but a state created by superposition of two coherent states can exhibit a 
considerable amount of squeezing. Thus highly nonclassical states are made by the 
power of the quantum mechanical superposition principle.
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POSTERS (SOLID STATE PHYSICS)

THE ORIGIN OF Sm ION INTERMEDIATE 
VALENCE STATE IN SinB6

P. A . A l e k s e e v , V. N. L a z u k o v  and I. P. S a d ik o v

R R C  K urchatov  Institute  
123182 Moscow, Russia

T he ex ten d ed  inelastic  neu tron  sc a tte rin g  study  of БшВб single- and  po lycrysta lline  
sam ples has been p e rfo rm ed  to search th e  effects of in te rm ed ia te  valence s ta te  o f Sm ions 
in la ttic e  and m ag n e tic  excitation  sp e c tra . Several specific fea tu res  have b een  discovered 
in th e  sp ec tra  o b ta in ed . T he possible s tru c tu re  and p ro p e rtie s  of the w avefunction of Sm 
ion g round  s ta te  a re  discussed.

Introduction

SmBß is a “classical” intermediate valence (IV) system which was extensively 
studied from the middle of the 60’s during two decades. The investigations were 
concentrated around two main features of its physical properties: homogeneous 
mixed valence state (u =  2.56) of Sm ions and narrow gap of a few meV in the 
electronic density of states at Ef, which gives rise to semiconductor-like behaviour 
at low temperatures.

The inelastic neutron scattering is one of the most powerful tools for inves­
tigating the IV phenomenon. A serious problem in the realization of this intent 
is the extremely high capture cross-section of thermal neutrons by the natural Sm 
and B. The isotopically purified materials are necessary for the preparation of a 
suitable sample. This paper gives a survey about most of our neutron scattering 
experiments done since 1989 on SmBg [1-8].

Experim ental details

The samarium oxide and the pure boron enriched up to 98.6 % of 154Sm 
and 99.4 % of n B were used to create the polycrystalline samples. The single 
crystal (~  1 cm3) of SmBß was grown by floating zone melting technique from the 
polycrystalline rod. The diffraction and preliminary inelastic neutron scattering 
experiments were performed at the IR-8 medium flux reactor of the Kurchatov 
Institute. The most measurements of the phonon frequencies were done using the 
IN-8 three-axis spectrometer (TAS) at the Institute Laue-Langevin. The same single 
crystal was used in the measurements of magnetic excitation spectra at 2T TAS at 
the Laboratory Leon Brillouin. The study of high energy spin-orbit intermultiplet 
transitions was performed on the polycrystalline sample of 154Smn B6 and reference 
sample Lan B6 at the time-of-flight spectrometers НЕТ at the ISIS facilities of 
Rutherford Appleton Laboratory.
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Results
1. Phonons (Fig. 1)

One of the remarkable features is the overall softening of the acoustic and the 
lowest optic phonons in SmB6 in comparison with that of the isostructural non IV 
system ЬаВб [7,9]. The softening reaches the value of 20 % in the Г-point for optic 
phonon. The pronounced anomalies are observed in SmBg contrary to ЬаВб for the 
longitudinal acoustic branches in the [110] and [111] directions. These anomalies 
resemble the similar softening of La phonons in the [111] direction in other famous 
IV semiconductor SmS [10].

Г X Г M Г R

p h o n o n  w a v e v e c t o r

IQI (Лч )
U  16 ve

Fig. 1. Phonon  d isp e rsio n  curves for 
SmBß a t T  = 300 К  (experim en tal p o in ts  
a re  connected  by gu idelines). D ashed 
lines are the  p h o n o n  b ran ch es for ЬаВб

Fig. 2. R adial (u p p er p a r t)  and angular 
(lower p a r t)  variations of th e  m agnetic in ­
ten s ity  associated  w ith  th e  m agnetic peak 
a t  hu>2 «  14 meV in  Sm B e; insert: t ra ­
jec to rie s  w ithin the  (O il)  sca ttering  p lane 
co rresponding  to these  p lo ts

The intriguing experimental result is the observation of two extra phonon 
modes for SrnBö- The first was obtained at 300 К as a weak signal with a maximum
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at about 19 meV in the energy gap between acoustic and optic phonon branches 
(triangles in Fig. 1). The signal disappears in the background when the temperature 
goes down below 100 K. Nothing was found in the gap between acoustic and optic 
branches in our measurements of the LaBß single crystal. Another unusual signal 
was observed in longitudinal geometry in [110] direction near the BZ boundary 
for large enough values of Q. Its energy is about 15 meV at 1.8 К and strongly 
depends on temperature: the peak position shifts to the foot of the elastic line with 
temperature rises to about 100 K.

2. Low energy magnetic excitation (E ~  Ц  meV)

The intensity of the 14 meV peak drops rapidly with rising of the momentum 
transfer Q and decreases faster than due to the usual /-electron form factor (see 
Fig. 2, upper part). The most detailed study of this puzzling excitation has been 
carried out at several temperatures between 1.8 and 73 К and at a selected point 
of BZ with Q ~  1.5 Â-1 (Fig. 3). The fast drop of the intensity when temperature 
rises takes place in the narrow interval 20-40 K. This excitation has been measured 
at the lowest temperature T  =  1.8 К at a number of points in plane [110]—[001] 
of the reciprocal space. The most interesting result is the dependence of the peak 
intensity not only on the |Q|, but the very strong dependence on Q/\Q\ obtained 
from measurements with |<5| = 1.5 Â-1 (Fig. 2, lower part). At this Q-value the 
intensity of the 14 meV excitation is near zero for [100], goes through the maximum 
near [11 Indirection and falls to some intermediate value for [110].

3. Spin-orbit (intermultiplet) transitions (Fig. 4)

The two main magnetic peaks with energy positions close to the energies 
of the intermultiplet transitions for the stable valence Sm2+ and Sm3+ ions have 
been identified. The ratio of the intensities for these two peaks is in a reasonable 
agreement with the ratio of dynamic structure factors for corresponding values of 
Q. The trial measurements of the polycrystalline sample 154Smo^Вао.5ПВб were 
done under the same conditions as SmBß (valence v = 2.7) (Fig. 4). The obvious 
rise of the intensity of high energy peak with respect to the low energy one is in 
accordance with the change of the average valence to more of 3+ when Sm is partly 
substituted by Ba. The evidence of single site origin of these excitations follows 
from these data.

The experimental width of the peaks is greater than the instrumental reso­
lution. Experiments with SmBg single crystal prove the absence of any detectable 
dispersion o f J  = 0=f - J  = l excitation, thus its large (> 20 meV) width is true 
intrinsic.

Discussion

The observed anomalies in the phonon dispersion curves at room tempera­
ture were analysed successfully in [1] from the standpoint of the generalized charge
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Fig. 3. T em p era tu re  dependence o f the  
in tensity  a n d  linew id th  of th e  m ag n e tic  
peak  a t hu )2 ~  14 meV in SmBß

Fig. 4. The m ag n e tic  con tribu tion  to  .S’(Q . E)  
for SmB6 a n d  Sm o.5Bao.5B6, m ea su re d  on 
Н Е Т  a t sca tte rin g  angle (ф) =  5°; Q  values 
are  given for E  =  40 and  120 m eV . L ines are 
th e  best fits by  th e  two G aussians. In se t: in­
elastic  s tru c tu re  fa c to r  G2 (Q) for in te rm u lti­
p le t transitions o f Sm 2+ and Sm 3+ ions. Ar­
rows indicate th e  values of G2 correspond ing  
to  experim ental conditions

density distortion model. It was shown that the dipole “distortion shell” mode 
(Г15) is responsible for the general softening of phonons, the anomalies (kinks) in 
LA [110], [111] are well described by the nonlocal monopolar (“breathing”) mode 
(Г1) specific for the IV semiconductor. This adiabatic consideration cannot give 
two extra modes; one of which was observed at room temperature (“gap” mode at 
E = 19 meV) and another one which exists at low temperatures near the LA [110] 
branch. The energy of the monopolar excitation is supposed to be of the order of a 
few meV. Therefore, the non- or even anti-adiabaticity have to be considered for the 
full description of lattice vibration excitation spectrum of SmB6 to be found. The 
calculations [11] of the spectrum of such a system give evidence that dispersionless 
“gap” mode results from anti-adiabatic (phonon energy is higher than electronic) 
interaction between LO phonon and Ti exciton like some kind of local mode due to 
defect in the perfect lattice. The low temperature mode corresponds to longitudinal 
acoustic phonon excitation in the lattice distorted by Ti electronic excitation.

Acta Physica Hungarica, 75, 1994



ORIGIN OF Sm  ION 225

The simultaneous existence of the transitions specific for / 6 and for / 5 con­
figurations in the spectra of SmBg gives direct evidence of the mixed nature of Sm 
ion ground state wavefunction. The large intrinsic line width corresponds to rather 
short life time (3 x 10“ 13 s) and proves the homogeneous origin of the IV state. The 
Q-dependence of intensity of both peaks is in agreement with single-ion calculations 
[4]. Therefore, the well localized 4/-electrons are most probably responsible for this 
part of the excitation spectra.

The experimentally observed sharp Q-dependence of 14 meV excitation in­
tensity corresponds obviously to delocalized electron spin density distribution. The 
distance from the origin to the maximum in the radial part of the electron densi­
ty can be estimated as 1.5—2 Â, three times larger than 4 / shell radius. From 
the other side, the surprisingly small intrinsic width with respect to intermultiplet 
transitions, unusual temperature behaviour and anisotropy of the inelastic structure 
factor may result from non single-ion origin of this excitation. It is some kind of 
excitation in the “loosely bound” electron state which exists at low temperatures 
and “disappears” at temperatures enough for the thermal activation of conduction 
electrons. The particular anisotropy of the inelastic structure factor reflects the 
anisotropy of radial distribution of the spatially extended wavefunction. Probably 
it is connected with a topology of an octahedron built on the six Sm ions in simple 
cubic Sm sublattice, between which the d- and p-electrons are spread forming the 
wavefunction of the exciton of the intermediate radius.
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D yn am ic  n eu tro n  a n d  gam m a rad iog raphy  equipm ent (D N G R ) has been in s ta lled  
a t th e  B u d a p es t research  reac to r. DN GR is u sed  as non-destructive  testing  m e th o d  for 
research  a n d  developm ent o f p ro d u c ts  for various com panies. Investiga tions have b een  p e r­
form ed on ab so rp tio n  an d  com pression type re frig e rato rs which p rov ide  useful in fo rm atio n  
for engineering  and  developm ent work.

Introduction

Neutron radiography has proved to be a useful tool in non-destructive testing 
investigations, and its increasing role may be observed in various applications (see 
e.g. [1] and therein). Flow of fluids, evaporation and condensation processes in 
closed metal objects and tube systems are visualized and analysed by DNGR which 
provide useful information for experts involved in developing work. Among our 
main applications are investigations of inner processes in various thermodynamical 
devices like absorption and compression type refrigerators [2,3], heat tubes [4].

In this paper we give a description of our new DNGR experimental facility 
which has been built out in connection with the refurbishment of the Budapest 
10 MW research reactor, which is again in operation since November 1993. Some 
of our latest results on optimalization of working parameters of absorption and 
compression type refrigerators are presented.

Experim ental facility

A new DNGR installation has been constructed and put into operation at the 
thermal channel No. 2 of the WWR-SM 10 MW Budapest research reactor.

Both neutron and gamma radiation are obtained simultaneously from the 
reactor core through a pin-hole type collimator. The collimator is constructed in 
a very similar way as described in our previous paper [5]. Collimation ratio is 
L/D  =  170, diameter of the beam is 150 mm and neutron flux is 5 x 107 n/cm 2 s 
at the object position. Objects under investigation with a weight of up to 250 kg
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Fig. 1 . Im ag in g  system  of th e  D N G R  facility

and a surface area of 600 mm x 1000 mm can be moved into the correct position 
of the beam by means of a remote control mechanism.

Figure 1 shows the schematic arrangement of the imaging system. For neu­
tron radiography imaging NE 426 converter screen, for gamma radiography imaging 
NaCe single crystal is used. The light image is detected by 10-4 lux TV 1122 type 
television camera. The imaging cycle is 40 ms, thereby providing the possibility for 
visualizing medium speed movements up to about 2.5 m/s inside the investigated 
object. Radiography images are displayed on monitor, stored by S-VHS recorder 
and for further analysis a QUANTEL image processing system is used. In addition 
to the radiography image other parameters characterizing the operation of the in­
vestigated object — such as operating time, pressure, temperature, flow velocity, 
power consumption — are measured and recorded.

Applications

Compression type refrigerators

Chlorofluoro-carbons CFCs are one of the so-called “greenhouse” gases and 
so may be relevant to the problem of global warming of the earth, although their 
significance is likely to be comparatively minor. Many CFCs are used as working
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fluids in refrigerators, freezers and air-conditioning units. The development of safe, 
effective substances is one of the most difficult challenge facing industry throughout 
the world. Much work has been focused in the last years on finding suitable ozone- 
benign replacement material.

According to the Montreal Protocol (1986) which was formulated on the Inter­
national Conference “Saving the ozone layer” the following rates for CFCs products 
reduction were accepted:

1993 -  consumption cut to 80 % of 1986 level
1998 -  consumption cut to 50 % of 1986 level, similar cuts in production.

Fig. 2. Segregation of th e  syn thetic  lu b rica tio n  oil on the surface  of R-134a organic m ateried in 
th e  evaporator a f te r  th e  re s ta r t of th e  com pressor

Hungarian refrigerator manufacturers meet with this problem as well, as they 
are interested in Western-European export. The new cooling material is R-134a 
freon which does not cause any damage in the ozone layer, but its oil solving ca­
pability is smaller than those for previously used ones [7]. This fact causes many 
problems for designers and producers. It is very important to know the segrega­
tion points; these may be visualized by neutron radiography. As an example Fig. 
2 shows the segregation of the synthetic lubrication oil on the surface of R-134a 
organic material in the evaporator after the restart of the compressor. This layer 
hinders the evaporation of R-134a, and it is missing from the lubrication process of 
the compressor bearing. Schematic layout of compressor refrigerator and details of 
its working process were described in our previous work [3].

Absorption type refrigerator

The study of inner processes in absorption type refrigerators is a very favour­
able task for DNGR investigations, because these units consist of small diameter 
tubes with thin wall. The operation of an absorption type refrigerator is based on
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two fundamental priciples: a) the ability of large quantities of ammonia gas to be 
absorbed into cold water at low pressure and then at higher temperatures and high 
pressure to be driven out again, and b) the ability to condense ammonia vapour at 
a high pressure and high temperature and to evaporate it again at a lower temper­
ature in the presence of an inert gas although even the total pressure remains the 
same. During this evaporation process large quantities of heat can be taken into 
the ammonia. Further details and a functional model of an absorption aggregate 
may be found in [3].

Fig. 3. L i q u i d  a m m o n i a  is  g a t h e r e d  i n  t h e  c o n d e n s e r  i n  c o n s e q u e n c e  o f  t h e  i n c o r r e c t  p o s i t i o n  o f
th e  o u tle t hole

As far as an absorption refrigerator is working without motor and compressor, 
the undisturbed stream in the tube system is very important . As an example Fig. 3 
shows such kind of defect. Liquid ammonia is gathered in the condenser because 
the position of the outlet hole is incorrect. In consequence, the cooling material is 
missing from the evaporator and the efficiency of the unit drastically reduces.
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Abstract

A m m onium  hydrogen su lp h a te , (NH4)HS0 4 , is ferroelectric [l] in  th e  tem p era tu re  range  
betw een 270 К a n d  154 К . W ith  increasing  h y d ro sta tic  pressure  the  ferroe lec tric  p ro p erties  of th is 
crysta l d isap p ea r [2] a n d  p ro to n  superion ic  co n d u ctiv ity  is observed a t  tem p era tu res  above 460 К 
[3]. T he resu lts  of n e u tro n  pow der diffraction (N PD ) a n d  inelastic in co h eren t n eu tro n  sc a tte rin g  
(IINS) s tud ies of n o rm al an d  d e u te ra te d  am m onium  hydrogen su lp h a te  in  different solid  phases 
are presen ted . T h e  m easu rem en ts  were perform ed on th e  NERA in v erted  geom etry tim e-of-flight 
sp ec trom eter [4] of th e  IBR-2 high-flux  pulsed re ac to r  o f the  JIN R  a t D u b n a .

No change is found  in th e  N PD  and HNS s p e c tra  for the  I—II p h a se  transition  a t  270 K, 
while th e  II—III  ph ase  tran s itio n  a t  154 К is clearly seen . T he la tte r  p h a se  tran s itio n  is m ark e d  by 
a  change in s tru c tu re  a n d  p ro to n  dynam ics. The b e h av io u r of the d e u te ra te d  am m onium  hydrogen  
su lp h a te  a t  cooling is analogous to  th a t  of a  p ro to n a te d  substance. U p o n  h ea tin g  a t a b o u t  230 К 
a  new s tru c tu ra l tra n s it io n  was observed. T he new p h ase  thus ob ta in ed  m ay  be overcooled below 
th e  tem p e ra tu re  of th e  II—III p h ase  transition . O u r investigations show th a t  the  N PD  s p e c tra  of 
th is new phase  co rrespond  to  th e  h ig h  pressure p h a se  IV of a  n o rm al substance. T he p h ase  IV 
below ca. 200 К becom es m e ta s tab le  and  exists even  a t  norm al p ressu re  w ith in  the  te m p e ra tu re  
region of th e  ph ases II and  III. W ith  increasing tem p e ra tu re  the p h a se  IV transform s d irec tly  
to  the  phase  I a t  a b o u t 270 K. T h e  IINS sp ec tra  o f th e  phases I, II a n d  IV ind icate  d iso rd e r of 
hydrogen b o nds in  th e  c ry sta l a n d  fa st reorien ta tions o f am m onium  ions above the  te m p e ra tu re  of 
th e  II—III phase  tran s itio n . Below th is  tem p era tu re  difference in v ib ra tio n a l sp ec tra  of th e  phase  
III an d  IV is caused  by different c ry s ta l stru c tu res  a n d  th e  ordering of hydrogen bonds.
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A PACKAGE OF DEDICATED PC SOFTWARE 
FOR NEUTRON POWDER DIFFRACTION DATA 

PROCESSING AND ANALYSIS

E . J a n s e n , W .  S c h ä f e r  and G. W ill

Mineralogisches Institut,  Universität Bonn  
Poppelsdorfer Schloss, 53115 B o n n ,  Germany  

and
Forschungszentrum Jülich -M I N /Z F R -  

52425 Jülich, G erm any

C om m only  used pow der s tru c tu re  refinem ent program s an d  a  varie ty  of au x ilia ry  
rou tines for th e  h and ling  of pow der p a tte rn s  are co llected  in a softw are package of in d iv id ­
ual p rogram s to  b e  ru n  in any lab o ra to ry  on p e rso n al com puters. T h e  package con ta ins PC  
least squares versions of the full p a tte rn  refinem ent R ietveld m eth o d  a n d  of the  tw o-stage 
m eth o d  ap p ly in g  individual p eak  profile analysis (PR O FA N ) and using  in teg ra ted  in te n s i­
ties (PO W L S). T h e  auxiliary  p rogram s represent a  com prehensive P C  softw are env ironm ent 
con tain ing  to o ls  for scaling an d  com bining d a ta  se ts , for adding a n d  su b tra c tin g  different 
files, for d e te rm in a tio n  of b ackground  and  peak in ten sitie s, for d isp lay ing  and  labelling  of 
d iagram s, for hardcop ies on p rin te rs  and  p lo tte rs  a n d  for file o u tp u ts  to  be included in w ord 
processing system s.

Introduction

Encouraged by more than 20 years of experience in the operation of two neu­
tron diffractometers as dedicated service instruments for university institutes and 
other external research groups we have put together a package of software tools, 
which are needed in the context of crystallographic and magnetic structure analysis, 
when doing neutron powder diffraction. There are two well-established methods in 
handling powder diffraction patterns: the full pattern refinement Rietveld method 
[1, 2] and the two-stage method using integrated intensities. Integrated intensities 
of individual reflections and/or groups of overlapped reflections are used as ob­
served quantities in the program POWLS (Will [3]) analogous to the procedure in 
single crystal data analysis. There are programs available (see Jansen et al [4]) to 
determine the integrated intensities in a first step by profile fitting of the powder 
diffraction pattern. PROFAN is a program to perform this stepwise on selected 
peaks or peak clusters to be decomposed.

In order to run these programs independent of large mainframe computer 
installations and their specific restrictions with respect to hardware and operat­
ing systems, we have prepared PC versions of the programs ready to run in any 
laboratory on an IBM compatible personal computer under DOS. Due to modern 
compilers and PC developments, it is no problem, nowadays, to transfer even large 
least squares refinement programs to personal computers. However, working with
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those programs on PCs is sometimes cumbersome because of lack of environment. 
Therefore the program package presented here contains an auxiliary software PC 
environment to support preparation, processing, exploitation and presentation of 
powder diffraction patterns. Programs with graphic facilities are designed for an 
interactive operation by means of a mouse on a graphic screen. The auxiliary 
programs are written in Turbo Pascal 6.0, the Rietveld and POWLS programs in 
Fortran 77. When using a PC with coprocessor, the turn around times of the least 
squares routines are comparable to working conditions on a mainframe computer.

Least squares refinement PC programs

Rietveld PC code

The PC code of the total pattern profile refinement is based on Rietveld’s 
original source code (T418, 419 [5]) containing both nuclear and magnetic struc­
ture refinements. Data input and crystallographic model description are analogous 
to Rietveld’s handling. Magnetic structures, inlcusive those of enlarged, but com­
mensurate lattice periodicities, are defined by appropriate translation and rotation 
matrices of the magnetic moments. Modifications made by several authors with re­
spect to a modified treatment of background or a simplified method to decompose 
an observed pattern into Bragg intensities, and which caused negative consequences 
on the validity of Я-values, have been avoided. Weighted and expected profile Я-val­
ues are calculated from background cleaned step intensities. Я-Bragg values defined 
in this Rietveld PC code are comparable to those obtained by integrated intensity 
refinements (see Jansen et al [6]). Bragg Я-values are given for the nuclear, the 
magnetic and the total reflection intensities.

POWLS-PC

POWLS-PC is the PC version of the established computer program POWLS 
(POWder Least Squares) for calculation and refinement of X-ray and neutron pow­
der diffraction data (Will [3, 7]). The program combines the calculation of structure 
model intensities and the adjustment of structural parameters to observed inten­
sities. Observed quantities to be used for a non-diagonal least squares procedure, 
are integrated intensities of both individual reflection and/or groups of overlap­
ping reflections. Crystallographic and magnetic intensities can be handled either 
separately or simultaneously. Symmetry informations of all crystallographic space 
groups, X-ray scattering factor tables, nuclear neutron scattering lengths and ta­
bles of magnetic form factors are supplied in separate files. Structural parameters 
to be refined are occupation numbers, atomic positions, isotropic or anisotropic 
thermal vibrations and preferred orientation; parameters with respect to magnetic 
structures are amount and direction of ordered magnetic moments. An extended 
version of this program comprises also the handling of incommensurate lattice peri­
odicities of magnetic structures. Miller indices of magnetic superlattice or satellite 
reflections are automatically generated. A final comparative list of observed and
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calculated intensities is given together with appropriate Я-Bragg values. Addition­
al PC tools are provided to display and plot model diffraction patterns using the 
POWLS output and selected peak profiles.

PROFAN-PC

PROFAN-PC [8] is the PC version of PROFAN (PROFile ANalysis), which 
fits preselected profile functions into measured peaks or peak clusters from either 
neutron, X-ray or synchrotron diffraction patterns. Profile shape functions actually 
implemented are Gaussian, Lorentzian and Pseudo-Voigt. The profile analysis or 
refinement can be performed independently of preliminary structural knowledge. 
Profile parameters like peak positions, halfwidths and heights are refined by least 
squares methods. Subsequently these parameters can be used for appropriate pur­
poses either in structure determination or refinement (POWLS) or in texture and 
strain and stress analysis. Halfwidth parameters can also be fixed according to a 
known 2в dependence, like that defined by parameters U, V, W in the Rietveld 
routine. The actual profile analysis of a pattern is performed stepwise on selected 
peaks or peak clusters after segmenting the pattern manually into suitable sections.

Auxiliary PC programs

This PC environment software comprises a variety of different programs [9], 
which support preparation and presentation of powder diffraction patterns. The 
input to be handled is according to the widely used file format, which is defined 
by a start/step/stop declaration in the beginning. There are tools for scaling and 
combining data sets, for adding and subtracting different files, for determination 
of background and peak intensities, for displaying and labelling of diagrams, for 
hardcopies on printers and plotters and for file outputs to be included in word 
processing systems. The programs written in Turbo Pascal 6.0 are aimed at IBM 
compatible PCs with a graphic adaptor like VGA, running under DOS. The wide 
potential of graphic manipulations is used to support the interactive operation at 
the PC. Graphic input is performed by a mouse and/or cursor keys. The programs 
are divided into two groups, the non-interactive routines ADD, SUB, OPE and 
ACC, and the graphic interactive routines SHO, BAC, INT and PAT.

Non-interactive routines

Intensities of patterns with identical start/step/stop values can be added or 
subtracted point by point with the tools ADD and SUB, respectively. Sum patterns 
are needed for instance, in case of several patterns collected under identical experi­
mental conditions. SUB may be used for instance, to subtract a high temperature 
pattern without magnetic reflections from a low temperature pattern containing 
both nuclear and magnetic intensities. Another frequent use of SUB is the gen­
eration of a difference pattern of observed and calculated count rates. Arithmetic 
operations like addition, subtraction, multiplication or division of count rates by
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selected offsets or factors are performed with the program OPE. Such operations 
are useful to normalize or compare data files measured under different experimental 
conditions. Data files of different start/step/stop values can be combined to a com­
mon data file of equidistant stepwidth when using the program ACC, which stands 
for accumulation. ACC may be used for patterns which have been measured for 
instance under different settings of a position-sensitive detector and which are to 
be combined to a composed accumulated data file.

Interactive graphic routines

Structure analysis and refinement from powder diffraction measurements starts 
favourably with a visual inspection of the diffraction patterns. Visual control is also 
necessary to observe and estimate the progress of data evaluation during successive 
runs of profile fits. The program SHO displays diffraction data files on a graphic 
screen. The patterns are placed inside a frame, which is generated automatically. 
The initial scale is found by a check of the limits of all input patterns. Depending 
on the actual limits, the axes are provided with appropriate ticks and labels. A 
zoom facility is provided and can be applied repeatedly, also in sections already 
zoomed. In case of the existence of a special file containing reflection positions and 
Miller indices, the program SHO performs a labeling of the diffraction pattern for 
presentation, documentation and publishing purposes. All structure refinements 
are connected with the separation of background from the real Bragg intensities. 
The program ВАС, standing for background, generates a background polygon by 
footing marks to be selected interactively on the screen. The ВАС menu offers tools 
to add, change and delete footings controlled by rubber lines. The determination 
of integrated Bragg intensities is performed using the program INT. Peak ranges 
can be defined manually by means of a cursor box to set limits on the abscissa. 
Integrated intensities and mean peak positions are calculated with estimated de­
viations. Finally, the program PAT, standing for patching, modifies input files of 
different scales or zero shifts to match each other in an accumulated data file. All 
graphic programs use common routines to display files and to interact with the user.

Driver software

The program package includes drivers to perform hardcopies on printers sup­
ported by the GRAPHICS command of DOS, on Postscript devices, as well as on 
HPGL plotters. File outputs are generated for inclusion into common word pro­
cessing systems, e.g. WordPerfect.

Conclusions

It should be emphasized that the program package is an ad-hoc collection of 
individual programs, which are aimed to be run independent of each other. This 
holds especially for the least squares refinement programs, which meet different re­
quirements also with respect to prior structural knowledge. The program collection
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concentrates on the needs of structure refinements according to our practical ex­
periences in the operation of powder diffraction service instruments. Nevertheless, 
there are tools, e.g. PROFAN, which have proven to be helpful in the preparation 
of data for ab initio structure determinations or for strain and stress or texture 
analysis. The auxiliary programs can be applied for any purposes, where diffraction 
patterns have to be handled. Here we take into account today’s trends of using 
modern PCs instead of large mainframe computer systems.
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T h e  evolution of th e  s tru c tu re  was followed in decom posing b in a ry  system s. In  A u -  
P t  and  A u -N i alloys, T iH (D )x and  liquid c ry s ta l dispersed po ly m er m ix tu res sm all angle 
n eu tro n  sca tte rin g  resu lts revea led  the  com m on feature  for decom position  p henom ena of 
different origin: p a tte rn  fo rm atio n  and developm ent of m edium  ran g e  s truc tu res.

1. Introduction

In composite systems homogeneous non-equilibrium states can be provided 
by different treatments, then during a relaxation decomposition may induce a mor­
phology of mesoscopic scale. The formation of the precipitation patterns depends on 
the volume fraction and the different types of interactions of the components. As a 
result, isolated clusters within a matrix or an interconnected network of precipitated 
phases may occur.

In a neutron scattering experiment the measured intensity is proportional 
to the momentum and time dependent structure function S(q,t), which measures 
spatial correlations and might show a scaling behaviour indicating the time evolution 
of the mesoscopic precipitation patterns.

Here we present a systematic neutron scattering investigation of three different 
binary systems: simple Au-based alloys [1], titanium-hydrogen composites [2] and 
liquid crystal dispersed polymers [3]. The metastable homogeneous starting phases 
were produced in different manner, as well as the driving force for the decomposition 
has different origin.

2. Experim ental

The Au-Pt and Au-Ni samples with several concentrations nearly symmetric 
to the miscibility gap in the phase diagram were prepared by induction melting. 
Homogenization at a temperature just below the melting point was performed which 
was followed by a quench to room temperature. The decomposition was monitored 
step by step by annealing at several temperatures up to 600 °C.

The TiH(D)x samples were obtained by the following procedure: Titanium 
loaded with hydrogen (deuterium, for other samples) was compressed to 60 kbar,
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heat treated at 620 К and rapidly quenched in liquid nitrogen. The pressure was 
then released, but the samples were stored in a nitrogen cryostat to preserve the 
metastable phase.

The liquid crystal-polymer system was composed in the following way: To 
produce samples with different ordering properties and concentrations, in nematic 
(5CB) or smectic (8CB) liquid crystals (LC) 1.5-3 wt% of reactive monomers (BAB 
or BMB) and, in addition, photo initiator (0.7-1.5 wt% benzoin methyl ether) were 
dissolved at elevated temperatures. Polymerization was induced by UV light. Some 
samples were prepared with magnetic field alignment [3].

The neutron scattering experiments were performed on spectrometers at the 
Orphée Reactor (LLB-Saclay, France). The scattered intensity data were analysed 
in terms of the S(q) structure functions in the framework of those models which 
were properly adapted to the three different systems [1-3].

3. R esults and discussion

For the decomposition in the series of Au-Pt alloys the structure functions 
were analysed for their shape and width [1] and the scaling behaviour was estab­
lished for the late stages of the relaxation (annealing up to 600 °C). We have ob­
served a considerable narrowing of the spherically averaged S(q) function near the 
middle of the miscibility gap (60 at% Pt). For this composition a strong anisotrop­
ic scattering was detected (Fig. 1), meaning that the precipitated phases occur 
as plates on the (200) lattice planes. In both Au-Pt and Au-Ni alloys significant 
side-band reflections were detected in the diffuse scattering measurements, also sup­
porting the picture of parallel platelets. This morphology induces correlations of 
longer range typically of 20 nm for the Pt, and 4 nm for the Ni-content alloys, 
respectively. In the study of the Au-Ni system the formation of parallel plate-like 
patterns was monitored also by electron microscope imaging in the 0.01 mm-100 nm 
range.

In the case of TiH(D)x SANS data were recorded for samples with x = 0.728, 
0.832 and 0.917. Different I(q) plots were analysed for the 0.007-0.08 A-1 q-range. 
First, the low temperature x-phase was measured and the signal was detected to be 
very weak indicating a random distribution of H(D) atoms in the interstitial sites of 
the fco metal sublattice. By heating the samples the 7- and (5-phases were obtained 
at above 140 К and 480 K, respectively [4]. These lattçr are nearly stoichiometric 
compounds containing — due to the decomposition finely dispersed a-Ti precip­
itates. A fractal model was tried to fit the experimental curves, by analogy of TÍH2 
fractal precipitates in CuTi(H) [ref. in 2]. Finding values somewhat higher than 3 
for the fractal dimension did not prove the fractal behaviour, while the separation 
of H(D)-free and perfectly ordered TiH(D)i regions is clearly demonstrated by the 
intensity variation in accordance with the lower or higher contrast for hydrogenated 
and deuterated samples, respectively. The best fit was obtained in the framework 
of a random two phase model, which yields a correlation length of 5-6 nm. Fur­
thermore, in the high temperature é-phase, a significant increase of the size of the 
a-Ti precipitates is observed.
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Fig. 1 . T w o-dim ensional SANS in tensity  d is tr ib u tio n  represented  b y  iso in tensity  lines for the

A u -P t (60 a t% ) sam ple  [1]

In the LC-based composite system the polymerization leads to the phase 
separation of a small amount of non-mesogenic polymer, which forms a physically 
interconnected fiber network in the continuous liquid crystal matrix. The fibers have 
rough surface and their cross-section radius is typically 30 nm. In the framework 
of a surface fractal model [3 and ref. therein] one can describe that on cooling 
the system, smaller polymers separate out resulting in thicker fibrils with a less 
smooth surface, while the phase transitions in the LC matrix do not influence the 
distribution of the rather rigid fibers. A model for the decomposed medium is 
proposed in Fig. 2.

Regarding the problem of alignment in this system it was found that the poly­
merization of non-mesogenic monomers in an aligned smectic A matrix induces the 
anisotropy of the resulting network, which becomes elongated parallel to the LC di­
rector. Figure 3 illustrates a sketch of the LC-fibril interface. In this picture one can 
explain the very stable alignment of the decomposed phase (anisotropy remains even 
after several thermal cycles without magnet), namely the polymer network freezes 
the LC alignment, imposed by fuzzes on the diffuse liquid crystal-polymer surface.

4. Conclusion

In the three systems with various origin of decomposition different kinds of 
morphology were observed. In the Au-based alloys the formation of modulated 
mesoscopic structures is governed by elastic interactions due to geometrical misfits 
of the components. In the LC-based system due to the nature of polymerization

Acta Physica Hungarica 75, 1994



2 4 2 L. ROSTA e t  al

Fig. 2. S chem atic  rep resen ta tio n  of th e  p o ly ­
m er netw ork  in  th e  liqu id  c ry sta l m a trix . 
T he s tru c tu re  of th e  fibres is show n in  the 
encircled p a r t  a t  h igh  (a) an d  low (b) te m ­
p era tu res . T h e  rectan g les rep resen t po lym er 
re ticu la tes a n d  th e  en larged  ske tch  is con­
s tru c te d  of self sim ila r u n its , w hich is ch ar­
acteristic  for f ra c ta l  s tru c tu re s  [3]

Fig. 3. A sketch of a  fragm ent for th e  liq­
u id  c rysta l-p o ly m er in terface form ed a f te r  
a ligning the  su b s tan ce  in an ex ternal m ag ­
n e tic  field. T he ellipses represent th e  LC 
m olecules, the  h a tc h e d  p a r t  — the s te m  of 
th e  polym er ne tw ork  and  the  filled p a r ts  
—  th e  sm aller po lym ers segregated in  th e  
a ligned  m edium

(decomposition driven by a strong chemical reaction) an interconnected network 
is formed even in the dilute case. The third type of decomposition in titanium- 
hydrogen can be ascribed to an ordering procedure, when during relaxation the 
hydrogen atoms arrange into well defined positions and a separation of the ordered 
phases occurs. The common feature, however, for the above systems is that their 
morphology can be characterized by correlations in a scale of a few and up to a few 
tens of nanometers.

Acknowledgem ents

T h is work was p a r tly  su p p o rted  by th e  O TK A  gran t 2951 in  H ungary a n d  th e  FFw F in A u s tria .

References
1. R. G las, O. Blaschko, L. R osta , P h y s . Rev., В  46, 5972, 1992.
2. I. О. B ashkin , A. I. Kolesnikov, V. Yu. M alishev, E. G. Ponyatovsky, S. Borbély, L. R o sta , 

G. Pépy, J . de Physique, C8, 287, 1993.
3. A. Ják li, L. B a ta , K. Fodor-C sorba, L. R osta, L. N oirez, L iquid C ry sta ls , 17, 227, 1994.
4. A. I. K olesnikov, A. M. B alagurov , I. 0 .  B ashkin , V. K. Fedotov, V. Yu. M alishev, 

G. M. M ironova, E. G. Ponyatovsky, J . Phys.: C ondens. M atte r, 5, 5045, 1993.

Acta  Physica Hungarica 75, 1994



Acta  Physica Hungarica 75 (l~4)i VV- 243-246 (1994)
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R esults from  n eu tro n  pow der diffraction investigations of the  c ry s ta l s tru c tu re  of 
som e b in ary  m eta l-co b alt oxide sp inels w ith the g en era l form ula МедгСоз_д:04  (Me =  Cu, 
Mg, Zn), 0 < X  <  1 are rep o rted  a n d  discussed. T h e  Vegard law for so lid  s ta te  so lu tions 
was found  to  have  place. A p a rtly  inverse cubic spinel s tru c tu re  was e s tab lish ed  for all com ­
positions in th e  system s stud ied . T h e  behaviour of th e  s tru c tu ra l p a ram e te rs  is discussed 
on th e  basis of th e  cationic form ulae accounting for th e  q u an tita tive  d is tr ib u tio n  of m e ta l 
ions am ong th e  te trah e d ra l and o c tah ed ra l lattice  s ites .

Introduction

The distribution of metal ions among the tetrahedrally coordinated (Л) and 
the octahedrally coordinated (В ) interstices in the cubic close packed array of oxy­
gen ions of the crystal structure of spinels is of continuing interest in connection with 
the general understanding of their electric and magnetic properties. Several types 
of ordering can take place in this structure. Spinels with divalent cations in only A 
or only В lattice sites are called ‘normal’ or ‘inverse’, respectively. The ‘disordered’ 
spinel where different ion species, e.g. divalent and trivalent cations, are divided sta­
tistically between the two crystallographic sites is a special case of the most common 
‘partly inverse’ spinels, for which the actual distribution generally deviates from the 
random one and reflects the preference of some cations to enter a certain site.

In this paper we discuss some results of our recent studies on the cationic dis­
tribution in MexCo3 _j,C)4 (Me =  Cu, Mg, Zn) spinels by neutron diffraction. The 
virtues of using this technique to locate oxygen and to distinguish site occupancies 
by nuclei of elements with close atomic number are well known.

Experimental part

These cobalt oxide-based systems have a low thermal stability which prevents 
the application of conventional ceramic techniques for spinel preparation. There­
fore, monophase Ме1 Соз_ 1 0 4  samples were obtained by an alternative method [1] 
under ‘soft’ thermal conditions by using appropriate precursors with a specific lay­
ered structure. Details about preparation and characterization of the samples can 
be found elsewhere [2, 3, 6 ].

The neutron diffraction data were collected on loosely pressed samples in 
thin walled vanadium containers by means of two-axis diffractometers at the steady
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T a b le  I
D ependence of th e  la ttic e  cell p a ram e te r, ao, oxygen p a ram e te r, u, te tra h e d ra l (A )  

a n d  o c ta h ed ra l (В ) site occupancies of М ехСоз_ * 0 4  (M e =  Cu, Mg, Z n) 
sp ine ls on  th e  m eta l (M e) con ten t, x,  in  th e  form ula unit

O ccupancies A  O ccupancies В

Me X ao, Â u M e2+ Co3+ C o2+ Me2+ C o 3+ Я  %

0.0 8.0835(6)[9] 0.389(1) 1.00 2.00 2.4
(C 0 3 0 4 ) 8.065[10] 0.388 1.00 2.00 4.7

8.0819(3)[11] 0.388(1) 1.00 2.00 3.1

Mg 0.379(4) 8.1006(6) 0.3880(1) 0 .18(2) 0 .20(2) 0.62(2) 0 .20(2) 1.80(2) 2.5
0.582(3) 8.1143(5) 0.3875(1) 0 .23(2) 0.35(2) 0.42(2) 0.35(2) 1.65(2) 2.5
0.675(7) 8.1211(7) 0.3870(2) 0 .22(3) 0.46(3) 0.32(3) 0.46(3) 1.54(3) 2.8
0 .868(8) 8.134(1) 0.3865(2) 0 .19(3) 0.68(3) 0.13(3) 0.68(3) 1.32(3) 2.7
0.925(6) 8.139(1) 0.3859(3) 0 .20(4) 0.73(4) 0.07(4) 0.73(4) 1.27(4) 2.3

Cu 0.15(4) 8.0857(5) 0.3886(1) 0.08(2) 0.07(2) 0.85(4) 0.07(2) 1.92(2) 5.0
0.27(3) 8.0909(5) 0.3883(1) 0 .12( 1) 0.15(2) 0.73(3) 0.15(2) 1.85(2) 4.8
0.37(5) 8.0979(5) 0.3879(1) 0 .15(2) 0.22(3) 0.63(5) 0.22(3) 1.78(3) 5.4
0.56(4) 8.1084(5) 0.3873(1) 0 .22(2) 0.34(2) 0.44(4) 0.34(2) 1 .6 6 (2) 5.7
0.75(3) 8.1203(5) 0.3869(1) 0 .28(1) 0.47(2) 0.25(3) 0.47(2) 1.53(2) 4.5
0.95(4) 8.1334(5) 0.3862(1) 0.38(2) 0.57(2) 0 .05(4) 0.57(2) 1.43(2) 5.3

Zn 0.576(6) 8.0881(7) 0.3886(1) 0.53(1) 0.04(1) 0.42(1) 0.04(1) 1.96(1) 2.3
0 .686(8) 8.0926(7) 0.3884(1) 0 .62(1) 0.06(1) 0.31(1) 0.06(1) 1.94(1) 2.5
0.79(1) 8.0944(7) 0.3883(1) 0 .68 ( 1) 0 .11(1) 0 .21 (1) 0 .11(0 ) 1.89(1) 2.3
0.964(9) 8.1007(7) 0.3882(1) 0 .80(1) 0.16(1) 0.04(1) 0.16(1) 1.84(1) 2.3
0.99(1) 8.1019(7) 0.3881(1) 0 .79(1) 0 .20(1) 0 .0 1 (1) 0 .20(1) 1.80(1) 2.3

D a ta  refined using  th e  follow ing n eu tro n  nu c lear sca tte rin g  am p litu d es: be0 =  0.253, 
bMg =  0.5375, 6Cu =  0.7718, 6Zn =  0.5480, b0  =  0.5805 (10-12 cm ) [7]. For the  case o f 
ZnxCo3_ xО 4 th e  m ost recen t value bc„ =  0 .249 [8] was used.

S ta n d ard  dev ia tions re fe rred  to  th e  last significant d ig it are given in  parentheses. 
Profile re liab ility  facto rs Я  =  ( E , | / ' xp -  /,с а к | ) / Е , Г хр.
Space g ro u p  F d 3 m ,  orig in  a t  3m . Positions: О in  32e, Me(A) in 8a , M e(B) in 16d.

state research reactors IRT-Sofia and WWR-Rez near Prague as well as the DN-2 
time-of-flight spectrometer at the pulsed reactor IBR-2 at Dubna.

All compositions of the systems studied are paramagnetic at room tempera­
ture, so that only nuclear Bragg reflections are revealed in the diffraction pattern. 
The structural parameters were refined by INVPAR [4] code using the integrated 
intensities of CuzCc>3 _ x 0 4  [2] or by MRIA [5] code applying the full profile analy­
sis of the TOF diffraction patterns of MgxCo3 _ x 0 4  [3] and ZnxCo3 _ r 0 4  [6 ] spinel 
systems.

Results and discussion

Table I shows the results of the structural analysis and compares it to the 
structure of C0 3 O4 which is a known representative of normal spinels.

An important feature is that the variation of the quantity of Me-cations in
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ß-sites and Л-sites in dependence on composition x is linear. The amounts Me(ß) 
and Ме(Л) were calculated from the scattering amplitudes of the effective scatterers 
in B- and Л-sites, denoted by bg and 6д, respectively, refined as either indepen­
dent variables or parameters constrained through composition. Using the refined 
values of bg and bg, from the condition for electrical neutrality one comes to the 
site occupancies given in Table I which satisfy the ionic chemical formula

Me2t aC o ^ r Co3 +[Co3 t a Me2 +]042- ,

where ions in В lattice sites are enclosed in brackets and formal valences of the 
cations are taken into account. Thus, all compositions in the systems under study 
are partly inverse spinels.

The Vegard law for continuous solid state solutions was found to have place. 
Linear regression analysis shows that a straight line can be safely drawn through 
the particular set of lattice constants a against Me-content x for each one of the 
systems studied. Being with different slopes the lines a =  f(x)  have intercepts close 
to the ASTM value of the lattice constant of C0 3 O4 (ж =  0).

With increasing Me-content the oxygen parameter и was found to decrease 
from the value 0.389 attributed to C0 3 O4 in the literature but remaining ever high­
er than the ideal value 0.375 calculated in the frames of the hard spheres model of 
the close packed FCC oxygen lattice. This implies that with increasing x the oxy­
gen anions shift along the cube diagonals ([1 1 1 ] directions) causing the octahedral 
interstices to enlarge at the expense of the tetrahedral interstices.

•<
9и2

Fig. 1. D ependence of th e  average d is tan ces  betw een oxygen  and  the m eta l c a tio n  in  te trah e d ra l 
(black sym bols) a n d  o c tah ed ra l (hollow sym bols) sites on  com position  x.  Sym bols used: Д , ▲ — 
MgI C o3_I 0 4 , o, •  —  C uI C o3_I 0 4 , o, ♦ —  Z n * C o 3 _ i0 4 . T he Unes a re  d raw n  only to  guide

th e  eye.
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The behaviour of the dependence of the tetrahedral and the octahedral bond 
lengths on composition depicted in Fig. 1 is consistent with the cationic distribution 
described by the relevant ionic formula of the particular spinel system. Taking into 
account the effective ionic radii, the smooth decrease of tetrahedral and the increase 
of the octahedral bond length can be understood as a consequence of the presence 
of bigger divalent ions in the octahedral interstices. This conclusion is supported 
by the small effect observed in the case of Znr Co3_r 04 compositions, which remain 
almost normal spinels.

As a matter of fact, the slopes of the straight lines, which describe the depen­
dencies Me(5) = f (x )  and Me(A) = f(x) ,  reflect in a direct way the distribution of 
cobalt and Me-cations. Hence, all compositions from the СигСоз_104 system are 
disordered spinels because a statistical distribution of Cu2+ among A- and 5-sites is 
inferred form the line slopes which are very close to 1/3 and 2/3, respectively. The 
conclusion for a random distribution of copper is in agreement with the observed cu­
bic macrosymmetry of Си1Соз_104 and helps understand the absence of the coop­
erative Jahn-Teller effect under the assumption that the static deformations associ­
ated with Cu2+ ions occupying both A and В sites have opposite directions. On the 
other hand, the slopes of the dependencies of Zn2+ (A) and Zn2+ (B) on x point that 
there is a strong preference of Zn2+ to enter A lattice sites. This effect well known for 
site occupancies of zinc cations in the ferrites, takes place in the cobaltites studied, 
too. The maximum fraction of Zn in the octahedral sites does not exceed 0.2, so that 
Zn cobaltites investigated are rather normal than inverse. Finally, the fraction of 
Mg2+ ions occupying А-sites is found to be almost independent of x over the range of 
compositions studied. Therefore, there is a limit to the occupancy of А-sites by Mg.
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WAVELENGTH DEPENDENT NEUTRON  
DEPOLARIZATION IN SOFT MAGNETIC 

AMORPHOUS RIBBONS

K . K R E Z H O V , V. LILK OV1 and P. KONSTANTINOV
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72 Tzarigradsko Chaussee blvd, 1784 Sofia, Bulgaria  

1 University of M in ing  and Geology 
Sofia Darvenitza, Bulgaria

R esults from  b u lk  dom ain  s tru c tu re  de te rm in a tio n  by an alysing  th e  w avelength  de­
p en d en t depo lariza tion  of a  po lychrom atic  b e am  of polarized n eu tro n s  tra n sm itte d  th ro u g h  
soft m ag n e tic  rib b o n s are  p resen ted  a n d  discussed. In form ation  on m ean  m ag n e tiza tio n , 
s ta tic  m ag n e tizatio n  fluctuations, and  m ag n e tic  anisotropy was ob ta in ed  for am o rp h o u s 
fe rrom agnetic  rib b o n s of com position  F ezeC o e .iB 13 g and  F e se ^ C o z N iis .e S iiB iz ^  tak en  
as exam ples. U nder favourable c ircum stances even sim ple m odels of th e  dom ain  s tru c tu re  
a re  fo und  sa tis fac to ry  as in  th e  case of carefu lly  dem agnetized  sam ples. However, m ore 
com plex m odes a re  show n to  be  reasonab le  in  describing the  change in  bu lk  m ag n e tiza tio n  
s ta te  p ro b ed  by th e  neu tro n s .

Introduction

The theories describing the effect of neutron depolarization by a multidomain 
ferromagnet predict on the basis of procedures for statistical averaging under some 
restricting assumptions that the logarithmic depolarization is proportional to the 
square of wavelength Л or remains practically Л-independent [1, 2]. However, the 
magnetic ribbons are thin enough so that to throw doubts upon such an approach 
since just a few domains are likely to be crossed along the neutron trajectory. This 
makes more appropriate to test particular domain structure models by calculating 
directly the loss in polarization which they invoke and by comparing the results 
with the experimental data. Recently [3, 4] we have shown the feasibility of using 
this approach in studying samples of amorphous ribbons based on the 3-d metal- 
metalloid composition. In particular cases some simple analytical models, e.g. the 
model of domains penetrating the bulk [4], were found satisfactory in explaining 
some of the recorded depolarization data. The discussion here is extended towards 
more complex models which describe the depolarization behaviour over the useful 
range of wavelengths.

Experim ental part

The samples were prepared by planar flow casting [5]. The basic static mag­
netic characteristics were determined by regular macroscopic magnetic measure­
ments. Some preliminary neutron measurements were performed on the neutron
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polariméter of the reactor IRT-Sofia [5]. The А-dependent depolarization was de­
termined from flipping ratio measurements using the TOF spectrometer SPN of 
JINR, Dubna [4]. The data for the Dzz component of the depolarization matrix, 
i.e. Dzz =  /(A), were recorded for two geometries of the sample orientation with 
respect to incident polarization vector P neutron velocity v.

First, the perpendicular transmission at zero applied magnetic field Bext was 
measured on a sample with ribbon axis set parallel to Po and the normal of a 
particular marked surface area pointing along v. Next, the sample was inclined so 
that Po and the normal vector to the sample surface make an angle 7t/ 2 — c*o, and 
B ext parallel to Po was applied. From the angular frequency lj\  of the depolarization 
oscillations with A at an applied Bext sufficiently high to bring the sample into 
saturated state, the saturation induction Bo was estimated.

Theoretical m odels, results and discussion

The wavelength dependent depolarization of upright samples proved to be 
very sensitive to the magnetization state of the samples: the А-dependence changed 
from the exp(—A A2) law to strongly damped or nearly undamped cosine dependen­
cies. It is well known [6] that the planar flow casting used to fabricate amorphous 
ribbons causes internal stresses and in as-cast material the microscopic domain 
structure reflects their local distribution. Tensile stresses give rise to regions of 
wide domains with magnetization oriented in the direction of the principal stress 
component. Compressive stresses involve domains occupying a fraction of the ribbon 
volume wherein the magnetization is oriented perpendicular to the ribbon surface. 
Thus, an out-of-plain anisotropy is created mainly due to the magnetoelastic effect.

In view of the above mentioned experimental facts we tested a theoretical 
model expressed as the sum of two terms

D 22 = { l - c ) D < $  +  c D < $ ,

where c denotes the fraction of a particular domain structure type.
The validity of the assumed domain structure was checked by means of a 

nonlinear least squares fitting procedure. The conventional \ 2 factor was used 
as one of the possible criteria for goodness-of-fit. Additionally, the consistency of 
the mean induction derived from the fit and the value obtained from macroscopic 
magnetic measurements has been checked.

The following models of a particular domain structure were put in combina­
tion:

a. the model of penetrating domains [4] which extend throughout the ribbon
thickness

_  1 — cos3 a 2 — cosa(3 — cos2 a) sinCRa„^ A  
3(1 -  cos a) +  3(1-c o s  a) C°S A CBav^ f \

where Ф* =  C Bav6 A is the angle of neutron spin precession within a domain,
C = 4.63 • 10-5 for В in G, 6 in pm, and the wavelength A in nm, Ad  is

( 2 )

( 1 )
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the uncertainty in sample thickness d, or in domain size <5, since 6 = d. The 
magnetic induction of individual domains is approximately equal to the 
mean induction of the medium (B{ «  (В ) = Bav). Here a is the maximum 
angular deviation of local B, from Po­

ix the model of a sandwich-like domain structure of Landau-Lifschitz type, with 
closure domains at opposite faces of the specimen magnetized either parallel 
or antiparallel [9,10].

Dz
sin Ф> 

Ф а
cos Фа + cos Фа ( 3 )

where А 0 is a parameter describing the disorientation of main domains and 
61 is'the closure domain height.

Fig. 1. D zz  vs n eu tro n  w avelength  for a 
sam ple Fe56.2Co7Nii5.6SÍ4Bi7.2 in  B ext =  
345 G, c*o =  30°; poin ts: m easu red  in ten ­
sities, full line: calcu la ted  curve, reduced 
X2 =  1.08. T h e  difference (m easu red  mi­
nus calcu la ted) curve is also show n. Best 
fit p aram eters: (В ) =  (8412 ±  6 )G , Bo = 
(8100±7)G , a  =  2 5 °1 2 '± 1 1 ', a L =  3 °5 2 '±  
39', ( A B )  =  533 ±  49)G, ( (A B ]_ )S ) 1/ 2 = 
(3973 ±  110)G  • fim 1/ 2

Fig. 2. D zz vs n e u tro n  wavelength for a  care ­
fu lly  dem agnetized  sam ple  Fe7gCog 1B 13 9  in 
B ex t  =  0 G, ao  =  0 °: points: m ea su re d  in ­
tensities , full line: ca lcu la ted  curve, red u ced  
X2 =  0.7. Best fit pa ram ete rs  for th e  m odel 
o f p en e tra tin g  dom ains: B av =  (5760 ±  16)G , 
a  =  1 6 7 °4 8 '±  1°48 '

c. a model of a specimen magnetized along 2-axis (Bz = const ф 0) for which 
the other two components of magnetization remain uncorrelated, i.e. Bx and 
By are randomly distributed in the plane perpendicular to 2-direction. The
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z-component of magnetic domain induction may originate from an applied 
magnetic field or a single axis magnetic anisotropy present [12,11].

D2 1 — (1 — cos Фа) ( i - Щ ]\ (B?) J

d/(S)
( 4 )

where Фа = C(B)(6 )X is the net rotation angle of the neutron spin within a 
single magnetic domain of an average size (6 ) along the neutron flightpath, d 
is the sample thickness, and A is the neutron wavelength.
The oscillation of the measured depolarization D(A) = P(X)/Pq(X) with wave­

length in the case of inclined samples in applied Вext has been approximated using 
a least squares fitting procedure by

P(X)/Po(X) = e AlA cos2 a  + e - a 2 a sin a c o s (<j a A — a r c t a n  uiqTo) 
\ /  ( w 0 r 0 ) 2 +  1

or

=  P ( A ) / P 0 ( A )  =  e~A a + e л Зл . 2 cos(o> a A sin a- arctan ojoTo) 1
а/(о10г0)2 + 1 J ’ ( 5 )

according to the theoretically derived formulae [4], wherein w\ =  C(B)deff ,  dej f  = 
d/cosao, u>o =  1.83 • 104 (B)(def f  / L), L is in meters, and arctan uiqTq is added 
to describe the phase shift due to the uncertainty in the precession angle caused 
by the actual width of neutron pulses Tq. The mean induction of the sample is 
(B) = Bo +  В ext. The explicit form of the quantities A, A\, Ai  and A3 reflects the 
domain model in a given magnetization state and depends on the magnitude of the 
angle of polarization vector precession within a domain.

Figure 1 shows an example of the measured oscillation curves in applied mag­
netic field and the fitted curves using the parameters given in Table I. The calculated 
small values of the angle an imply that in state of complete saturation the magnetic 
induction of the samples of both compositions is oriented slightly out of the sample 
surface. This means that there is a magnetic anisotropy whose axis essentially lies 
in the ribbon plane and a small contribution of a term perpendicular to the surface 
as it should be expected [6].

As a matter of fact, Fig. 1 displays the results obtained on a stack of three 
ribbon pieces rather than on a single piece as Figs. 2, 3 and 4 show. The best fit 
parameters are given in the captions of the Figures.

Insofar as the case of Fe7gCo8.iBi3.9 has been discussed earlier [4], here we 
shall summarize briefly the results of fitting formula (1) to the oscillation curves 
Dzz = /(A) of Fe56 2C07NÍ15.6SÍ4B17.2 in different magnetization states as follows: 

1- Fe56.2Co7N Í15.6SÍ4B17.2 in remanent state of known history
-  the limit cases by using only individual domain structure models de­

scribed by formulae (2), (3), and (4) gave high x 2 values, namely 8.25, 
29, and 8.3, respectively;
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Fig. 3. W avelength dependence of th e  de­
p o la riza tio n  by a  no t com plete ly  dem ag­
ne tized  sam ple  Fese 2 C07NÍ15,e SÍ4B 17 2 in 
zero field: po in ts -  m easu red  in tensities, 
line -  ca lcu la ted  curve using  th e  m odel com­
b in a tio n s betw een sandw ich-like LL dom ains: 
(B) = (7530 ± 2 0 )G, Д& /S '  = (30.27 ± 
0.08) • 10—3 rad  ■ p m - 1 a n d  a  frac tion  (1 — 
c) =  0.28 of p en e tra tin g  dom ains: B av =
(В ), a  =  63°54 ' ±  24'. R educed  x 2 =  1-5

w a v e l e n g t h  ( A )

Fig. 4. W avelength  dependence of th e  de­
po lariza tion  by a  carefully dem agnetized  
sam ple Fe56.2C o7N ii5.eSÍ4B i7.2 in  zero field: 
po in ts -  m easu red  intensities, line -  calcu­
la ted  curve u sing  th e  m odel of L an dau-L if- 
schitz sandw ich-like dom ains: (В ) =  (7610± 
15)G, Д е / Í '  =  (13.30 ±  0.07) • IO“ 3 rad  ■ 
p m - 1 . R educed  x 2 =  0.92

-  the combination of models (2) and (4) improved the x 2 value (x2 = 1.3). 
The domain size was estimated as 6 «  0.5d. However, the estimate of 
(В ) = 6280 G remained well below the values Bs = 7700 G from mag­
netization measurements and Bq = 8100 G from the angular frequency 
u \  of the oscillations in applied field;

-  the best fit in terms of both (В ) and x2 is presented in Fig. 3. As it 
is to be expected, the estimated angle a ks 64°, which measures the 
deviations of individual domain induction vectors B{ from the direction 
of incident polarization Po, is much lower than a — 180° which should 
correspond to orientations of local Bi fully at random.

2- Fe56.2Co7Nii5.6SÍ4Bi7.2 in demagnetized state
The demagnetization was carried out on the in-beam sample placed with­
in a magnetizing coil by decreasing gradually the amplitude of the alternate 
magnetic field from 1600 A m-1 to zero. The three possible combinations 
have been checked. To a certain extent the combination of formulae (2) and 
(4) produced a satisfactory result in case of fixed low fraction of penetrat­
ing domains (less than 5 %), but when taken as an independent parameter

Acta  Physica Hungarica 75, 1994



252 K. KREZHOV et al

the fraction of penetrating domains became zero and the fitting procedure 
converged to the result displayed in Fig. 4.

T a b le  I
D ep o lariza tion  p a ram ete rs  derived  from  D zz = /(A ) curve fitting: a  -  angle betw een Po 

an d  (B ), |(B )I =  |B o +  B e*t|» &l -  ang le  betw een Bo and  sam ple  surface, (ДВ^_) -  perpen d icu la r 
com ponen t of m ean  sq u a re  induction  flu ctu atio n s, (Д В ) -  e s tim a te  of the  m ean  in duction  inhom o­
geneity. В  ext =  345 G , d  -  full thickness, В  $  -  sa tu ra tio n  in d u ctio n  m easured  w ith  m agnetom eter.

T he sam ple  surface  is inclined  u n d e r an  angle c*o =  30° w ith re sp ec t to  P q || B ext

C om position d B s (В ) В  о a  a i ( A B ) (^Я )1/2«д*зд1/2
ц т G G G G G /j im 1/ 2 G /zirn1/ 2

Fe7eCog 1 Bj3 g 45 5600 6150 5834 23°24 ' 5 °12 ' 176 78.6
Fe56.2Co7NÍ15.6SÍ4Bi7.2 58.3 7700 8412 8100 25°12 ' 3 °5 2 ' 533 3973

Finally, it can be noticed that the dispersion in depolarization data is rather 
high for Л > 3.5 Á, at present. This is due to the lower incident neutron intensity 
which requires longer measurement time in the long wavelength region and this is 
going to be done in future experiments.

In conclusion, it is worth mentioning again that Figs 3 and 4 clearly illustrate 
the high sensitivity to magnetization state of the wavelength dependent depolariza­
tion technique which can be utilized in many fields, e.g. stress dependent domain 
structure studies we plan to carry out in near future.
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T he changes of the  sh o rt-ran g e  order in te llu r ite  glasses due  to  th e  increasing d i­
m ensions of th e  m odifier cations have been s tu d ie d  by neu tron  d iffrac tion  m ethod. To 
identify  th e  co n trib u tio n  of th e  d ifferent p a rtia l R D F s a crystal-like m odel approach  was 
undertaken .

1. Introduction

New multicomponent tellurite glasses belong to the superheavy flints with re­
fraction indexes of 2.15-2.25 and good transmittance in visible and near IR regions. 
Intensive investigations of glass forming area [1,2], macroscopic properties [3] and 
short-range order [4,5] are accomplished. Due to the presence of heavy (Те) and 
light (O) atoms in these glasses, the neutron scattering [6,7] has a definite advantage 
over the X-ray and electron diffraction methods.

Detailed structural investigations of alkaline-tellurite glasses are not pub­
lished. The short-range order in glassy Te02-Li20  system is studied by X-ray [4,8] 
and neutron diffraction [9]. By EPR method [10] a 4-fold coordination of Те atom 
in Te02-Na20  glasses is established. The presence of Na+ ions in the glassy matrix 
causes the formation of non bridging 0  atoms and additional trigonal deformation 
of the TeC>4 complex. During the synthesis process, the kinetic factors influence 
the atomic arrangement, as well as the chemical properties and atomic dimensions 
ratio of the glassformer and modifier atoms. The aim of the present study is to 
follow up the structural evolution of tellurium-oxygen matrix, due to the increasing 
dimensions of the modifier cations (Rm > Rk > Rncl > R u )  in tellurite glasses, 
containing 15 mol % alkaline oxides as modifier.
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2. Experim ental procedure

2.1. Materials and glass synthesis

The raw materials: ТеОг and M2CO3 (M= Li, Na, K, Rb) are p.a. purity. 
Four tellurite glasses containing equal molar quantity (15 mol %) modifying oxide -  
LÍ2O, Na20, K2O and Rt^O are synthesized. Batches of 30 g quantity were melted 
in Pt crucibles for 40 min. The syntheses were made in an atmosphere of dry air at 
800 °C. The melt was cooled on massive Cu plate. The samples were not annealed 
following their preparation.

2.2. Neutron diffraction measurements

The neutron structure factors S(<3)were measured on TKSN-400 spectrome­
ter, installed on the LVR-15 reactor at the Nuclear Physics Institute, Rez, Prague. 
The maximal value of the scattering vector is Qmax = 10.8 Â-1 . The obtained 
S(Q) of studied compositions are presented in Fig. 1.

Fig. 1. N e u tro n  s tru c tu re  fac to rs  of вбТеОг +  ХбМгО glasses: M =  L i( l ) ,  Na(2), K (3), R b (4 )

3. Results and discussion

Because of the dominant ТеСЬ content in the glasses, S(Q) are very similar to 
the structure factor of pure tellurite glass [11]. The increase of the modifier cation 
dimensions corresponds to the changes of the first interference maximum, which is
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Fig. 2. R D Fs of th e  s tu d ied  glasses. C urves 1 to  4 d e n o te  th e  same com positions as in F ig .l

divided into two components. The sub peak situated at 1.8 A-1 coincides with the 
first 5'(Q)peak of pure Te02 glass [11] and correspond to the diffraction maxima 
of a-Te02 structure. The second component correlates with the position of (100) 
reflection of Li20 , Na20, K20  and Rb20  crystal structures, respectively. The 
presence of these interference maxima can be an indication that at low modifier 
content (< 15-20 mol %) the short-range order (SRO) of the glass-former and 
modifier persists in the glasses. For reliable interpretation, the experimental RDFs 
were compared with model RDFs. Because of the absence of compounds in the 
studied concentration region the model RDFs were calculated starting from the 
experimental RDF of pure Te02 glass and the structures of alkaline oxides (Li20 , 
Na20, K20, Rb20). The crystal-like RDFs describe well the first two coordination 
spheres of the experimental RDFs. For Te02-L i20  system this good correlation is 
extended to the fourth RDF maximum. The shortest O-alkaline ion distances in 
the crystal state are R u - o  = 2.00 Â, R^a-o  — 2.403 A, R k - o = 2.787 A and 
R m -o  = 2.802 A. From these values it follows that the first coordination maximum, 
situated at 1.88-1.95 A is due to Te-0 arrangement and only in the case of Te02-  
Li20  glass is it influenced from the shortest Li-0 distances (about 6 % from the peak 
area). The N a-0 distances from the first coordination sphere get into the minimum 
between the PI and P2 maxima and this is clearly observed in the experimental 
RDF curves. For K20  and Rb20  modifiers the values of O-alkaline ion distances 
get into the region of the characteristic of <*-Te02 0 -0  coordination peak at 2.8 A. 
In Te02-Rb20  glass the first RDF’s maximum is displaced by «0.08 A versus 
the shorter values and its area diminishes by 20-25 %. At the same time a new 
maximum at R ~2.3 A appears. The most probable cause of these changes are
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the special features of the basic structural units of the glassformer -  TeC>4 trigonal 
bipyramids. It is established that one of the Te-0 axial bonds is not equivalent 
of the rest three bonds in Te04 unit and exhibits a tendency to elongation and 
breaking off during the glass forming process. At a concentration of 15 mol % 
RbiO we observe the first step of this process, namely the transition from 4 to 3+1 
coordination state of the Те atom with respect to oxygen. When Na20, K2O and 
LÍ2O modifiers are used this transition is not registered and the area of the first 
maximum corresponds to fourfold Te-0 coordination.

4. Conclusion

By analogy of alkaline-silicate systems [12,13], the decreasing of the modifier 
cation dimensions decreases the tendency towards phase separation. The incorpo­
ration of the alkaline oxides leads to breaking down of the bonds between Te04 
bipyramids and localization of the alkaline ions near the deformed Te04 groups. In 
the common case the coordination state of Те atoms remains fourfold.
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PAIR CORRELATION FUNCTIONS OBTAINED 
FROM VERY SHORT STRUCTURE FACTORS, 

USING REVERSE MONTE CARLO
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It is show n th a t  th e  Reverse M onte  Carlo m eth o d  [5] is able to  p rov ide th e  correct 
p a ir  correlation  fu n c tio n  even if th e  s tru c tu re  factor is available over only very lim ited  m o­
m en tu m  tran sfer ran g e . The Q range  can  be as short as 0 .5 -3  Â “ 1. In case of a  perfect 
d a ta  decreasing th e  p a rtic le  d iam eters (d istances of closest approaches) has no  effect on the  
efficiency of the  m eth o d .

It is widely accepted that if a precise pair correlation function (pcf), g(r), is 
to be obtained then the diffraction measurement has to be carried out over as large 
a momentum transfer, Q, range as possible. In order to meet this requirement huge 
efforts have been, and are currently put in developing new experimental techniques 
(for a review see e.g. [1]). There are a number of instances, however, where there 
are severe practical obstacles to making such achievements. For systems of colloidal 
particles, for example, it is not in general possible to obtain structure factors (sf), 
S(Q), further than the first (or sometimes part of the second) peak [2]. This lim­
itation makes it impossible to carry out the usual analysis, that is, to obtain g(r) 
by direct Fourier transformation of S(Q). It is also well known that the shorter 
the available Q range the more difficult is to obtain details of the structure by the 
direct transform [3].

It has recently been shown [4] that it is possible to derive the pcf of a dilute 
polymer latex, even if the structure factor is available over only very limited Q 
range. In the cited work the Reverse Monte Carlo (RMC) simulation [5] was used 
for obtaining the pcf.

The basic RMC algorithm has been described elsewhere in detail [5-7], there­
fore only the relevant parts are mentioned here. In short, RMC moves particles 
around randomly in the simulation box in order to reproduce a given set of diffrac­
tion data within the experimental uncertainties. If the structure factor (or the total 
coherent scattering function, F(Q)) is used as input data then first the pcf for the 
simulation box, gc (r), is calculated. From gc (r) the calculated structure factor, 
Sc (Q) is obtained by inverse Fourier transformation, and then this Sc (Q) is com­
pared to the experimental structure factor, SE(Q). In this way truncation errors 
can only stem from the inadequate system size, i.e. from using too short r, but not 
too short Q range.

The problem of limited Q space information can be present in other cases, as 
well, due to, for example, the lack of the most up-to-date equipment. This gives
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the issue considerable practical importance. On the other hand, it is also intriguing 
how much the (Q —* oo) structure factor of infinite in principle is really needed 
for obtaining precise pair correlation functions. In order to clarify this problem the 
following model calculations, involving the Reverse Monte Carlo technique, have 
been performed.

The general strategy of our approach was to take experimental (or model) 
structure factors initially and then to generate shorter and shorter versions of them. 
This has mostly been done by chopping off roughly 2 Ä-1 parts from the high Q 
end of the sf’s. Resulting structure factors from every stage of the above shortening 
have been handled as independent ‘experimental’ results, and have been modelled 
by RMC. The calculations were started from identical initial configurations. Pair 
correlation functions obtained by RMC from the structure factors of the same sys­
tem, but of different Q ranges have then been compared to the original g(r). The 
shortening procedure has continued until substantial deviations were observed in 
these comparisons.

Fig. 1. ‘E x p erim en ta l’ (d o tte d  line) a n d  calcu la ted  (solid line) s tru c tu re  facto rs o f th e  system  
(am o rp h o u s silicon) over th e  Q  range  betw een  0.4 and  20 Â -1

The data set taken as start was the neutron diffraction (ND) measurement of 
Kugler et al on amorphous silicon [8]. The data have been analysed by RMC previ­
ously (see [8]). In order to assure total independence of problems of technical nature, 
corresponding to the evaluation of experiments, hereafter not the original data but 
the RMC fits to the data will be considered as model data set. In this way the pres­
ence of particle configurations, that are consistent with the data, is also guaranteed.

The use of N  = 1728 particles with the number density of g0 = 0.050 Â-3 
resulted in a box length, L, of about 30 Â. This system size proved sufficient for 
modelling in Q space. Irt all the calculations 500000 accepted moves were completed, 
starting from an identical initial configuration, which was a diamond lattice.

The original structure factor of a-Si [8] was measured between 0.4 À“ 1 > Q 
> 23 Á-1 . The structure factor used in this study, which is a result of an RMC 
calculation, can be seen in Fig. 1. Within the above region 9 more stages were 
generated, with structure factors between 0.4 Á-1 and 20, 17, 14, 11, 8, 6, 4.35, 3.8
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Fig. 2 . P a ir  co rre la tio n  functions of th e  system  o b ta in ed  over the  Q ra n g e  betw een 0.4 a n d  23 
(solid), 11 (d o tte d  line), 6 (heavy solid  line), 4.35 (heavy d o tte d  line) a n d  2.6 (dashed line) À - 1

and 2.6 Â-1 . As it is evident from Fig. 2, differences between pcf’s based on short 
and the original sf’s become visible only when the upper limit decreases down to 
4.35 Â-1 (!), The two g(r)’s are clearly different when the upper limit is 2.6 Â 1. 
This effectively means that using RMC the first two peaks of the structure factor 
are sufficient for reproducing the correct pair correlation function. This is most 
surprising in this highly ordered system, where a substantial amount of information 
seems to hide at higher Q values (see Fig. 1).

Fig. 3. P a ir  co rre la tio n  functions o f th e  one system  o b ta in e d  over th e  Q  ran g e  betw een 0.4 a n d  
23 (solid), 11 (d o tte d  line), 6 (heavy solid  line). The p a r tic le  d iam eter was Д  =  2.2 Â in th e  first 

case, w hereas in  th e  la t te r  two cases i t  was A =  1.0 Â

In order to demonstrate that a good quality (‘perfect’ in our case) data con­
tains the first neighbour distance uniquely, further calculations have been performed 
with reduced particle diameters. Results from this series can be seen in Fig. 3. It is 
evident that using data between 0.4-6.0 Á-1 the correct g(r) is not influenced. This 
is a strong indication that even this important piece of information, the correct first 
neighbour distance, is incorporated in shorter parts of the full structure factor.

Acta Physica Hungarica 75, 1994



260 L. PUSZTAI a n d  O. GEREBEN

Fig. 4. P a ir  c o rre la tio n  functions o f  th e  system  o b ta in e d  by the d irec t Fourier tran sfo rm a tio n  of 
s tru c tu re  fa c to rs  over the  Q ran g e  betw een  0.4 a n d  23 (solid), 6 (d o tte d  line), 4.35 (h eav y  solid

lin e ) and  2.6 (heavy  d o ts) Â- 1

We have also calculated the pair correlation functions as direct Fourier trans­
forms of the corresponding (‘shortened’) structure factors. Some of these pcf’s are 
shown in Fig. 4. Already when using 6 Â "1 as upper limit the ratio of the first two 
peaks has drastically altered. It should be noted that no smoothing was applied: it 
would have flattened the curve further, although the low r parts would have become 
more reliable.

It seems that in principle short parts of the full (i.e. extending up to Q =  oo) 
structure factor are sufficient for reproducing the correct r space information. It 
has been established here, using a rather difficult model system, that the first two 
peaks of the structure factor define the basic features of the pair correlation func­
tion. This evidence reflects the well known fact that each point of the structure 
factor contains contributions from the full pair correlation function.

The work described here might have some impact on the trends of analysing 
and measuring diffraction data from disordered materials. It has clearly been shown 
that RMC is more reliable than the direct Fourier transform method when the mo­
mentum transfer range is limited.
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Some search  on the  C am bridge  S tru c tu ra l D a tab a se  and Reverse M onte Carlo cal­
cu la tions were perfo rm ed  for p u re  am orphous Si. O n  th e  basis of d iffrac tion  d a ta  th ree  
d im ensional m odels were co n stru c ted  for determ in ing  th e  disordered s tru c tu re  of a—Si. T h e  
p a ir  co rre la tio n  fu n c tio n  was de riv ed  directly  from  th e  large scale m odels.

Introduction

Reverse Monte Carlo (RMC) simulation [1], a method for diffraction data 
analysis and/or structural modelling of amorphous materials weis used for generating 
three dimensional particle configurations that are consistent with the experimental 
structure factor. The basic algorithm has been described elsewhere [1,2] in detail. 
It weis demonstrated that RMC results are sufficiently unique at higher packing 
fraction values and in the absence of directional forces [3,4], but this is far from 
guaranteed for covalent systems of relatively low packing fraction. In the latter case 
it is possible in principle that a range of structural models are consistent with a given 
diffraction data, instead of a single model. In these instances it is desirable that 
experimental evidences other than the diffraction result, or even theoretical models, 
be present in order to manifest them as constraints for the steric configurations 
(see [5]). Instead of using constraints it would also be possible to consider every 
possibility of a local arrangement that has so far been found experimentally. In this 
work this approach will be used.

The 0.45 g nearly pure evaporated amorphous Si sample has been prepared 
in the Central Research Institute for Physics, Budapest. A preliminary neutron 
diffraction experiment [6] was performed at the 7C2 spectrometer installed on the 
hot source of the reactor Orphee at Saclay. A new neutron diffraction measurement 
was performed using the D4 twin-axis diffractometer at the high flux reactor in the 
Institut Laue-Langevin [5]. The angular range covered by the two multidetectors 
1.5° — 65° and 46° — 131° provide us with a momentum transfer range from 0.33 to 
23.0 A-1 .
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Prelim inary analysis of local order

Information on the possible local arrangements in amorphous silicon might be 
gained by analysing embedded silicon fragments inside different kinds of compounds 
(molecules). The environment of silicon atoms might be considered as a “white 
noise” which is supposed to be similar to an amorphous arrangement.

Fig. 1. T he h is to g ram  of Si-Si b o n d  len g th s (Â) d is tr ib u tio n  using th e  C SD

Fig. 2. T he h is to g ram  of second n e ig h b o u rs  (Â) d is tr ib u tio n  using the  CSD

A systematic analysis of structural data hits been carried out by means of 
Cambridge Structural Database [7] (CSD). This database contains results of differ­
ent diffraction studies. We have collected the experimentally determined structural 
data on molecules containing at least one Si-Si-Si fragment. Searching the CSD 384 
targets have been found. The R factor of these data showing the accuracy of the
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measurements has been checked. Some of them were greater than 0.1. We cancelled 
such data, because the accuracy of these measurements was found not to be satis-, 
factory. 346 Si—Si—Si fragments remained after this process. The first conclusion of 
bond angle analysis is that the SÍ3 triangle is present among the fragments. The 
bond angles are about 60°, i.e. a nearly equilateral triangle can be found. Most of 
the a-Si theoretical models do not contain such a feature of the structure. There 
are angles around 90°, too. It belongs to the nearly planar square arrangement. 
The last conclusion is that a greater than 130° Si-Si-Si bond angle has never been 
measured. The histogram of bond length distribution is shown in Fig. 1. The bond 
length analysis shows that the lower limit is 2.29 Â. The upper limit is 2.65 À but 
there are very few bond lengths over 2.46 Â. The second neighbour distances are 
shown in Fig. 2.

Q

Fig. 3. M easured  s tru c tu re  factor (solid  line) com pared to  R M C m odel (d o tte d  lines) in  the  range
of 0 -  23 A “ 1

Simulation details

For the structural model which is going to be discussed in this work (see below) 
N — 1728 particles (i.e. points) were confined in a cubic box of sides L = 32 À. 
This setup gave the experimental microscopic number density of p=0.0505 À-3 . The 
experimentally measured and corrected structure factor was used as input data for 
the RMC calculation. A hard core diameter (lowest limit of bond length) of 2.20 Â 
was also applied in order to efficiently avoid physically meaningless configuration. 
The run lasts for about 1 million accepted steps.

Figure 3 shows the comparison of the RMC solution for the Model and the 
experimental S(Q). The overall agreement is good, so that the case is worthwhile 
for further considerations.

On the one hand, the correlation function weis derived from the models and, 
on the other hand, it was calculated by a Fourier transformation procedure from
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Fig. 4. T h e  p a ir  co rre la tion  fu n c tio n  as i t  was derived  directly  from  th e  m odel (solid Une) and  as 
it was ca lcu la ted  by a  F o u rie r tran sfo rm atio n  procedure  of m easu red  S(Q )  (d ash ed  line)

Fig. 5. Cosine d is tr ib u tio n  of bon d  angles calcu la ted  from  unconstrained  R M C

the measured S(Q). The RDF’s are displayed in Fig. 4. The maximum positions 
of first and second neighbour peaks are 2.34 Â and 3.85 À, respectively. The full 
widths of the first neighbour peaks are different at half maximum.

If one looks at the cosine distribution of bond angles (Fig. 5), the unexpected 
large peak at cos 0  = 0.5 (0  =  60°) is dominating the picture. Remembering that 
the CSD contains quite a few examples of such bond angle, the existence of 60 
degree angles cannot be excluded, although their demonstrated high proportion is 
unlikely. Note that the RMC Model contains a significant amount of tetrahedral 
angles (around cos 0  = —0.33), which indicates that without them it is not possible 
to build a reliable structural model.
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SMALL-ANGLE NEUTRON SCATTERING 
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Inhom ogénéi ties in am orphous N i-N b sam ples p rep ared  from  various N i-isotopes are  
investiga ted  for two com positions, Ni-44 at%  and Ni-62 at%  by sm all-angle n eu tro n  sc a t­
terin g  (SANS) in  th e  sca ttering  v ec to r range from  0.007 to  0.45 Â - 1 . A s tro n g  increase in 
th e  s tru c tu re  fac to rs  is observed below  0.04 Â-1  w hereas above 0.06 Â - 1 th ey  sm ooth ly  
becom e co n stan t. In  o rder to  c larify  the  origin of SANS the  to ta l s tru c tu re  factors are  
sep a ra ted  in to  th e  B h a tia -T h o rn to n  p a rtia l s tru c tu re  functions. It is show n th a t  th e  in ­
hom ogeneities a re  b o th  topological a n d  chem ical in ch arac te r. A ch arac te ris tic  co rre la tion  
len g th  of ab o u t 180 Â is ob tained .

Introduction

In most cases, amorphous alloys obtained by different rapid quenching meth­
ods are not homogeneous, they contain quenched-in inhomogeneities formed during 
solidification. The dimension of these inhomogeneities lies in the sensitivity range 
of small-angle scattering, i.e. from about 10 to some 200 Â [1-6].

In this study small-angle neutron scattering (SANS) measurements are pre­
sented on amorphous Ni-Nb isotopic samples. In order to clarify the topological 
and chemical origin of the observed inhomogeneities the partial structure functions 
are separated and analysed on the basis of the Bhatia-Thornton formalism [7].

Experim ental details and data evaluation

Amorphous NÍ44Nbs6 and №02^33 ribbons [8-10] of 2 mm width and 20 gm 
thickness were prepared by the melt spinning technique from various Ni-isotope 
mixtures with different coherent neutron scattering amplitude. For both compo­
sitions three Ni-isotopic samples were investigated: from 58Ni(enr. 99.8 %), from 
60Ni(enr. 99.7 %), and from °Ni. The last of these was prepared from a mixture of 
62Ni(enr. 99.4 %) and 60Ni in such a way as to give zero average coherent neutron 
scattering amplitude for Ni. In the case of NÍ62Nb3g, a fourth sample was also pre­
pared from 62Ni and 60Ni to give zero average scattering amplitude for the sample. 
For simplicity the samples will be denoted as 58Ni, 60Ni, °Ni and zero alloy.
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Table I
N um erical values of w eighting factors used in  d a ta  evaluation 

of Eqs (2) a n d  (3). C ond(W ) is a  q u a n tita tiv e  m easu re  for the accuracy 
of p a r tia l  s tru c tu re  functions (for definition see e.g. [10])

Sam ple W eighting  factors Sam ple W eighting fac to rs

WBTWN N w BTWNC w B Tw c c w BTWNN w BTWNC WBTw c c
58Ni44N b66 0.899 1.266 0.450 58Ni62Nb38 0.915 1.152 0.363
60NÍ44N b56 0.848 -1 .4 3 8 0.610 60Ni62Nb3e 0.819 -1 .5 8 5 0.767

°NÍ44N b5e 0.575 - 2 .0 0 1.739 0Ni62Nb38 0.383 -2 .0 0 3 2.618
cond( W ) 5.4 cond( W ) 4.2

z Ni62Nb38 0.003 -0 .2 3 1 4.231

Measurements were performed at the PAXE spectrometer in LLB Saclay [11]. 
In order to cover the wide 17-range from 0.007 to 0.45 Â-1 , scattering curves were 
measured at two neutron wavelengths, viz. 8 and 4 Á with 5 and 1.2 m sample-to- 
detector distance, respectively. Small pieces of amorphous ribbons weighing about 
5 g were pressed between two vanadium plates of 0.15 mm thickness. Transmission 
varied from 50 to 80 % dependent on the isotopic content of the sample and on 
the wavelength used in the measurement. The scattered intensity was corrected for 
background, absorption, incoherent scattering and was then normalized to incoher­
ent scattering from a 1 mm thick water standard to eliminate the detector efficiency. 
The coherent scattered intensity was converted to absolute units using the method 
outlined by Teixeira [12], based on the direct determination of the intensity of the 
primary beam.

The Bhatia-Thornton total structure function Sf0J  (q) was calculated from 
the coherently scattered intensity ICoh(q) as

Sf0J(q) =
Icoh(q')

( 1 )

where (b2) = cab2a + сьЬ2\ ba, Ьъ and ca, cj are the coherent scattering amplitudes 
and concentrations of a and b types of atoms, respectively. The total structure 
factor is represented as a weighted sum of three partial structure functions

SfoJ(q) = {jßjSNN(q)  +  ^  SCC(q) + ^  SNC(q), ( 2)

where (6) = caba +  cjij; SfirN(q) represents the contribution from correlation be­
tween density fluctuations, Scc(q)  correlation between chemical concentration fluc­
tuations, and SNc(q) correlation between density and concentration fluctuations.

The partial Bathia-Thornton structure functions were calculated for both 
concentrations by solving the equation system

№,(?)] = [ < rc ,iW Tc(q)l (3)
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q, Â-1

Fig. 1. T o ta l s tru c tu re  facto rs of am orphous NÍ44Nbs6 (a) a n d  NÍ62Nb38 (b) for different isotopic 
sam ples. T he in serts show th e  curves in  log-log  rep resen ta tio n . The SANS in ten sity  is co n stan t 

u p  to  0.45 Â - 1 , th u s  i t  is no t d raw n  in  th e  Figure

where SfgJ^q) with i = 1,2,3 are the total structure factors measured on 58Ni, 60Ni 
and °Ni, respectively. The numerical values of the weighting factors, i used in 
the calculation are given in Table I.

R esults and discussion

The total structure factors for NÍ44Nbs6 and Niß2Nb3g are shown in Fig. 1. A 
strong increase is observable below 0.04 À-1 whereas above 0.06 Ä-1 the structure
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factors smoothly become constant. Although the SANS measurements were per­
formed up to 0.45 Â-1 the S(q) curves are not drawn in the figures as long as they 
are constant. The total structure factors are very similar to each other; this is es­
pecially true for amorphous Ni44Nbs6 suggesting that there are no large differences 
in the partial structure factors.

q, Ä-1

0.01 0 .0 2  0 .0 3  0 .0 4  0 .0 5  0 .0 6  0 .07  0 .0 8

q, Д- i

Fig. 2 . B h a tia -T h o rn to n  p a r tia l  s tru c tu re  fac to rs  for am orphous NÍ44 Nbsö (a) andN Í62N b38 (b). 
T he in se rts  show th e  curves in  log-log rep resen ta tio n

The Bhatia-Thornton partial structure functions are shown in Fig. 2. In the 
case of Ni62Nb38 four different isotopic samples were measured. This gives the 
unique possibility to compare S c c ( l ) determined from the three independent mea­
surements on 58Ni, 60Ni ad °Ni by solving equation system (3) with that obtained
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directly from a single measurement on the zero alloy sample. The two curves are 
practically identical.

For both concentrations the Sn n (ç) and Scc(q) curves behave in nearly the 
same way. However, in both cases the level of Scc(q) is higher than that of SNpg(q) 
and the difference between the two partial structure factors is slightly larger for 
Ni62Nb38. This may be seen to be even more pronounced in double logarithmic 
scale drawn in the inserts to the Figures. In spite of the difference in level, one 
can conclude that inhomogeneities revealed by small-angle scattering are of both 
topological and chemical nature.

In order to obtain information on the dimension of the inhomogeneities, var­
ious SANS fitting procedures were used for data evaluation. The first part of the 
curves in log-log plot — see the insert — gives a straight region in the scattering 
vector range from 0.007 up to about 0.03 Â-1 , which can be characterized by a 
slope of about —3.5 independently of the chemical and isotopic compositions. This 
is in good agreement with the finding in [3] where a slope of —3.6 was given for 
amorphous NÍ63Nb37. Attempts have also been made to use the Guinier formalism 
to fit the experimental total and partial functions without reasonable results. The 
Guinier curves showed continuous curvature without any distinct straight region. 
This means that in the Ni-Nb amorphous system there are no inhomogeneities of 
well-defined dimensions as was established for some metal-metalloid type amor­
phous materials, e.g. Ni-P [1], Fe-B [2].

The total and partial structure factors were successfully fitted to a random 
two-phase model described in [13]. The best fit provided a correlation length be­
tween 150 and 200 Â for the various curves. Thus, it may be concluded that in 
the investigated amorphous Ni-Nb system, inhomogeneities originating from both 
density and chemical fluctuations with a characteristic correlation length of about 
180 À are present.
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TRIPLE-AXIS NEUTRON SPECTROMETER 
AT THE BUDAPEST MODERNIZED REACTOR

L .  R o s t a , G y . T ö r ö k , J .  J a n i  a n d  I .  V .  N a u m o v 1

K F K I  Research Insti tute  f o r  Solid State Physics  
P .O .B .  49* 1525 Budapest,  Hungary 
1Kurchatov A tom ic  Energy Insti tu te  

D-1S2 Moscow, Russia

O n e  o f  t h e  n e u t r o n  s c a t t e r i n g  f a c i l i t i e s  a t  t h e  r e s t a r t e d  r e s e a r c h  r e a c t o r  a t  K F K I  
B u d a p e s t  is  t h e  t r i p l e - a x i s  s p e c t r o m e t e r .  T h e  s t r u c t u r a l  s e t - u p  a n d  t h e  m a i n  t e c h n i c a l  
p a r a m e t e r s  a r e  d e s c r i b e d .

A triple axis spectrometer has been designed for structural and dynamical 
studies of condensed matter and installed on a straight neutron guide at a 19 m 
position from the reactor core (Figs 1-2). The monochromatic beam is provided by 
a 90 mm high focusing multi blade pyrolithic graphite monochromator. The mov­
able part of the monochromatic shielding has a chain type construction of 3.20 m 
length along the neutron guide consisting of 16 combined (iron, borated polyethy­
lene) shielding elements. When changing the incident wavelength the hole chain 
is driven by the monochromator-sample arm, automatically providing the most ef­
fective shielding near the detector area. For higher order filtering in the incident 
monochromatic beam a new type multidisc neutron velocity selector is installed in 
front of the sample goniometer. The beam divergence is determined by thin film 
soller collimators.

For the incident beam monitoring a 235U fission chamber and for the detection 
of the scattered neutrons a 3He counter is used. The program and control of the 
spectrometer is provided by a PC 386 with interfacing of an LLB-Saclay type driving 
electronics.

The main parameters of the spectrometer:

Beam tube
Monochromator, Analyser 
Collimations interchangeable 
Range of monochromator angle 
Range of scattering angle 
Range of analyser angle 
Flux at specimen at 3.35 Â 
Beam size at specimen 
Momentum transfer 
Energy transfer

thermal (cold) neutron guide 25 x 100 mm 
pyrolithic graphite 80 x 90 mm 
45', 30', 15'
38° < 20 < 126°
-120° < 2Ф < +40°
-40° < 20 < 120°
2 x 105 n/cm2/s (without cold source) 
width: 25 mm, height 60 mm 
0-2.7 Á 
0-3.2 THz
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Fig. 1 . T rip le-axis n e u tro n  sp ec tro m ete r un d er c o n stru c tio n  a t  the  B u d ap est R esearch R eac to r

0 . 0  0 . 2  0 . 4  O . f

energy transfer (meV)

Fig . 2 . Schem atic a rran g em en t of th e  tr ip le ­
ax is spec tro m ete r a t  a  n e u tro n  guide tu b e . 
1 . n eu tro n  gu ide, 2 . focussing m onochro ­
m a to r, 3. cad m iu m  lock, 4. ch a in  ty p e  
shielding, 5. sh ie ld ing , 6 . co llim ator, 7. fil­
te rin g  velocity se lec to r, 8 . sam ple, 9. a n a l­
yser, 10. d e te c to r b a n k

Fig. 3. E xam ple  of an  inelastic  sca tte rin g  p a t­
te rn  reco rd ed  on th e  trip le -ax is sp ec trom eter 
by co n stan t-Q  scan a t  Л =  3.355 Â incident 
n e u tro n  w avelength. T h e  (0 ,0 ,2 .0 3 ) long itu ­
d inal aco u stic  phonon resonance was m easured  
on a 40 m g  pyrolithic g ra p h ite  single c ry sta l
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NEUTRON DIFFRACTION STUDIES OF LATTICE 
PARAMETERS AND THE PHASE DIAGRAM OF 

K 1_r(NH4)rSCN SOLID SOLUTIONS

L. S . S m i r n o v , I. N a t k a n i e c , Y u . A. S h a d r i n  and A. I. S o l o v ’e v

Frank Laboratory of Neutron Physics,  J INR  
141980 Dubna, Russia

R esu lts o f tem p era tu re  a n d  concentra tion  dependence  investiga tions of un it cell p a ­
ram ete rs  a n d  volum e of K i _ x (N H 4 )XSCN m ixed c ry s ta ls  by pow der n e u tro n  diffraction a re  
presen ted . I t  is show n th a t th e  tran sfo rm atio n  from  m onoclinic phase  II I  to  o rthorhom bic  
phase  II s ta r ts  a t  low tem p era tu res  n ear x  = 0.75.

1. Introduction

Previously, P. W. Bridgman noted the strangeness of KSCN and NH4SCN 
compounds having different crystal structures at room temperature, “because К 
and NH4 usually replace each other isomorphously” [1]. Later, different investiga­
tors [2-9] have shown that there are really two isomorphous phases in KSCN and 
NH4SCN: the tetragonal phase I and orthorhombic phase II. Transitions from phase 
I to phase II in KSCN and NH4SCN occurs at 413 К and 390 K, respectively, but 
then NH4SCN transforms into a monoclinic phase III at 360 K. However, the tran­
sition from phase I into phase II in KSCN is due to the ordering of SCN ions, but 
this transition in NH4SCN is due to the ordering of SCN and only two NH4 ions, 
following the ordering of another two NH4 ions during the phase transition from the 
orthorhombic to the monoclinic phase [10,11]. The orthorhombic phase II of the 
Ki _i (NH4)i SCN mixed crystal must be disordered due to reorientation of the NH4 
ion. The temperature range where orthorhombic phase II exists in NH4SCN is very 
narrow, and over that temperature interval, the stochastic reorientations and strong 
anharmonics of the NH4 ion hinder measurements of its dynamics. For investigation 
of the NH4 ion dynamics in both the orthorhombic and monoclinic phases we have 
carried out a search for the position of the boundary between phases II and III on 
an x — T  phase diagram of the K i_r (NH4)I SCN mixed crystal.

2. Sample preparation and neutron diffraction results

The KSCN and NH4SCN samples were prepared form a fine-grained powder- 
like material of high purity. The purity of the main substance was no less than 
99.9 %. Because the samples were very hydroscopic, they were dried at 75 °C. The 
mixed crystals of Ki_r (NH4)r SCN were prepared by means of evaporation of an 
aqueous solution of KSCN and NH4SCN at 75 °C.
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Fig. 1 . N eu tro n  d iffraction  sp e c tra  of K i _ x(NH4 )XSCN of varying concen tra tions a t 10 К
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Fig. 3. C o n cen tra tio n  depen d en ce  of 
un it cell p a ram e te rs  and volum es o f the 
K i_ x (NH4 )XSCN m ixed c ry s ta ls  a t  290 К
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Measurements with the Ki_x(NH4)xSCN powder samples for x =  0, 0.15, 
0.34, 0.50, 0.60, 0.68, 0.75, 0.85, 0.95 and 1 were performed over a wide temper­
ature range on the NERA-PR TOF neutron spectrometer, placed at the IBR-2 
reactor at JINR [12]. The neutron diffraction spectra of some Ki _x(NH4)xSCN 
mixed crystals measured at a temperature of 10 К are presented in Fig. 1.

The unit cell parameters of phases I, II and II of the mixed crystals were deter­
mined with the help of the “MRIAAU”-90 program [13]. The measured spectra of 
KSCN and NH4SCN are in full agreement with the known structures of the tetrag­
onal (I) and orthorhombic (II) phases determined in [2-6] and of the monoclinic 
(III) phase from [4, 7-9]. The character of the changes in unit cell parameters and 
volumes of KSCN and NH4SCN at the I—II phase transition is typical for a second 
order phase transition. The II—III transformation in NH4SCN is a first order type 
and is accompanied by an increase in the volume of phase III.

T(K)

Fig. 4. T em p era tu re  dependence  of un it cell volum es of K j _ x (N H 4 )XSCN m ixed c ry s ta ls

The concentration dependence of unit cell parameters and volumes of the 
K1_r (NH4)r SCN mixed crystals was obtained from diffraction spectra measured 
at 10, 80 and 290 K. The unit cell parameters and volumes appropriate to 10 and 
80 К differed only slightly from those measured at 10 and 290 К and are presented 
in Figs 2 and 3. The transformation from the orthorhombic to monoclinic phase 
manifests itself in the Ki _x(NH4)xSCN mixed crystal at 10 К at a concentration 
near x =  0.75. At this concentration and temperature we observed both of these 
phases together (see Fig. 1, x — 0.75). The investigation of the temperature depen 
dence of the diffraction spectra for this concentration shows that transformation
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has the order (H+III)-II-I with a noticeable hysteresis below the transformation 
temperature from phase II to phase (II+III).

The unit cell parameters of the monoclinic phase do not show any noticeable 
dependence on concentration. The unit cell parameters of the orthorhombic phase 
show different dependences on concentration. The a parameter has a weak concen­
tration dependence, the b and c parameters show a linear concentration dependence 
up to X = 0.60, above which they manifest saturation. The temperature dependence 
of the unit cell volumes of Ki_r (NH4)xSCN mixed crystals for different concentra­
tions is presented in Fig. 4. The temperature dependence of the volume of NH4SCN 
monoclinic phase III shows an anomaly near 200 К and was discussed in [14].

3. Conclusion

In the present work, the position of the transformation boundary from the 
orthorhombic phase II to the monoclinic phase III on the x — T  phase diagram 
for mixed crystals of the Ki _x(NH4)cSCN was determined first by means of neu­
tron powder diffraction. At low temperatures this boundary begins near the con­
centration of x =  0.75. These investigations of the x — T  phase diagram of 
Ki_r (NH4)r SCN mixed crystals give us the possibility to investigate the influence 
of the orthorhombic or monoclinic site symmetry on NH4 ion dynamics [15]. It is 
also known that under high pressure the temperature of transformation from the 
monoclinic phase to the orthorhombic phase has a negative slope and the volume 
change in the first type of transition diminishes with decreasing temperature [1, 
12]. The concentration dependence of the unit cell volume of the Ki_x(NH4)xSCN 
mixed crystal shows that a change in concentration reflects the influence of the 
temperature of the transition from the monoclinic to orthorhombic phase on the 
unit cell volume analogous to that of pressure.
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DOUBLE-BENT-CRYSTAL SANS INVESTIGATION  
OF THE CREEP EXPOSED CMSX2 SINGLE CRYSTAL
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1 Nuclear Research Institute  
25068 Rez near Prague, Czech Republic

T he single c ry s ta l superalloy CM SX2 was s tud ied  a f te r  a  creep exp o sitio n  a t  high 
te m p e ra tu re  by sm all-ang le  n eu tro n  sc a tte rin g  and  tran sm iss io n  electron m icroscopy. The 
an iso trop ic  ch arac te r of sca tte rin g  curves disp layed the  p la te le t  shape of 7 ' p re c ip ita te s . The 
presence of an  in te rp a rtic le  m axim um  en ab led  to  evaluate  th e  characteristic  in te rp artic le  
d is tan ce . B oth  SANS an d  ТЕМ  resu lts  in d ica te  the  influence of the creep ex position  on 
th e  m orphology of th e  precip ita tes.

Introduction

Mechanical properties of superalloys, especially those based on nickel, prede­
termine these materials for high temperature applications [1]. High strength creep 
resistance is one of the most important properties of nickel-based single-crystal su­
peralloys. A basic feature in the mechanical properties of these materials is their 
diphasic nature, where the ordered 7' precipitates grow in a matrix formed by the 
7-phase. The 7' precipitates prevent the gliding of dislocations [2] and their mor­
phology plays an important role in the mechanical properties of the superalloys at 
high temperatures [1,3].

The earlier studies of CMSX2 have shown that a microstructure with a regular 
arrangement of cubic 7' precipitates corresponds to an optimal creep resistance [3]. 
During a tensile deformation of CMSX2 at high temperatures (near 1000 °C), the 
7' precipitates coarsen into the form of platelets perpendicular to the stress axis 
[2]. This transformation ( “rafting”) leads to a longer lifetime before rupture at high 
temperatures [4].

The influence of the creep on the morphology of 7' precipitates can be suc­
cessfully studied, besides the electron microscopy, by means of small-angle neutron 
scattering (SANS) [5]. Our crept sample of the single-crystal superalloy CMSX2 was 
investigated in detail by different techniques. In this paper, we report the results of 
the small-angle neutron scattering and the transmission electron microscopy (ТЕМ) 
studies. The results of the neutron diffraction topography (NDT) experiment were 
reported previously [6].
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Sample

The cylindrically shaped sample was prepared at Centro Sviluppo Materiali, 
Roma (Italy), by directional solidification. The crystallographic direction < 100 > 
was parallel to the rotation axis of the sample. The conditions of the casting led to 
a dendritic solidification structure [6].

The single crystal was subjected to a strain of 120 MPa at a temperature of 
1050 °C for 742 hours. The creep exposition was stopped at the beginning of the 
tertiary phase of the creep curve. The operating force was parallel to the < 100 > 
crystallographic direction. We consider three parts of the sample: the fully creep 
exposed part A, the specimen head (part C) originally fixed in the holder during 
the creep exposition and the transitional part B. As a significant difference in creep 
exposition can be supposed between these parts, deformation dependent structural 
properties were related to the sample head, where a lower deformation degree is 
expected.

Experim ental

SANS experiment was performed on the medium resolution double-bent-crys­
tal diffractometers installed at the reactor LVR-15 in NPI Rez. Scattering curves 
at lower Q-range (0.2 -f- 2.6 x 10-3 Á-1 ) were measured on the diffractometer SPN- 
100 step by step [7] whereas the measurement in Q-range 1.35 -j- 11.4 x 10-3 Á-1 
was performed on the SANS diffractometer DN-2 equipped with a position sensitive 
detector (PSD) [8].

The scattering curves were taken in parts A, В and C of the sample and for 
two orientations. Vertical or horizontal arrangement of the sample corresponds to 
the measurement of scattering in the plane perpendicular or parallel to the sample 
axis, respectively. In both cases the axis of the sample was perpendicular to the 
incident neutron beam. Measured scattering curves obtained from parts A and C 
of the sample are drawn in Fig. 1 for both orientations. Figure 2 displays two ТЕМ 
micrographs of the longitudinal sections of the sample.

R esults and discussion

An anisotropic character of scattering curves obtained from all parts of the 
sample, which was found by measurement at two perpendicular orientations (see 
Fig. 1), revealed that the cubic 7' precipitates coarsened into the precipitates of the 
platelet form even in the sample head. The presence of an interparticle interference 
peak on the scattering curves measured in horizontal arrangement of the sample 
indicated an ordered morphology of platelets; an orientation of 7' precipitates was 
perpendicular with respect to the stress axis.

The scattering data obtained at horizontal arrangement of the sample can 
be explained by a simple model of the sample microstructure. We can suppose 
that the scattered intensity is composed of two parts: the first part is caused by 
scattering on ordered particles and creates the interference maximum whereas the
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Fig. 1. S ca tte rin g  curves o b ta in ed  from  p a rts  A a n d  C, norm alized  to  th e  sam e ir ra d ia te d  volum e
(100 m m 3) an d  tim e  of m easurem ent

(a) (b)
Fig. 2. ТЕМ  m icrographs of p a r t  A (a) a n d  p a r t  C (b)

rest of the intensity follows from the scattering on disordered particles and decreases 
from Q =  0 to <5 =  oo. The shapes of the scattering curves correspond to this 
morphology because the intensity increases for Q —> 0 and it cannot be explained 
only by the presence of ordered microparticles.

In order to separate these parts from the measured curves, we fitted a de­
pendence composed of two analytical functions on the data measured at Q-range
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Fig. 3. M easured  a n d  fitted  sc a tte r in g  Qx (A )
curves of h o rizon tally  positioned  sam ple  
(a) a n d  sep a ra ted  p a r ts  of the  sc a tte re d  
in te n sity  (b)

0.2 -r 2.6 X  10-3 Â-1 for a horizontally positioned sample. The first component 
was a sum of two Gaussian functions where the first one had its maximum fixed 
at Q = 0. The sum describes qualitatively a shape of a scattering curve influenced
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by an interparticle interference and in our case it describes the scattering on the 
ordered precipitates. The second compound of the fitted dependence, which corre­
sponds to the scattering on disordered and relatively larger inhomogeneities, was 
approximated by the sum a\ /Q 2 + a^lQ2 +  a^/QA, where ai, 0 2 , 0 3  are the fitted 
coefficients. The results of the fitting procedure and corresponding separated parts 
of the scattered intensity are presented in Fig. 3.

The curves corresponding to the ordered particles in Fig. 3b show the decrease 
of scattering intensity from part C to part A and, simultaneously, the increase of 
FWHM values of the interference maxima. The relatively largest volume of the 
second, disordered, compound is in the part A of the sample. It can be estimated 
by the comparison of intensities of the corresponding curves in Fig. 3b at the lowest 
Q-values. This behaviour indicates that the creep exposition reduced the ordering 
of 7 ' platelets while the growth of larger particles occurred in the sample. However, 
this simple model cannot explain the origin of larger particles.

The reduction of the ordering of the 7 '-precipitates was confirmed by ТЕМ 
(see Fig. 2). The micrographs also allow to estimate an average distance between the 
platelets. We found the values 1.3 and 1.1 /лп in the parts A and C of the sample, 
respectively. The more exact value of the characteristic interparticle distance L c can 
be deduced from the position of the interference maxima of the scattering curves 
(see Fig. 3b) by using the formula Lc = 2îr/Qmax, where Qmax is the position of the 
interparticle interference maximum. The Lc values of 1.28, 1.01 and 1.24 fim were 
found by means of this formula for the fully (part A), moderately (B) and minimally 
(C) exposed part of the single crystal, respectively. As the SANS method provides 
bulk information, the result is a statistical average over the whole irradiated part 
of the sample.

Conclusion

The investigation specified the morphology of 7 ' precipitates in all parts of the 
sample. The SANS measurement revealed the influence of the long creep exposition 
on the ordering of 7 ' platelets and this result was confirmed by ТЕМ.

The DBC SANS experiment proved the applicability of this SANS technique 
for studies of nickel-based single-crystal superalloys at Q-range which is not easily 
obtainable on collimator-type SANS instruments. This momentum transfer range 
is particularly interesting for investigation of a 7 '-precipitates arrangement.

The results of SANS and ТЕМ measurements —yielding information at the 
microstructural level — were completed by neutron diffraction topography and neu­
tron diffractometry which characterized the creep exposed CMSX2 sample mainly 
at the macrostructural level [6 ]. This combination of different techniques provid­
ed rather complex information about the influence of the creep exposition on the 
CMSX2 superalloy.
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C o m p ared  w ith  o th er spectroscopic  techniques, th e  m eth o d  of inelastic  incoheren t 
n eu tro n  sc a tte r in g  (IIN S), owing to  ex trao rd inary  large  cross-section of hydrogen  for in ­
coherent sc a tte r in g , has g reat advan tages in th e  investiga tion  of th e  dynam ics of p ro to n s  
in com pound w here  they  are su rro u n d ed  by heavy  a tom s. For p ro to n  conductors, th is  
technique en ab les  th e  iden tification  of various p ro to n ic  species, d e te rm in a tio n  of th e ir  dy ­
nam ics, as well as th e  dynam ics o f heavy atom s to  a  m easure  in w hich th ey  are b o n d ed  to  
hydrogen. H ere we discuss th e  IIN S spec tra  o b ta in ed  w ith  a  pulsed n e u tro n  source, du rin g  
the  d eh y d ra tio n  process of 12-tungstophosphoric  acid  6-hydrate  (H 5O 2 ) з * (P W 12O 40 ).

Introduction

In the last decade, considerable progress has been made in the understanding 
of the nature of protonic entities in hydrogen bonded solids and solid state superionic 
protonic conductors, using inelastic incoherent neutron scattering technique [1,2].

Higher hydrates of 12-tungstophosphoric acid belong to a not very large group 
of compounds that are superionic proton conductors at room temperature [3,4]. At 
least four stable hydrates НзРЭД^гО^пНгО (WPA-n) with n = 29,21,14 and 6 
are known to exist, in certain regions of temperature and relative humidity [5]. 
They consist of the Keggin anions (PW12O40)3- which are interconnected with hy­
drogen-bonded water molecules [6]. In higher hydrates not all positions of water 
molecules are determined, some of them being highly disordered. Infrared (IR) 
and Raman techniques showed the existence of various protonic species (H5O2 , 
НзО+, H2O, 0H ~, H+) and the temperature dependent dynamic equilibrium be­
tween them [7,8]. Only for hexahydrate (WPA-6) the position of the acid protons 
and all water molecules was determined and it was shown that they were in nearly 
planar dihydroxonium ions (H5OJ), connected with four Keggin anions. The high­
er hydrates have superionic conductivity and the hexahydrate appeared to be poor 
bulk protonic conductor [9,10]. In spite of intensive investigations by many experi­
mental techniques, it has not been decisively established what protonic species take 
part in charge transfer and what is the mechanism of superionic conductivity. Our 
recent investigations [10,11] suggest that some of the mechanism of conductivity 
in lower hydrates (n < 6), and even in anhydrous samples, could be the same as
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in higher hydrates — the jumps of individual protons H+ between proton carriers 
(H2O and/or Keggin framework).

In the present paper we want to show that IINS is appropriate for following of 
the dehydration of WPA-6, i.e. what happens with the protons after the destruction 
of dihydroxonium ion, which can be important for the determination of the proton 
transfer mechanism for the whole group of these compounds.

Fig. 1. a) DTA and  b) T G A  curves of (H5 0 2 )3 (P W i2  0 4 o)

0
XUi

Î
>—
<

1sz
U i

Experim ental procedure

We report here on the study of IINS spectra, using the time-focused crystal 
analyser spectrometer (TFXA) at the ISIS pulsed neutron source at the Rutherford 
Appleton Laboratory, during the dehydration of 12-tungstophosphoric acid hexahy- 
drate. TFXA operation is similar to a beryllium-filter instrument at reactor source. 
The resolution width is only 200 peV for the incident neutron energies and 2 % 
of the energy transfer at higher energies. The samples were obtained by heating 
WPA-29 powder at 373, 473, 573 and 873 K. All IINS spectra of annealed samples 
[12] were measured at 25 K.

Thermogravimetry (TGA) and differential thermal (DTA) analysis were done 
by using a TGA Dupont Nemours instrument and a Stanton-Redcroft-STA 1000 
thermoanalyser (scanning rate 10 K/min).

“Direct” current conductivity <т(/ —* 0) was extracted from impedance mea­
surements on an LCR-meter HP 4284A, in the frequency ( /)  range 1 Hz-1 MHz on 
the compressed pallets.

R esults and discussion

The annealing temperatures of samples for the IINS measurements were se­
lected from the thermogram in Fig. 1.

The sample heated at 373 К is a hexahydrate. For the sample annealed at 
473 К nearly one water molecule is left over, and for that annealed at 573 K n ~ 0 .
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Fig. 2. HNS sp ec tra  o f W PA-6 an n ea led  a t  a) 373; b) 473; c)573  and  d) 873 К

All the samples were heated in air. X-ray powder diffraction measurements show 
that Keggin’s structure is preserved at these temperatures [13].

The neutron spectrum of the sample annealed at 373 К in Fig. 2a is in 
agreement with already assigned spectra [14] of WPA-6. It is seen that the peaks 
in the IR spectrum of HsOf ions are just in the region which is characteristic for 
the Keggin anion, so that they are not easy to detect by the optical vibrational 
spectroscopies. With the use of IINS, however, it is clearly seen that annealing at 
470 К leads to the destruction of dioxonium ions. It can be noticed that heating 
at 570 К leads to the disappearance of the peaks characteristic for the oxonium ion 
[14,15], e.g. at 134 and 200 meV, (Fig. 2b) and to the formation of a new peak, 
at about 143 meV, originating from the “free” protons, i.e. the protons trapped 
in between the cavities of the host lattice (Fig. 2c). For the sample annealed at 
870 K, it is clear that there are no protons left over (Fig. 2d).

The behaviour of protons is investigated through temperature dependence of 
conductivity (er) for WPA-n, given in Fig. 3.

In the temperature dependence of conductivity for hexahydrate obtained by 
heating of the WPA-29 at 373 К in air (•), two regions can be noticed. At lower 
temperatures, surface conductivity is dominant, and at the higher temperature 
bulk conductivity obeys an Arrhenius law, with an activation energy of 1.07 eV. 
Measurements in a vacuum of 0.5 Torr on the sample heated for 24 h (o) at 373 К 
enable obtaining of the values for bulk conductivity at lower temperatures as well. 
The measurements on samples with lower content of water (n < 6); n ~  0 (1-0.5 
water molecule) and n = 0, the free proton containing phase, were performed in a 
vacuum of ~  0.05 Torr, to prevent rehydration. The sample had been first heated 
to about 530 K, and after several hours the measurements began, on cooling (x).
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Fig. 3. T em p era tu re  dependence of co nductiv ity  (<т) for W PA-n. A rrow s ind ica te  cooling or
heating .

It can be seen that at about 416 К a phase transition occurs, manifesting itself 
in jump of conductivity and a change of activation energy. The phase transition 
is more clearly seen on the curve for anhydrous (n — 0) heteropolyacid heated for 
several hours at about 673 K(+). The IINS results (Fig. 2) where the dynamics of 
proton species, from dioxonium ion to “free” proton is shown, could be correlated 
with electrical measurements. The low conductivity of WPA-6 is the consequence 
of proton bonding into the dioxonium ion. As the annealing of the samples at 
elevated temperature was done under different conditions for IINS and electrical 
measurements, the comparison of the results of the two methods cannot be done 
straightaway. However, according to other results [11] the high conductivity of the 
sample with n — 0 could be related to protons.

Conclusion

The IINS spectroscopic technique, combined with IR and Raman spectro­
scopies, is a method appropriate for following mutual transformations of protonic 
species in lower hydrates of heteropolyacids. As the conductivity mechanism seems 
to be the same for the lower and the higher hydrates, individual proton jumps, 
location of the protons by IINS may have a decisive role in the understanding of 
details of charge transfer mechanism for this whole group of superionic conductors.
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A  n e w  m e t h o d  o f  n e u t r o n  t o m o g r a p h y  i s  u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  i n t e r n a l  
m a g n e t i c  f l u x  d i s t r i b u t i o n  i n  h i g h - T c  c e r a m i c s .

Introduction

The determination of magnetic flux distribution in various condensed media 
has a general interest with respect to different fundamental and applied research­
es. Recently, this problem has attracted further attention in connection with the 
research on high-Tc superconducting ceramics. New superconductors possess the 
hierarchy of scales of the inhomogeneities, such as grains, twin boundaries, fluctua­
tions of the oxygen concentration or stacking faults, etc. Most of the irregularities 
described above could act as sources of flux line pinning with different effectivi- 
ty depending on the temperature and magnetic field. The microscopic picture of 
the field distribution inside the high-Tc superconducting materials should be rather 
complicated. Such kind of ceramics could be considered as multi-connected sys­
tems of superconducting grains coupled with each other by weak random Josephson 
junctions [1,2]. The resulting network is an effective superconducting medium re­
sembling the behaviour of an ordinary type II superconductor but in the low field 
region the flux does not penetrate into the grains.

The low field distribution in high-Tc superconducting ceramics La-Sr-Cu- 
O has been studied [3] by the method of three dimensional neutron polarization 
analysis. The temperature and field dependence of the remanent inductance of the 
magnetic field trapped by La-Sr-Cu-0 ceramics (Tc = 40 K) and the long-time 
relaxation of trapped field have been examined. Recently the patterns of internal 
field distribution of the ceramic sample Y -Ba-Cu-0 were obtained by means of 
the neutron polarized beam scanning [4]. The information about the Josephson 
screening currents was extracted from these patterns at the magnetic field less than 
a low critical field of grains. These experiments yield the unique data on the high- 
Tc ceramics possessing a number of anomalous properties distinguishing them from 
conventional hard low temperature superconductors type II.
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Nevertheless, the abilities of the aforesaid direct methods are strongly limited 
because of low intensities of narrow scanning beams. Therefore, the spatial resolu­
tion of this differential scanner could not be better than 100 /im. The luminosity is 
also depressed by monochromatization. At least three-dimensional analysis should 
be used for low fields (#  < 100 Oe) only to avoid the aberrations in polarization 
caused by undefined fields near the sample. These circumstances stimulate to devel­
op new more powerful methods for the investigation of magnetic flux structure. It 
seems to be appropriate to use Larmor precession of neutron spins within the sam­
ple for a broad neutron wavelength spectrum similarly in the well-known Neutron 
Spin Echo Method [5]. The basic idea of this method presented here was proposed 
by В. T. Toperverg. The aim of this report is the demonstration of first results on 
the field of neutron tomography developed in co-operation of IRI, PNPI and KFKI.

Principle o f neutron tomography

The neutron beam is passing through the region of magnetic field in which 
neutron polarization for a given wavelength Л undergoes some precessions (Fig. 1). 
Here Po is the initial vector of polarization settled perpendicular to the field В and 
L is the path. Neutron are flying along the field direction. Installing a sample with 
an internal field distribution B(r) with axial symmetry, the resulting phase of spin 
rotation is defined by

= ip, + ipo -  bm/h)(B , (p)LaX + BLX) (1)
with neutron gyromagnetic ratio 7 , mass m and the length of the specimen La. So 
the integral of the polarization contains the information about the internal field Bs :

P{B) = P0n j j  W(A) cos[^(p) + <p0]pdpd\. ( 2)
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Неге Р is the projection of polarization vector to the initial direction and W(A) 
characterizes the beam spectrum. In order to extract the field distribution from the 
integral of the polarization we need to carry out the Fourier transform of the function 
P(B). We assume the experimental procedure as the measurement of polarization 
versus field B. The normalized Fourier transform depends on the internal field 
distribution B,(p):

Г pm

F(X) = f (X) / f 0 (X) = ( l /*p2m) cos(aLs B)(p)X)pdp, (3)
Jo

P(B) cos(aBLX)dB,

/о(A) obtained when ipm = 0, where a = y / m h , pm is the radius of the sample. 
The determination of B,(p) is possible by using the inverse function p2{B). When 
we have the integral:

F(A) = (1 /ър2т) J[dp2 /dB] cos[aBL,X]dX. (4 )

Thus neutrons are powerful tools in the study of internal local fields which could be 
evaluated individually carrying out separated experiments. The testing of abilities 
of the method was performed for radial geometry in Delft (IRI) in 1993. This 
research work is continued at PNPI (Gatchina) using another version arisen from 
Neutron Spin Echo.

Tomography and NSE

The aim of the authors at this step was the search of a new way to graft 
the “tomography virus” to NSE machine and transform it to an instrument making 
aforesaid data. That would be attractive as it promises the development of these re­
searches at all NSE spectrometers available for users. This has been done at PNPI’s 
Neutron Spin Echo spectrometer (Fig. 2), operating at present as a spectrometer 
of quasielastic scattering with spectrum modulation by spin phase precession [5-8]. 
This scattering technique has a special character when measuring neutron energy 
transfer and performing analysis of scattered neutron polarization at the same time. 
Usually the combination of the full polarization analysis and the spin echo technique 
is impossible, but this difficulty can be overcome due to the modulation of neutron 
spectrum. We have to point out that in this modified version of NSE we have a 
fully polarized neutron beam at the sample but the information on spin rotation in 
precession field is saved in the structure of spectrum. In that case we can install spin 
turn devices before and behind the sample and create in this way a new precession 
field region. So we separate in space the NSE and the sample’s cell with its own 
local field to be investigated. This “three field” version of NSE has been realized 
for the continuation of tomography experiments. The experimental procedure is
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Fig. 2. The Spin E ch o  S pectrom eter o f P N P I: 1 -  th e  re a c to r  zone, 2 -  co llim ators , 3 -  th e  m irro r 
covered  by 58Ni, 4 -  p lu g , 5 -  the  sh ie ld  o f polarizer, 6 -  th e  first po larizer; 7, 15 -  sp in  flippers; 
8, 17 — screens, 9 a n d  18 precession m ag n e ts; 10, 19 -  sp in  tu rn  devices o f n/2;  11 -  th e  second  
po larizer; 12 -  sam p le  u n it; 13 -  u n its  fo r vector analysis o f  polarization; 14 -  tran sp o rt m odule; 
16, 21 -  analysers; 20 -  d e tec to r’s sh ie ld ; 22 -  20-channel collim ator; 23 -  d e te c to r (20-counters); 
24 -  a ir su p p o rt; 25 — basic  fram e’s p ow er driver; 26 -  CAMAC m odules; 27 -  power supply; 28 
-  com pressed a ir; 29 -  vacuum  p u m p in g ; m echanical ch o p p er; 30 -  system  for contro l an d  d a ta

c o l l e c t i o n

described as follows: The passing of neutron polarization through the spectrometer 
is illustrated in Fig. 3. The detailed description of PNPI’s NSE spectrometer can 
be found in [8].

The precession in the first region and reflection from the second polarizer 
create a special structure of neutron wavelength spectrum:

I ,  =  (1/2)[1 ±  P q cos(A(V1)]IT(A), (5)

where Л = 2тгХ/ < Л > and < A > is the mean wavelength. The number of 
precessions for < A > is proportional to the field strength in first and second region,
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Fig. 3. L ayout of th e  in s tru m e n t for to m o graphy  based on NSE spectrom eter: P\ -  th e  first 
polarizer; F  -  spin flipper; H i  -  the  first p recession  field; ±7r/2 -  sp in  tu rn  devices; P2 -  the 
second p o larizer; C r — c ry o s ta t; S  — sam ple; C ex ~ coils p roducing  th e  field a t the  sam ple; H 2 -  

th e  second  precession field; A  -  analyser; D  — de tec to r

TV1 oc HI  and N 2 ос H 2. The reversing of polarization before precession causes 
the phase shift of тг which corresponds to the change of sign ±. In the third région 
(sample cell) the outcoming polarization should oscillate that reflects local fields 
distribution:

P,a = Po cos[A(7V3 + n,(y))]. (6)

We assume that the sample has an axial symmetry of the local field distribution. 
All initial polarizations are vertical and spin rotation will be in a horizontal plane. 
The sample’s axis is also directed vertically. So the local polarization for a given 
point at beam’s section depends on the single variable y. In absence of sample we 
could observe the rotation of polarization caused by a weak guide field (number 
of rotations TV3). The internal fields add some number of rotations n(y). The 
detected spectral intensity of transmitted beam at any point of beam’s section may 
be written as

iD = W(A)[1 ±  Po cos(ATVl)[l + P cos(ATV2) cos[A(TV3 + n(y))]]/4. (7)

In expression (7) we have taken into account the evolution of polarization in 
the second precession region and in the last part of the expression the reflection from 
the analyser. The experimental intensities 7* correspond to spectral ones integrated 
over beam area and wavelength interval. In terms of an effective “polarization” we 
see the NSE signal:
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Fig. 4. P a tte rn s  o f echo groups: effective p o lariza tio n  vs cu rren t in  correcting  coil (p roportional 
to  th e  difference of precessions, i.e. N 2-N 1). T he two field group is show n in  a). T he th ree  
field echo groups a re : b ) th e  group sp lit by trap p e d  flux (field cooled sam ple a t  30 К in ex te rn a l 

field of 43 O e); c) w arm  sam ple T  =  100 К > Tc
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P, = ( / + - / - ) / ( / +  +  / - ) ,

P = (Pq / 2 ) J  W'(A) cos[A((V3 + n(y))] cos(AAN)dAdy/y0 J  W(A)dA, (8)

A N  = N2 — NI.

This definition will be correct when Nl , N2  1 and N2 — (N3 + n) 1, which 
are ordinary conditions for NSE measurements validity. Our calculation shows the 
splitting of a “normal” echo group caused by the third field. As a result we have 
the superposition of NSE signals

Pe{AN)  = (P*/4)[P+(AN) + Pe~(AN)\, (9)

P f  =  J  W(A)cos[A[AA±(A3 +  n(y))]]dAdt//i/o J  W(A)dA.

A single echo group should be observed by zero third field, i.e. if N 3 + n = 0. 
First the proposed experimental procedure was tested by computer simulation. We 
have obtained these effects of echo group splitting indeed. The second step was 
carried out as a neutron experiment on an “artificial” specimen. We have used a 
long solenoid with thick walls for testing the method (internal diameter = 1 .5  mm 
and external one = 4.5 mm). This “sample” has a well defined flux distribution 
(В homogeneous inside and decreases linearly with a radius up to zero on external 
boundary). The experimental improvements of the method’s validity stimulated 
the beginning of preliminary measurements on high-Tc superconductors.

2 4  6  8  1 0  1 2  1 4  16

Fig. 5. T he F o u rie r transfo rm  of echo signal: 1 -  r e b u ilt b e a m ’s sp ec tru m  (tw o field m easu rem en t); 
2 ,3  — co rresp o n d  to  a  w arm  sam ple  a t  T  >  Tc (no tra p p e d  flux, all changes of sp ec tra l p o la riza tio n  
caused by th e  w eak guide field H g =  10 Oe); 4, 5 -  revea l th e  influence of t ra p p e d  flux on sp e c tra l  

p o lariza tio n  for app lied  fields of 43 a n d  86 Oe, respectively
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Fig. 6 . T he effects of sp in  ro ta t io n  in the  sam ple: sp ec tra l p o la riza tio n  for su p erco n d u c tin g  
sam ple o b ta in e d  a t  tem p e ra tu re  T  >  T c for th ree  d ifferen t applied fields, i.e. 43, 86 an d  129 Oe. 
T h e  p ic tu res a re  d raw n  by th e  “ru n n in g ” of wave len g th  along th e  curve  th a t  corresponds to  a  

varia tion  of n e u tro n ’s tim e-of-flight th ro u g h  th e  sam ple

Experiments on high-Tc ceramics

The experiment on Y-Ba-Cu-0 ceramics (Tc sa 90 К) concern the observation 
of magnetic flux trapping in low field region when the field does not penetrate into 
grains [1-4]. The cylindrical sample with a diameter of 8 mm and a height of 16 mm 
has been installed into the box filled with helium gas. This box was equipped with a 
ring-shaped special spin turn device. This ring was made of a hard magnetic foil and 
magnetized up to saturation which served for the creation of the boundaries of the
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third precession field (Fig. 3). This 7t/ 2 turner, designed for use at low temperature 
conditions, was placed into the cryostat. We have used the field cooled regime 
(F.C.): i.e. the sample was cooling down from T  > Tc to a given temperature in 
the field (Hex — OH-100 Oe). The following measurements were done after switching 
off the field. It remains only weak guide field H  = 10 Oe. The external field was 
directed along the axis of the sample, i.e. vertically. We have observed the effects 
of trapped flux in ceramic at 30 К for three fields of 43 Oe, 86 Oe and 129 Oe.

In order to evaluate spin rotation effects in the sample we performed two sets 
of measurements of echo group on the NSE spectrometer of PNPI for “three field” 
mode: cold sample (T = 30 K); hot sample (T > Tc). Also the initial echo group 
was determined for “two field” regime which corresponds to a normal operation of 
spin echo machine. Figure 4 shows the patterns for these experiments. One can see 
the evolution of NSE signal by variation of the third field. A non-split group in the 
absence of the third field possesses of a high amplitude as compared with signals for 
the split echo group in accordance with (9) as well as the spreading is more expressed 
for a higher applied field. That indicates the presence of the trapped flux at the 
low temperature and expresses its dissipation by warming the sample above Tc.

Much clearer evidence for trapped flux phenomena can be found by compar­
ing Fourier-transformed spectra (Fig. 5). Here we observed a direct phase shift at 
various wavelengths induced by internal field. An obvious picture of the action of 
internal field is shown in Fig. 6 where the “plane” of Fourier-transformed polar­
ization is presented: “cold” polarization vs “hot” one. The moving along the line 
means the viewing by changing wavelength or neutron time-of-flight.

Thus, the presented results reveal the experimental abilities of tomography 
method which should be advantageous for a really “white” wavelength spectrum. 
For such a situation it will be possible to obtain full information on local fields using 
Fourier transform secondly for the function (3). For a broad but finite spectrum 
(Fig. 5) we must solve an integral equation or use some models for fitting. The 
simple model of homogeneous field distribution inside the sample was used for data 
of Fig. 5.

As a result we have obtained parameters which correspond to the values 
of external field but the behaviour of the experimental curve deviates from the 
calculated one. The treatment of observed trapped flux behaviour should be based 
on much more information which we hope to obtain in the future experiment at 
KFKI’s rebuilt reactor.
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MOLECULAR CONFORMATION USING 
MODIFIED CHEMICAL CONSTRAINTS
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1 St. Petersburg Nuclear Phys ics  Institute  
1SS350 Gatchina, Russia  

2 ISIS, Rutherford Appleton Laboratory 
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A novel com bination  of m olecular m odelling  an d  full profile refinem ent w ith chem ical
co n stra in ts  has been  used to  de tem ine  the lo w -tem p era tu re  c rsy ta lline  C5 phase s tru c tu re
of MBBA.

Neutron powder diffraction data were recorded on a 95 % deuterated sample 
of MBBA using the High Resolution Powder Diffractometer, HRPD, at the pulsed 
spallation source ISIS, Rutherford Appleton Laboratory, U.K. The diffraction data 
were recorded in fixed angle detector banks at backscattering (20aue = 168°) and 
at 90° over a time-of-flight range of 85-230 ms. The measurement was performed 
on the C5 phase [1,2] at 5 K.

The size Vc = 1513 Â3, and structural complexity of the MBBA C5 phase 
is beyond the scope of the traditional Rietveld profile analysis method. It was, 
therefore, necessary to make extensive use of chemically derived geometric slack 
constraints within the profile refinement procedure and, more importantly, develop 
a method of model optimisation in order to establish the correct conformation of 
the molecule within the unit cell.

Structure solution and refinement was achieved through the following steps:
(i) The MBBA molecular geometry is established using known chemical bond 

distances and angles.
(ii) The molecule is positioned in the elementary cell, following sequential 

translation along and rotation around the principal cell directions. The best starting 
position was calculated minimising the residual:

min = \Fcalc(hkl)2\ — \Fobs(hkl)2\.

(iii) The molecular conformation is established. Consideration of calculated 
rotational barriers and potentials for the free molecule are used to establish charac­
teristic axes of rotation in the crystalline phase [3, 4]. Sequential rotation of these 
molecular components around these axes establishes the optimum conformation by 
again minimising the function given by (ii).
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(iv) Full profile refinement including geometric slack constraints and using 
the structural model determined above as starting parameters.

GY. T Ö R Ö K  et  al

atomic coordinates 
cell parameters 
scattering length

tormfactors

transformations:
translations (from atom, to atom) 
rotations of the rigid part of the 
molecule (around the axis betw. a-b  atom)

other parameters to fit: 
Debye-Waller factors, 
scale factor

fit by Marquard method 
least square fit 

calculation
-R^ decreasing, increasingj

Rietveld program 
new parameter fit 
Bragg intensities

Fig. 1. Flow  c h art for th e  confo rm ation  fit p ro g ram

Despite the high intrinsic peak overlap and sample dependent line broadening 
the highest resolution backscattering diffraction data showed the structure to be 
triclinic with space group P-1 of lattice parameters

a = 7.9776, b = 5.7224, c =  31.1119, a  =  90.730, /9 = 91.950, 7 = 91.243.

This is the variance with a monoclinic structure previously reported [1,2]. Since in 
the elementary cell Z = 4, a structure where two molecules have different confor­
mations was assumed. The data recorded at 90° were used for profile refinement 
in combination with 218 geometric slack constraints for the 82 atoms in the refine­
ment. For all atoms the displacement parameters and site occupation factors were 
fixed because of the limited nature of diffraction data. Using the flow chart depicted
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in Fig. 1 the best fit for C5 phase diffraction data is shown in Fig. 2. Rwp= 0.195 
and a X2 value 1.99 obtained thus permit a reliable molecular packing scheme to be 
proposed for the crystalline Cb phase of MBBA. The molecular packing is shown in 
Fig. 3. The two independent molecules in the unit cell have different conformations. 
In one molecule the benzene rings are coplanar whereas in the second molecule there 
is an angle of 60° between the benzene ring planes. Such a structure is consistent 
with Raman data that indicates non-Debye behaviour for the low frequency range 
of vibrational states [5].

Fig. 2 . T h e  b est fit for H R P D  p a tte rn  for M BBA C5 phase

Fig. 3. T h e  m olecular packing schem e for C 5 p h ase  of MBBA
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HIGH RESOLUTION NEUTRON DIFFRACTION TECHNIQUES 
FOR STRAIN/STRESS MEASUREMENTS 

AT A STEADY STATE REACTOR

M . V r á n a , P .  M i k u l a , P .  L u k á s , J .  S a r o u n  a n d  P .  S t r u n z

Nuclear Physics Ins t i tu ts  
25068 R ez  near Prague, Czech Republic

Tw o high-resolu tion  n e u tro n  d iffraction techniques: th ree -ax is  nondispersive se tu p  
and  tw o-axis energy d ispersive transm ission  arran g em en t for no n d estru c tiv e  s tra in /s tre s s  
m easu rem en ts are described. B o th  techniques, m u tu a lly  com plem entary  provide sen sitiv ity  
in re la tiv e  difference betw een  la ttic e  spacings A d / d  down to 10~ 5 a n d  FW HM  of 1 0 ~ 3 rad  
p e rm ittin g  profile b roaden ing  analysis for reasonab le  sam ple volum es an d  coun ting  tim es 
even a t  a  m edium  power resea rch  reactor.

Introduction

Residual stresses are determined form the measurement of residual strains, 
which are then converted to stresses using appropriate moduli. Neutrons, similarly 
to X-rays, are used to measure lattice strain but because absorption constraints in 
most engineering materials are much smaller than for X-rays, rather large volume 
samples may be investigated nondestructively [1,2]. The lattice strain is defined 
as f = Ad/d,  where Ad is the change in lattice spacing due to strain and d is 
the unstrained spacing. Differentiating of Bragg’s equation, 2dsin0 = Л, where 
в is the diffraction angle, gives e = — cot# ■ А в at a fixed wavelength A. For the 
measurements conventional high resolution powder diffractometers are usually used. 
The investigated volume element of the sample is precisely defined by absorbing 
masks in the input and output beams. Measurements related to the strains are 
made by recording the peak position and the peak profile with respect to the chosen 
gauge volume. As neutron counts are related to the size of the gauge volume (tens 
of mm3) and good instrumental resolution is required (peak shifts are of the order of 
10-4—10—3 rad) experiments of this type are usually performed at high flux reactors.

Using cylindrically bent perfect crystals as neutron monochromator and anal­
yser and thanks to focusing in real and momentum space our dedicated three axis 
spectrometer and double crystal diffractometer permit us high resolution strain 
measurements even at our medium power reactor for reasonable sample volumes 
and counting times.
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Three-axis setup

A schematic three-axis arrangement for the study of polycrystalline materials 
is shown in Fig. 1. Its favourable properties consist basically of the following steps:

Fig. 1. Schem atic  sketch  of th e  th ree -ax is  se tup  eq u ip p ed  w ith a b en t Si single-crystal m onochro ­
m a to r  an d  an aly se r fo r high-resolu tion  s tra in /s tre s s  m easurem ents

1. Neutrons diffracted by a bent perfect crystal monochromator are focused 
on a poly crystalline sample (focusing in real space).

2. The beam diffracted at an angle ф by a volume element selected by a pair 
of input and output slits is analysed by a bent perfect crystal analyser optimized 
for maximum resolution (focusing in momentum space).

Contrary to the arrangement employing conventional mosaic crystals, in our 
case of bent perfect crystals there is a strong angular-wavelength correlation in 
the beams incident on the sample and also on the analyser. This fact permits the 
whole three axis arrangements to be optimized for a maximum resolution, of course, 
limited to a rather short Q-range. The general condition of focusing in momentum 
space minimizing the dispersion between all elements of the described system has 
been derived in the following form [3]

2 tan 9j tan вм 
1 —

R m  sin Í m

tan 9 a

R a  sin в A
( 1 )

Inspection of the relation (1) reveals that by setting the suitable bending 
radii Rm , R a (eventually the distance Lm , La ) the “dispersion-free” diffractometer 
arrangement may be achieved even in a general case of different lattice spacings
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X ( mm)

Fig. 2. Scans of residual s tra in  
th ro u g h  A d / d  (a) an d  FW H M  
(b) m easurem ents a long  th e  
longest edge of a  steel b a r  (lO x 
10 m m  cross-section) co n sis t­
ing of th ree  pieces w elded by 
th e  use of an  electron  b eam  
a t positions X = 4 m m  an d  
X — 12  m m . 1 and 2 co rre ­
spond  to  m easurem ent from  
th e  2 m m  layer in th e  d e p th  
of 5 m m  and  1 m m , resp ec­
tively, 3 -  a  free piece of the  
steel b a r

of monochromator (analyser) with respect to the spacing of the sample. This fact 
permits to fulfil the above mentioned two requirements and consequently, to increase 
the luminosity and the resolution of the setup simultaneously. The properties of 
different combinations of reflections on the monochromator, sample and analyser
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were experimentally tested. For details see [3]. The FWHM and the intensity of a 
diffraction profile obtained by the 0-scan and being of the Gaussian form is mainly 
influenced by the effective mosaicity (proportional to the thickness) of the bent 
monochromator. In practical measurements we usually use FWHM of 7' (it refers 
to standard samples of Fe(110), Al(200) and C u(lll)) and an investigation sampled 
volume of about 30-100 mm3 permitting reasonable counting times at our medium 
power reactor.

Fig. 3. Schem atic  sk e tch  of the  double-ax is a rrangem en t used  for energy-dispersive neu tron-
transm ission  s tra in  m easurem ents

Figure 2 demonstrates the scan of residual strain along the longest edge of a 
steel bar consisting of three individual parts welded by an electron beam.

Energy-dispersive neutron transm ission diffraction

This method is particularly used at pulsed neutron sources, where the inten­
sity wavelength dependence is analysed by the time-of-flight (TOF) technique [4]. 
It is well known that in case of diffraction by a polycrystalline sample there is a 
limiting value of Л (Ло =  2dhki) for each Bragg reflection where the backscattering is 
reached. Consequently, neutrons of A > Ло cannot be reflected by the corresponding 
system of the lattice planes (hkl). On the other hand, when going down with A,
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Fig. 4. R ela tive  transm ission  
function  vs A tи м  ( ^ M  ~  ША — 
uijj scan) (a) and  (uja  —
ujjj scan) (b) of a  Fe(321) s ta n ­
d ard  sam ple  for two different 
tem p era tu res

Au /min of arc
A

at this critical value of Ло the intensity of neutrons transmitted through the poly­
crystalline sample decreases steeply. Thus Bragg edges corresponding to individual 
reflections can be observed in the transmission TOF spectra. The most important
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advantage of using this method at the pulsed source consists in the possibility of 
using the full white spectrum and studying many Bragg edges simultaneously.

However, for residual strain/stress studies in many cases there are sufficient 
strain measurements on one or several chosen reflections. For such a case in analogy 
to the TOF technique we have proposed and tested this energy dispersive transmis­
sion diffraction at our steady state reactor when using a conventional double-crystal 
diffractometer equipped with bent perfect crystals (monochromator and analyser) 
with an investigated sample placed in between. To keep the neutron wavelength 
with a sufficiently high precision we used the dispersive double-crystal (+ ,+) setting 
(see Fig. 3). It is clear that the ДА-resolution is in this case tunable and determined 
by a crystal curvature according to the relation

ДА/А = cot в 6 6 , (2)
where 6 6  means the “effective mosaicity” of the bent perfect crystal which in the 
limiting case of the flat crystal is equal to the width of the so-called Darwin box. 
We tested the following two scans:

1. им  — и a — ujj (Auj) - 2A u a )  scan

It permits to measure /(A) dependence (with and without the sample) in steps 
of A chosen by the monochromator when rocking in the incident polychromatic beam 
in the vicinity of the diffraction edge Ao-

2. и а -  и д  (A ujj =  2 Au a)  scan

Contrary to the former case, within this scan the angular position of the 
monochromator is fixed and set for the reflection of Ao-neutrons. Then the second 
crystal analyses /(A) distribution within the range (Ao — ДА/2, Ao + ДА/2) of neu­
trons coming from the monochromator as selected form the polychromatic beam 
and passed through the slits determining a sample gauge volume. If the monochro­
mator-analyser distance coincides with the focal length of the bent monochromator 
the sensitivity to peak shifts increases twice with respect to the former scan.

Fig. 4 demonstrates the ability of this energy-dispersive transmission tech­
nique on a Fe(321) standard sample when instead of mechanical stress we used a 
homogeneous heating of the whole sample volume.
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INTERMOLECULAR INTERACTION IN AQUEOUS 
SOLUTIONS OF TETRAMETHYLUREA

L . C s e r , T .  G r ó s z  and  Yu. M . O s t a n e v i c h 1

K F K I Research Institute fo r  Solid State Physics 
P.O.B. 43, 1525 Budapest, Hungary 
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141980 Dubna, Russia

T h e  in term olecu lar in te rac tion  in aqu eo u s solutions of te tram e th y lu re a  was s tu d ied  
a t low concen tra tions by carry ing  ou t a  series of concen tra tion  dep en d en t SANS m easu re ­
m ents.

T h e  behaviour of th e  concen tra tion  dependence of th e  forw ard sc a tte rin g  cross- 
section  an d  th e  sq u ared  value of the  a p p a re n t rad ius of g y ra tio n  suggests th e  p resen ce  of 
a ttra c tiv e  forces betw een th e  TM U m olecules while the  increase  of the  rad ius of g y ra tio n  
can  be in te rp re ted  in te rm s of form ation  of aggregates. The m o d e l calcula tion  p e rfo rm ed  
is based  on th e  a ssu m p tio n  th a t  the  ag gregates can be rep resen ted  by dim ers. T h e  theory  
of chem ical equ ilib rium  is used for connecting  the  num ber of m onom ers and  d im ers. The 
set of pa ram ete rs  o b ta in e d  by the  least m ea n  squares fit of m o d e l to  the observed  d a ta  is 
p resen ted .

Over its entire concentration range tetramethylurea (TMU) is miscible with 
water despite the fact that the TMU molecule is nonionic and contains four hy­
drophobic methyl groups.

Our previous small-angle neutron scattering (SANS) investigations revealed a 
number of interesting features of the structure of aqueous TMU solutions. By using 
a wide variety of the contrast variation method (both normal and deuterated TMU 
molecules were dissolved in heavy and light water) we were able to show that some 
structural changes take place in the aqueous TMU solution at an aquamolality of 
about 0.7; that the hydrophobic interaction between the TMU molecules becomes 
more attractive at higher temperature; that contact pairs are present in the rela­
tively dilute solutions; that there is preferential orientation of water molecules in 
the hydration sphere.

It seems plausible that in the solution at least two types of interactions be­
tween the TMU molecules exist: a direct dipole-dipole and dispersion interaction 
between the solute molecules, and hydrophobic interaction which can lead to forma­
tion of solvent-separated and contact pairs. In addition to this two water molecules 
can form direct hydrogen bonds with the carbonyl group of TMU.
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Fig. 1 . G u in ier p lo t for a i m  so lu tio n  of H-TMU in D 2O, (t(g ): sc a tte r in g  cross-section, q :
tran sfe rred  m o m entum )

The present work aims to study these interactions at low concentrations by 
carrying out a series of concentration dependent SANS measurements. A typical 
scattering pattern in Guinier coordinates is given in Fig 1. It is seen that the 
data can be well approximated by a straight line, thus there are two parameters 
to be evaluated: the slope of the straight line and the scattered intensity at zero 
momentum transfer (q = 0),i(0).

The first parameter gives the so-called apparent value of the radius of gyration 
(Rg,app) while the second one, due to the use of a standard vanadium scatterer, can 
be transformed into the absolute scattering cross-section of the molecule.

These parameters are shown in Figs 2 and 3. From these figures it can be 
seen that there is a very slight concentration dependence in the forward scattering 
cross-section and that the squared value of the apparent radius of gyration shows a 
nonlinear increase with increasing TMU concentration.

Such behaviour hints at the presence of attractive forces between the TMU 
molecules since a hard sphere repulsion force, which is of very short range, would 
give rise to a steep decrease in the forward scattering cross-section. On the other 
hand, the increase of the radius of gyration can be interpreted in terms of forma­
tion of aggregates. The simplest assumption would be that the aggregates can be 
represented by dimers; on the basis of this assumption, we perform a model calcu­
lation . The observed values of г(0) and are averages which for two types of
non-interacting particles can approximately be written as
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Fig. 2 . The forw ard sca tte rin g  in tensity  cross-section of one TM U m olecule (in  b arns) as th e  
fu n c tio n  of the  TM U con cen tra tio n  (m , aquam olality ). Full circles w ith error bars: experim ental 
p o in ts , full line: the  re su lt of the  least sq u are  fit, broken line shows the  h a rd -sp h ere  calcula tion

for dependence

Fig. 3. T he squared  value of th e  rad ius of gy ra tio n  (in À 2 ) as th e  function  of th e  concen tra tion  
(m , aquam olality ). Full circles w ith e rro r bars: experim ental po in ts , the  full line  is th e  resu lt of

th e  least square fit

i(0) =  d<r/dn = i1(0) +  t2(0) (1)

and
R),a„ = -(1/3)*(0)_1Л'М«а) =

^,l*'l(°)/[*'l(0) +  г*2 (°)] +  R ) j 2  (°)/[n (°) + *2(0)]. (2)
For interacting particles the whole effect of the interaction can be described 

by the coefficients appearing as integrals in the expression of the scattered intensity
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distribution. These integrals contain the pair correlation functions and the number 
of different interacting particles [2]

i(q) =  10(0)71̂ ^  < Fjt(q) > +
_ _ Г 00

+ ^ 2 Y 2 p k P j ( /  [Pkj(r) -  l](sin(qr)/qr)4nr2dr. (3)
J 0

Here Pkj(r) gives the probabilities that the &-th and j-th type particles are 
separated by distance r, and v\ is the volume offered to each particle, pk is the 
relative abundance of the k-th particle. The forward scattering intensity i(q — 0) 
for the system consisting of hard spheres can be easily calculated and the result of 
the calculation can be expressed as a linear function of the partial volumes (Ф) of 
the particles. For example for uniform spheres z(0) = n[l — 8Ф].

So far as the interacting particles are concerned the coefficients of the partial 
volumes stemming from the integrals in Eq. (3) appear to be less simple, and for a 
mixture of aggregates one has to utilize some modelling approach. These coefficients 
— Bik — reflect the type of interaction appearing between the г'-th and fc-th types 
of particle.

For simplicity, here we restricted ourselves to the consideration of pair cor­
relation, in which case there are two main approaches to the model description of 
aggregate formation. According to the first one we can consider the aggregates as 
relatively stable dimers in which two TMU monomers are bound via interaction the 
nature of which should be elucidated later. The theory of chemical equilibrium can 
be used for connecting the number of monomers and dimers, in the equilibrium

Then

and

TMU  +  TMU *  [TMU -  TMU}.

n =  nm +  2 nd

(4)

К  = nd/ n 2m. (5)

In addition, Bmm =  8 — 2К  [3] and Bdd and Bmd are expected to have values 
close to those of the hard sphere. The concentration dependence of the forward 
scattering intensity can be written as

г'(0) = го{(пт /тг)[1 -  й т т Ф(пт /гг)] + 4(nd/n)[l -  Bdd̂ (nd/n )] -

-2(nm/n)(nd/n)Bmd$}- (6)

In the same approximation the concentration dependence of the apparent 
value of the radius of gyration may then be expressed as

RlpP =  (nm/n)[Rgm -  ВттФ(пт/п)2(112 +  Z)mm)]+
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+4(nd/n)[R]d -  Bdd9{nd/n){R)d +  D2dd)\-  

-2(nm/n){nd/n)Bnm*[(l/2)(R*tn + R]d) + D2md], (7)

where
R2íd = R7ím + \ p R  + L)2. (8)

Here R = 3.6 À is the equivalent radius of the TMU molecules and L is the 
distance between the TMU molecules. The indices m and d stand for the monomers 
and dimers, respectively. The interaction distances (£),*,) were calculated in the hard 
sphere approximation by a method given elsewhere [1]. A least mean squares fit 
gives the set of parameters: Bmm = 8 — (2A' = 4.08 ±  0.13) ; Bdd =  —4.3 ± 6 ; 
Bmd = 7.3±5 ; L = 6.2±  1 Â; (Here L is the distance between the TMU molecules).

From these data it follows that a remarkable number of TMU molecules take 
part in dimer formation. The low values of Bdd and Bmd indicate that the dimer- 
dimer and monomer-dimer interactions are rather attractive. The relatively large 
value of L tempts one to interpret this value as a distance between the oxygen atoms 
of two TMU molecules connected by intermediate water molecules via hydrogen 
bonds (see Fig. 4).

Fig. 4. A possib le  view of the  hydrogen  bonded  d im er of the  TMU m olecules

In the frame of the second approach one takes into consideration that in the 
dilute solutions the interactions between the solute molecules can be approximated 
by pair formation of two types; solvent separated and contact ones. In this case 
three different types of particle are present in the solution. In consequence, many 
more components appear in the pairwise interaction. It is evident that one has to 
decide which of these interactions are negligible. The answer to this question will 
be dealt with elsewhere.

Despite giving relatively good approximation of the experimental data, even 
the first model suffers from an abundance of rough assumptions. However, the main 
advantage of our second approach is that its basic assumption allows us to connect 
all observed data over the whole range of concentration into one ensemble, for which 
one can use the same parameters.
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POSTERS (NUCLEAR PHYSICS)

NEUTRONS FOR FISSION-TRACK DATING 
AND FISSION TRACKS FOR NEUTRON  

SPECTRUM MONITORING
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1 Laboratory fo r  Mineralogy, Petrogr. and Microyedology 

Geological Institute, G en t  University 
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A n accoun t is given of o u r experiences in  th e  absolute ca lib ra tio n  of F ission-T rack  
da ting , b a se d  on co irrad ia tion  w ith  the  sam ple e ith e r  of m etal m o n ito rs  o r of u ran iu m -d o p ed  
glass m o n ito rs . Secondly, th e  (C om ing) CN3 a n d  CN5 glasses, w ith  a  largely  different T h /U  
ra tio , were u sed  to  characterize  th e  neu tron  sp e c tru m  in channel 4 o f re ac to r T hetis (G en t)  
by m eans of fission-track coun ting . The resu lts  ob ta in ed  with th is  technique were in  good  
agreem ent w ith  those o b ta in ed  by the  ac tiv a tio n  m ethod.

The absolute calibration of the Fission-Track dating m ethod

The Fission-Track (FT) dating method is based on the spontaneous fission of 
238U, which leads to linear trails of damage in the crystal lattice of natural minerals. 
The density of the spontaneous fission tracks, which can be counted under an optical 
microscope after etching, depends on the age of the sample and its U concentration. 
The latter can be eliminated by irradiating the sample with thermal neutrons and 
counting the tracks originating from the induced fission of 235U. The age is thus a 
function of the spontaneous to induced track density ratio and the thermal neutron 
fluence, among other parameters.

In the absolute calibration of the FT method, the thermal neutron fluence 
is determined by coirradiating the sample either with metal monitors such as Au 
and Co or with U-doped glasses. In the latter case, the thermal neutron fluence is 
obtained by comparing the track density in this glass with the density in an identical 
glass which was pre-irradiated with a well specified neutron fluence (as determined 
with metal monitors). This technique makes the FT geochronologist independent 
of the availability of a 7-spectrometric system with a Ge-detector.

As shown by publications reporting on inter-laboratory comparisons [1,2] the 
SRM glasses produced by the National Institute of Standards and Technology, 
Gaithersburg (Washington, D.C.) and the CN glasses offered by J. Schreurs at 
Corning Inc., Corning (New York) are most often used for this purpose. From the 
SRM glasses, which exist in four different U concentrations, pre-irradiated discs
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with a certified thermal neutron fluence were made available. Surprisingly, in the 
NIST certificates two “certified” fluence values are quoted, respectively obtained via 
Au and Cu, which show a difference of about 10 % [3,4]. This discredited among FT 
geochronologists the use of metal monitors for absolute neutron fluence determina­
tions and stimulated the application of the (^-calibration method [5] which is based 
on age standards, the age of which is determined with other isotopic methods. This 
procedure eliminates the need for determining the neutron fluence but also dete­
riorates the FT method as an independent dating technique. Van den haute et al
[6], however, proved that the neutron fluence can be determined in an accurate and 
reproducible way by means of Au and Co, which are generally accepted as primary 
standard monitors in neutron metrology. Later on, De Corte et al [7] even achieved 
a consistency between the Au and Co monitors and Cu, which is not an interna­
tionally accepted standard, by reassuring a complete annihilation of the positron 
emitted by 64Cu and by introducing up-to-date nuclear data for activation and de­
cay. As concluded, this does not turn Cu into an adequate fluence monitor because 
one has to take into account the uncertainty of all nuclear constants involved. Re­
cently, the 235U(n,f) reaction rate was calculated using the Au and Co fluences and 
compared with the one determined via 7-spectrometry of the fission products after 
irradiation of an Al-U alloy (IRMM SP89010). The very good consistency which 
was observed between both results again stimulates the use of Au and Co for neu­
tron fluence monitoring. Next, it was argued that the inconsistencies shown in the 
NIST certificates may have been contributed to by the use of relatively thick metal 
foils without correction for thermal and epithermal neutron self-shielding and by 
the lack of correction for the contribution of epithermal activation. Hence, doubt 
can be cast on both the Au and Cu fluences and this discredits the practical use of 
the SRM glasses as standard material for the determination of the thermal neutron 
fluence in the absolute approach of FT dating. In order to overcome these difficul­
ties , we are presently performing cooperative work with the Institute of Reference 
Materials and Measurements (IRMM, Geel) of the European Community in order to 
produce, characterize and certify new and accurate sets of U-doped glass standards.

Of the CN glasses, which exist in six different types (CN1 to CN6), no pre­
irradiated specimens are available.

N eutron spectrum  monitoring

During irradiation in a nuclear reactor, epithermal and fast neutrons also 
produce fission tracks, respectively from 235U and from 238U and 232Th. This can 
lead to systematic errors in the age determination of a sample when the irradiation 
is performed in' an insufficiently thermalized neutron spectrum. Instead of using 
the activation method for the characterization of the neutron spectrum, this can in 
principle also be performed by means of FT counting after irradiation of a U-doped 
and a Th-doped glass, and this was investigated in the present work by making use 
of Corning CN glasses with largely different Th and U content.

The number of fission tracks nj after irradiation depends on the Th and U 
concentration in the glass monitor and on the thermal, epithermal and fast neutron 
fluences:
Acta Physica Hungarica 75, 1994
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Tlj = N2 3b[<* /,232Ф/^ТЛ +  <T0,235^1h + ̂ 0,235^e +0"/,235^/ +^0,238^e/|7 +0'/,238^/^t/],
( 1 )

where N  is the number of atoms, crj the cross-section for fast neutrons [8], (Tq the 
cross-section at 2200 ms-1 neutron velocity [9], Iq the resonance integral [8], Ф/,

Фе the fast, thermal and epithermal neutron fluence, respectively, Ith the 
N232/N 235 ratio and Iu the N2 3 3 / ^ 2 3 5  ratio. The subscripts 232, 235 and 238 refer 
to 232Th, 235U and 238U, respectively.

The Th and U concentrations in the Corning glasses were determined by 
means of to-standardized neutron activation analysis [10]. In order to check the 
accuracy of the method the concentrations of Th and U were also determined in 
the NIST-SRM glasses 611, 613, 615 and 617 which have certified Th and U con­
tents [3,4]. The nominal concentrations in these glasses range between 20 ppb and 
500 ppm and a good consistency was observed for each glass type [11]. Of the CN 
glasses, CN3 and CN5 showed the largest difference in Th and U content, namely 
39.9 ppm and < 0.020 ppm, respectively, for Th and 0.681 ppm and 12.4 ppm, 
respectively, for U.

In channel 4 of reactor Thetis (Gent) a CN3 and CN5 glass were irradiated 
under a Cd cover in order to eliminate the influence of thermal neutrons, followed 
by irradiation of a bare CN5 glass. Prior to irradiation a muscovite sheet with low 
U content was firmly attached to each glass. The muscovite then also registers the 
induced tracks and serves as an external detector. To reveal the tracks after irra­
diation, the glasses were etched in 16 % HF at 25 °C for 1 min and the muscovite 
detectors in 48 % HF at 25 °C for 20 min. The tracks were counted under an op­
tical microscope with transmitted light at 1250x magnification. For the muscovite 
detectors an oil objective was used.

Rewriting Eq. (1) for each of the glass monitors (or for their muscovite detec­
tors) yields a set of three equations and three unknows. For the irradiations under a 
Cd cover the second term of the equation can be dropped and it should be taken into 
account that the CN3 and CN5 glasses have a different Th and U content. From the 
track densities in the CN5 and CN3 glass irradiated under a Cd cover the fast to ep­
ithermal neutron fluence ratio can be determined. The track densities for both CN5 
glasses then give a value for the thermal to epithermal neutron fluence ratio. For the 
determination of the thermal and epithermal neutron fluence by means of the activa­
tion method, an Al-0.1 % Au alloy (IRMM-530 certified reference material [12]) and 
a Zr foil (Goodfellow 00412) were coirradiated with the glasses. The fast neutron 
fluence was determined by irradiating an Al-0.819 % Th alloy (IRMM SP91091) and 
counting the activity of up to 15 different fission products of the 232Th(n,f) reaction, 
all yielding consistent values. All measurements were performed on an efficiency cal­
ibrated Ge(Li) detector. The results of both techniques are shown in Table I.

It can be seen that the neutron spectrum characterization by means of FT 
counting and neutron activation is consistent. There is, however, a small differepce 
between the results obtained with the glasses and those obtained with the muscovite 
detectors. This is probably due to a difference in track etching efficiency between 
the CN5 and CN3 glass, which is indicated by a difference of the etch pit diameters 
although both glasses were etched under the same conditions. This problem does 
not occur when the tracks are counted in the adjacent muscovite detectors, for 
which the etching efficiency is the same. Acta Physica Hungarica 75, 1994
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Table I
C o m p ariso n  of the ch arac te riza tio n  of th e  n e u tro n  sp ec tru m  by  m eans 

of fission  track  coun ting  in  glass and  m uscovite  and  by m eans of neu tro n  
ac tiv a tio n . The u n c erta in tie s  qu o ted  are  1(7 s tan d ard  d ev ia tio n s

T rack  counting  in g lass Track c o u n tin g  in m uscovite A ctivation  m eth o d

Ф(Г./Фе 38.8 ±  2.2 36.5 ±  1.8 35.9 ±  0.5
Ф //Ф ' 2.13 ±  0.21 1.89 ±  0.22 1.90 ±  0.05
Фгл/Ф/ 18.2 ±  2.1 19.3 ±  2.4 18.9 ±  0.4

Conclusions

According to our experiences in the absolute calibration of the FT method, 
the metal monitors Au and Co are very well suited for an absolute determination of 
the neutron fluence and the confusion among FT users was only due to inaccuracies 
in the certification of the NIST fluences. Secondly, the neutron spectrum can be 
accurately characterized by means of FT counting in muscovite detectors which are 
placed in close contact with glasses possessing largely different Th/U ratios. This 
could be a solution to the geochronologists who wish to determine the thermaliza- 
tion of their neutron spectrum without using a Ge detector. Finally, the IRMM 
will also produce a Th-doped glass in which the U content is negligible in order to 
improve the accuracy of this technique.
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T he ap p lica tio n  of fast n e u tro n s  in rad io th e rap y  has been s tim u la te d  by the ex p ec­
ta tio n  th a t ,  in  com parison w ith  low LET rad ia tio n s , differences in radiobiological fac to rs  
m igh t resu lt in a  larger re la tive  biological effectiveness (RBE) and  lower oxygen en h an ce­
m en t ra tio  (O E R ). T he biological effects of a m ixed n e u tro n -g am m a  field , due to the n u c lear 
physics reac tio n , depend  on th e  physical p a ram ete rs  (energy sp ec tra , fluxes, fluences, e tc .)  
of th e  co m ponen t of th e  ra d ia tio n  determ ined by th e  facility and  th e  h igh LET p a rtic le  
used , releasing  from  th e  nuclear reac tion . A ccepting  th a t  the b iological effects of th e  low 
and  high L E T  ra d ia tio n  are d ifferent th e  knowledge of the  m ost im p o r ta n t RBE and  O E R  
values is c ritica l in  app lication  of fast n eu tro n  irrad ia tio n  facility for radiobiological research  
and  th e ra p eu tica l purpose.

Basic radiobiological s tu d y  was carried o u t a t  the  M GC-20E C yclo tron  of A TO M ­
K I (D ebrecen). R B E  and  O E R  were de term ined  for survival of b a c te r ia l  (E.coli B /r )  a n d  
m am m alian  cells (CH O ), using 60Co 7 -rays as a  reference rad ia tio n . R B E  was found 2.46 
for E.coli an d  5.1 for CHO cells. T h e  calculation  of O E R  resulted  in  a  lower value by a b o u t 
60 %, th a n  it  was ob ta in ed  w ith  gam m a ra d ia tio n  (gam m a =  2.1 n eu tro n s  =  1.31). R e­
duced  effectiveness was found for different chem ical m odifying agen ts such  as thiol reac tive , 
rad iosensitizing , rad io p ro tec tin g  com pounds, co m p ared  to 7-rad ia tio n s, which was d u e  to  
th e  differences in  th e  radiochem ical processes a t h ig h  LET rad ia tion .

Introduction

Most of the malignant tumours contain hypoxic but viable cells which are 
more radioresistant to low LET (Linear Energy Transfer) radiations. The applica­
tion of high LET radiations in radiotherapy might have the advantage to overcome 
the problem of hypoxic resistance, having lower oxygen enhancement ratio (OER). 
The differences in radiobiological factors might result in a larger relative biologi­
cal effectiveness (RBE) for impairment of the integrity in function of normal cell. 
Because of their relatively simplest production, at present fast neutrons are the 
most frequently used high LET particles for cancer therapy. Due to the nuclear 
physics reaction the neutron production is always accompanied by gamma radia­
tion component. The biological effects of a mixed neutron-gamma field depend on 
the energy spectra, the fluxes and fluences (or dose rates and absorbed doses) of the 
component of the radiation, determined by the facility. The MGC Cyclotron has 
been in operation at the ATOMKI in Debrecen since 1985. Its physical parameters
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are adequate for medical applications, in particular for radiotherapy. To introduce 
fast neutron radiotherapy a basic radiobiological study has to be carried out on 
different organisms endpoints.

The characteristic RBE and OER values were determined for bacterial and 
mammalian cell system. The effect of chemical dose modifying agents such as sensi­
tizers and protectors were also investigated. The results obtained with fast neutrons 
were compared with those of gamma irradiation.

M aterials and methods

Fast neutrons were generated bombarding a thick beryllium target by 18 MeV 
protons of the MGC-20E cyclotron of ATOMKI, Debrecen. The average neutron 
energy (En = 3.7 MeV), thick target yields (Уп = 1.8 x 1010 ns-1s-1/zA-1 ) and 
the absorbed dose (Dn = 2.5 mGy min-1pA-1) and the gamma to neutron ratio 
(D-f/Dn = 0.1) were determined at 1 m of source-sample distance at zero degree. 
Measurement and evaluation of the separate dose components were done on the 
basis of the recommendation of ECNEU of the EORTC.

Escherichia coli B/r  (ATCC No.23227) were grown to early stationary phase in 
liquid minimal medium. Cells were filtered, washed and resuspended in TRIS-buffer. 
The plating medium was minimal medium supplemented with 1.5 % Oxoid agar 
No.l. Cell suspensions were equilibrated with pure nitrogen or air for 30 min before 
irradiations and then the glass containers were closed during the experiments. Mis­
onidazole and WR1065 was dissolved in TRIS-buffer. 10 mM and 6 mM was added, 
respectively. The survival curves were described by the analytical formula S/So = 
nexp(-kD). The inactivation constant (к) and the extrapolation number (n) are 
characteristic of the organism and the irradiation conditions. OER and RBE were 
calculated from the linear part of the survival curves.

CHO cells were cultivated in Eagle’s Minimal Essential Medium (GIBCO) 
supplemented with 10 % of Foetal Calf Serum. The cells in exponential phase were 
trypsinized and placed into Bellco tubes. When the cells were pretreated by buthion- 
ine sulfoximine (BSO), the media were changed 20 hours in earlier time and replaced 
to fresh ones before irradiation. After attachment the media were changed to fresh 
one, containing appropriate concentrations of AK2123 or Misonidazole half an hour 
before irradiations. After irradiation the media were changed and the cells were 
incubated in CO2 incubator for one week. The colonies were stained with methy- 
lene-blue and counted. The survival curves were fitted to the linear quadratic model 
in case of gamma irradiation and using log-linear fitting for neutron irradiation. The 
RBE values were calculated from the survival curves using the slope ratio a n/ a 7.

R esults and discussion

The summarized data for survival curves of E.coli are shown in Fig. 1. The 
dose-survival curves for gamma irradiation were characterized by a broad shoulder, 
meanwhile with fast neutrons the shoulder was considerably smaller. Similiar find­
ings are shown in Fig. 2, obtained with mammalian cells (CHO). The evaluation of 
the data resulted in a relative biological effectiveness of 3.92 under anoxic condition 
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and 2.46 under oxic condition for E.coli and 5.17 for CHO cells in oxia. The oxy­
gen enhancement ratio, which is a measure of the dependence of the effect on the 
presence of oxygen, was found to be 1.31 for mixed n — 7 field and 2.1 for reference 
radiation using bacterial system.
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Fig. 1. Survival curves of E.coli a f te r  exposure to fast n e u tro n s  or gam m a ray s

Chemical modification of the radiation response has received renewed interest 
as a possible adjunct to radiation in the treatment of cancer. This involves selective 
sensitization of hypoxic tumor cells and/or protection of normal cells with minimal 
effect on the radiosensitivity of malignant tissues. Screening of these compounds 
has shown some agents to be good sensitizers and protectors at low LET radiation. 
Some of the electron affinic sensitizers are widely used in clinical practice, such as 
Misonidazole (MISO) and the newly synthetized AK2123. These hypoxic sensitizers 
were tested and their effect was found to be reduced in case of high LET radiation 
in E.coli system, under anoxic condition. The effectiveness of MISO and AK2123, 
expressed in SER values (Sensitizer Enhancement Ratio) were found to be MISO 
SER„ = 1.07 SER^ = 1.84; AK2123 SERn = 1.15 SEFLy = 1.76. The radiopro­
tective agent WR1065 is able to defend the normoxic cells against the low LET 
radiation. The aminothiol compound exerted in E.coli system also a reduced effect 
of radiation protection under oxic condition. This chemical was able to prevent the 
radiation damage at high LET radiation by 17 % of the reference radiation.

One of the determining factors of the cellular radiosensitivity of cells is the 
gluthatione (GSH), which is an intracellular defensive agent. GSH is able to prevent 
the radiation damage at a certain level. If the GSH level is reduced, the radiosen­
sitivity of cells increases. The inhibition of GSH synthesis by BSO or depletion of 
cellular GSH (by other thiol-reactive agents) could lead to the enhancement of cell
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killing. The sensitizing effect of BSO pretreatment was studied on E.coli and CHO 
cells. The reduced gluthatione level (by about 40 %) caused only 10 % enhancement 
of radiation damage of both systems. The increase of radiosensitivity was found to 
be smaller in case of neutrons compared to data obtained with gamma rays.

Fig. 2. D e term in a tio n  of th e  O E R  and  R B E  fo r survival of CHO cells

Neutrons having higher LET generate biological damage primarily by forming 
densely ionizing tracks which result in less indirect damaging processes that cause 
e.g. gamma-rays. The radiosensitization being mediated primarily through indirect 
effect would be anticipated to be greater for gamma rays than neutrons. Electron 
affinic sensitizers are true mimics of oxygen since they specifically sensitize hypoxic 
cells to radiation damage and this sensitization is dependent on radiation quality in 
the same way as the sensitization produced by oxygen. If the limited role of oxygen 
sensitization has been accepted we must appreciate the same for the oxygen mimet­
ic sensitizers. The effect of radioprotective agent is somewhat different. Its effect 
is being mediated not exclusively by chemical modification of the radiation dam­
age, but the enzymatic repair processes and stabilization of chromatine structure, 
binding of DNA, etc. are also involved.

It can be concluded that the effect of chemical modifying agents is being me­
diated primarily through indirect ways, and it would be anticipated to be greater 
for low LET radiations than neutrons, due to the different pathway of the radicals 
induced by the mixed neutron gamma fieLd. Irradiations with fast neutrons result 
in a proportionally greater amount of nonlethal damage than lethal damage com­
pared with radiations of low LET. This is true for irradiations under both aerobic 
and hypoxic conditions and indicates that the biological response to fast neutrons 
primarily depends on the effects of the more densely ionizing events in such a mixed 
field. This has potential consequences of practical importance for the use of fast 
neutrons in the radiotherapy of human tumours.
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POSSIBILITY OF OBSERVING CONVERSION LINE SHIFTS 
DUE TO IONIZATION OF RECOIL NUCLEI 

IN (n, 7)-REACTIONS OF THERMAL NEUTRONS 
(PLANNED EXPERIMENT)

A . FE O K TISTO V  an d  V . KUPRYASHKIN

I n s t i t u t e  f o r  N u c l e a r  R e s e a r c h  

P r o s p e c t  N a u k i  ^7, 2 5 2 0 2 8  K i e v - 2 8 , U k r a i n e

It is suggested  to  carry  ou t an  experim ent to  clarify th e  question  in w hich s ta te  
(n e u tra l or ionized) the  recoiling a to m  is supposed to  be a fte r leaving the  c ry s ta l cell as a 
re su lt of (n, 7 )-reac tio n  of th erm al n eu tro n s . In fo rm ation  a b o u t it is expected  to  b e  received 
by m easu ring  th e  energy difference of specially selected  pairs of tran s itio n s in gam m a and  
conversion sp e c tra .

Introduction

The Bohr criterion [1] for ionization states that, when the recoil velocity is 
bigger than the velocity of the bonding electrons, the atom will lose some electrons. 
Based on this criterion, Jolie [2] suggested to consider the recoiling atom in (n, 7)- 
reaction to be neutral as the electron velocity in the atom for loosely bound electrons 
is of the order of the velocity of the electron in the hydrogen atom (~ 7 ■ 10_3c) and is 
approximately two orders of magnitude higher than the recoil velocity. That could 
be correct if the recoiling atom were moving in vacuum. But when such an atom 
is placed in crystal structure and is surrounded by other atoms and electrons and 
then it promptly leaves the crystal cell, electrons can lag behind from the moving 
atom and, besides, the shake-off effect for upper shells may occur. So, the question 
remains, in which state the atom will be after (ra, 7)-reaction of thermal neutrons 
(neutral or ionized). We suggest to carry out this experiment to clarify it.

Task formulation

After the emission of primary 7-ray in the (n, 7)-thermal neutron reaction the 
recoiling atom starts to move and leaves the crystal cell if the target is in solid state. 
At that moment the atom can be in neutral state or in ionized state with a charge 
equal q. If the atom is ionized, the bonding energy e of deep atom shells (further 
we will consider only A-shell) will increase. In our estimate it should be 5-7 eV 
on one charge of ionization. Ionization disappears very rapidly. In our estimate it 
disappears with a lifetime та — ~  10-14 s. The К-electron bonding energy e* will 
change nearly with the same velocity.
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If we measure the energy of secondary 7-rays A7 and the energy of their 
conversion electrons Ek we can determine the average shift of bonding energy AEk 
from the following equation:

E-y + O-y — Ek + + Ae* + Ok ■

Here О-y and Ok are the nuclear recoil energy after the secondary 7-ray and 
the conversion electron emission, is the A'-electron bonding energy in the neutral 
atom.

The average value Ae* is determined form the equation:

where A£*(<) is the change of A'-electron bounding energy in the moment of time 
t, тп is the lifetime of the investigated level. Using mean value Ae* we can draw 
conclusions about the value of e* and q.

Measurements should be made with an accuracy of several eV. It is very hard 
to measure conversion electrons with such an accuracy. That is why the difference 
method of measurements of energy should be applied. We have been successfully 
using this method for precise measurements in our laboratory for a long time. For 
that purpose we have worked out a special package of spectra processing program 
in which the experimental line form is used as instrumental response function [3,4].

Difference m ethod o f energy m easurem ents

Let us find the case when there are two 7-transitions, which are close in 
energy. One of them is the investigated 7-transition. For the second 7-transition it 
is known a priori that the energy shift of A-line in conversion spectra is absent. For 
example, it can be the primary 7-transition or it can be the secondary 7-transition 
when it depopulates the level with a long lifetime r  > 10-13 s. If we measure the 
energy difference of such line doublets in 7-spectra (energy shift always absent) and 
in conversion spectra we can find Ae* from the equation:

(Ey3 Eyx) — (Ek3 Eki) A £k-

We can take in consideration also recoil energies by adding (0 7j — 0 7l) and 
(Ok2 — Okx) both parts of the above equation if it is necessary.

The /?-spectrometer BILL and 7-spectrometer GAMS in Grenoble are the 
most suitable tools for these purposes. What should be the difference energy of line 
doublets to provide an accuracy of several eV? In our laboratory for /?-spectrometer 

the difference energy of A'-lines in conversion spectra should be Ek3 — Ekx < 
8 keV. We suppose that it should be less than 10 keV for the BILL spectrometer. 
We think that there will be no problems in measuring 7-lines difference energies 
with high accuracy if the GAMS spectrometer will be used.
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Selection of doublets

So, we should perform such main conditions:
1. We should carry out measurements of the same transitions on BILL and 

GAMS spectrometers.
2. Difference energy of investigated line doublets should be less than 10 keV.
3. Investigated 7-transition should be fast (r„ < 10-14 s) and the second 

transition should be slow (r„ > 10“ 13 s) or it can be a primary 7-transition.
To begin with, it is possible to process some measurements of conversion 

and 7-spectra in reaction 155Gd(n, 7)156Gd which were conducted with the help of 
BILL and GAMS spectrometers [5]. In the decay scheme of 156Gd there are two 
transitions which can be analysed: the first is the fast El-transition 7I366, which 
depopulates the level 1366 keV (ту, =  3.4 ■ 10“ 14 s) and the second is the slow 
E2-transition 71373, which depopulates the level 1462 keV (band K£ = О^).

After that it will be possible to plan such experiments more purposefully by 
selecting suitable pairs of transitions in the (n, 7)-reaction of thermal neutrons.
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NUCLEAR PHYSICS AND APPLICATIONS 
AT BUDAPEST NEUTRON CENTRE

G. M o l n á r , T. B e l g y a , I. D i ó s z e g i , В. F a z e k a s , Z s . R é v a y , 
A .  V e r e s  and  L . D a b o l c z i
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1 5 2 5  B u d a p e s t ,  H u n g a r y

A fter m ajo r reco n stru c tio n  and  u p g rad in g  the 10 MW n u c lea r research re a c to r  a t 
K FK I B u d ap es t was opened  to  users on 22 N ovem ber 1993. B ased on the  research re ac to r , 
the  new B u d ap est N eu tro n  C en tre  (BNC) is in te n d e d  to becom e a  n a tio n a l and in te rn a tio n a l 
centre for neu tron -based  resea rch  in the  fields o f physics, chem istry, biology and engineering . 
T herm al n e u tro n  fluxes averag ing  over 1014 n  c m - 2 s_1 in the  core a n d  2 X 109 n  c m - 2 s _1 
a t th e  e x te rio r of rad ia l b e a m  p o rts , as well as th e  neu tron  guide system  and p lan n e d  cold 
n eu tro n  source will p rov ide un ique  possib ilities also for nuclear physics and app lications.

T h e  nuclear physics research  program  will focus on n e u tro n  cap tu re  physics, w ith 
special em phasis on m easu rem en ts of nuc lear level lifetimes u sin g  novel fast 7 n 7 7 ( 0  co­
incidence a n d  D oppler-shift tim ing  techniques. T he (71, 7 ) s ta tio n  an d  the  C om p to n  sup- 
p re ss io n /p a ir  sp ec trom eter will a lternatively  b e  used for n eu tro n -cap tu re  p ro m t-g am m a 
ac tiv a tio n  analysis (PG A A ). Jo in t developm ent of an u ltra -fast ra b b it  tu b e  system  for ac­
tiva tion  analysis on very short-lived  nuclides is also envisaged. For nuclear astrophysics , 
s-process c ap tu re  cross-section  m easurem ents axe p lanned using a  filtered  beam , to  be  con­
s tru c te d  a t  one of the  ra d ia l b eam  ports. A fu n d am en ta l physics p rogram m e, such as tes ts  
of fu n d am en ta l sym m etries w ith  polarized n e u tro n s , as well as ac tiv ities  in nu c lear solid 
s ta te  physics are also env isaged  as soon as a  po larized  neu tron  gu id e  becom es available. 1

1. Introduction

The WWR-SM type research reactor at KFKI Budapest is a beam reactor, 
equipped with all kinds of irradiation facilities to which a neutron guide system 
has been added during the recently accomplished reconstruction and upgrading [1]. 
Thermal power has been raised to 10 MW with provisions for a future 20 MW oper­
ation with more efficient fuel. A peak thermal neutron flux of 1.6 x 1014 n cm~2s_1 
in the core, an average flux of 2 x 109 n cm_2s_1 at the exterior of the radial 
beam tubes and the prospect of a new liquid hydrogen cold neutron source offer­
ing a 109 n cm-2s_1 cold neutron flux at the guides make it an attractive facility 
for research utilizing neutron beams. The beam ports will be used for research 
in the fields of condensed matter physics, materials science, radiography, nuclear 
and fundamental physics, nuclear analytical chemistry, nuclear solid state physics 
and health physics. The recently established Budapest Neutron Centre (BNC) [2,3] 
provides an ideal framework for those activities.

The present paper describes how the unique possibilities of the Budapest re­
actor, as an intense source of fast, thermal and -  in the future — cold neutrons, are 
being explored for various kinds of nuclear physics related research projects. Po­
larized and unpolarized neutron-induced nuclear reactions, viz. radiative neutron
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capture, can be utilized in the studies of problems related to nuclear and funda­
mental physics, as well as astrophysics. Implementation of unique nuclear analytical 
methods such as neutron-capture prompt-gamma activation analysis (PGAA) and 
other methods will also be accounted for. Finally, nuclear instrumentation devel­
opment and some other future possibilities will be touched briefly.

2. Nuclear and fundamental physics

Our nuclear physics research program is focused on the radiative neutron cap­
ture process and its use as a spectroscopic tool for the characterisation of low-energy 
nuclear excitations. Being statistical in nature, the neutron capture process conve­
niently populates single-particle and collective levels of atomic nuclei, irrespective 
of their nature. On the other hand, observation of the capture-gamma radiation 
makes the wide arsenal of gamma-ray spectroscopy available for the characterisa­
tion of excited nuclear levels and their decay. One of the main objectives is the 
unravelling of multiphonon states in spherical and deformed nuclei. Construction 
of complete level schemes is also important for the test of various nuclear structure 
and statistical level density models.

The high neutron flux and extremely low background expected at the end 
position of curved neutron guide No.l will provide unique possibilities for neutron- 
capture gamma-spectroscopic studies with an external target geometry. Since no 
bulky shielding is necessary, detectors can be moved close to the sample. This 
yields higher coincidence efficiency, thus making 7-7 coincidence-based methods 
like angular correlation, linear polarization and coincidence timing measurements 
more effective. Even conversion electron measurements with a thin strip target are 
feasible, utilizing the large rectangular beam size.

The main emphasis of the (n, 7) spectroscopy work will be put, however, 
on measurements of nuclear level lifetimes using novel techniques which expand 
greatly the time range attainable with conventional methods. This is of paramount 
importance, since electromagnetic transition rates derived from lifetimes, provide 
sensitive tests for nuclear structure models.

One of the recent successes of capture gamma-ray spectroscopy has been the 
development of the Gamma-Ray Induced Doppler Broadening (GRID) technique [4] 
for the measurement of short (<ps) lifetimes in (71,7) reactions. While the GRID 
method requires extremely high luminosity and the use of a crystal spectrometer, in 
light and medium-heavy nuclei the Doppler shift can be measured with a Ge detector 
when the recoil direction is determined by the primary capture 7-ray detected in 
coincidence, as demonstrated recently [5] for nuclei as heavy as 56Fe and for lifetimes 
of several fs to several hundred fs. Relying on our experience with (n, n!7) Doppler- 
shift lifetime measurements, which also involve low recoil velocities, we plan to 
pursue such experiments.

For longer lifetimes the delayed coincidence method has so far been used in 
capture 7-ray spectroscopy, Due to the poor timing properties of Ge detectors, 
however, the attainable time range has a lower limit of a few tenths of a nanosec­
ond. In fission fragment beta decay spectroscopy the fast coincidence timing
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method [6] has been worked out recently to attain subnanosecond nuclear lifetime 
ranges, down to a few picoseconds. This method is based on a triple coincidence 
measurement, utilizing the excellent timing properties of BaF2 scintillators and the 
high energy resolution of Ge detectors. In principle, it can be adopted to the (n, 7) 
reaction if both the feeding primary and the deexciting decay 7-ray are detected 
by separate BaF2 scintillators and the level of interest is identified uniquely by ob­
serving a third 7-ray in the cascade using a Ge detector. Implementation and use 
of this method will be one of the most important goals for our nuclear spectroscopy 
program.

Neutron capture also has high importance for nuclear astrophysics as a mech­
anism of stellar nucleosynthesis. The (n, 7) spectroscopy station will also be used for 
the investigation of structural problems of nuclei, important for the understanding of 
branching points of the s-process responsible for the synthesis of most neutron-rich 
nuclei at the stability valley. The main emphasis will be, however, on neutron-cap­
ture cross-section measurements at several energies in the range relevant for the 
s-process, using the activation method. For this purpose a filtered beam facility 
will be constructed using the radial beam tube No. 4, looking directly at the core. 
Scandium, iron and silicon filters will be installed externally to provide monochro­
matic neutrons with energies 2, 24 and 144 keV, respectively. The filtered beam 
technique is well understood [7], and it has already been successfully applied for 
astrophysical cross-section measurements [8].

The study of fundamental problems — such as time reversal and parity vio­
lation in polarized neutron capture, or a measurement of the neutron lifetime — is 
another field of interest. A fundamental physics programme will be developed as 
soon as a polarized neutron guide becomes available.

3. Applied nuclear methods

In spite of advanced nuclear analytical methods developed in the past two 
decades (PIXE, XRF, etc.) classic reactor-neutron activation analysis (NAA) is 
still preserving its leading role, as it offfers mostly nondestructive, multi-element 
routine analysis needed in such areas as environmental control, geology, medicine 
and technological processes. Among its favourable characteristics are negligible 
matrix effect, excellent selectivity and high sensitivity — for about 75 elements less 
than 0.01 /ig can be determined. In order to extend the capabilities of the rabbit 
tube system to subsecond half-lives, construction of an ultra-fast rabbit tube system 
in one of the free horizontal beam tubes is being considered. Thermal neutron flux 
as high as 3 X 1013 n c m '2s_1 has been measured at the inner end of the beam 
tubes, hence radial beam port No.l would be ideal for this purpose.

The main emphasis is, however, on the alternative use of our capture 7- 
ray spectroscopy station for neutron-capture prompt-gamma activation analysis 
(PGAA). This novel nuclear analytical method [9] is based on the observation of 
prompt gamma radiation from neutron capture, and it replaces conventional acti­
vation analysis when no suitable radioactive daughter products are available. To 
this class belong most of the light elements (H, C, Si, P, S, etc.) as well as many
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important toxic trace elements (Cu, Cd, Hg, etc.). Using clean, guided cold neutron 
beams the sensitivity increases tremendously due to low background and increased 
capture cross-sections. This method will be fully developed and exploited through 
implementation of the к о standardisation method [10]. When the cold neutron 
source is completed, the sensitivity of the prompt-gamma system is expected to 
increase by one order of magnitude. Thus the combined techniques of classical 
NAA and PGA A will provide highly sensitive and nondestructive determination for 
nearly all elements of the periodic table.

The main targets for PGAA will be the determination of light trace elements. 
H in metals and metal catalysts seems to be one of the most exciting fields. Deter­
mination of tracer elements such as B, Rb, Sm and Gd in geological samples is also 
investigated. Finally, a special programme will be developed for the measurement 
of all accessible toxic trace elements in environmental samples.

Apart from the nuclear analytical program there are plans to extend research 
activities to nuclear solid state physics using one of the future polarized guided 
beams. The most probable candidates are perturbed angular correlation (РАС) 
and beta-NMR.

4. Nuclear instrumentation

The experimental station for (n, 7) spectroscopy and PGAA is being con­
structed at the end of guide No.l, the last 17 m section of which will be bent to 
decrease direct background radiation. A twin station is envisaged, with both wide 
and narrow beam collimators. This arrangement accommodates for various sam­
ple requirements and also enables running activation analysis and nuclear physics 
experiments simultaneously. Installation of a beam chopper is also considered for 
activation analysis utilising ms-living isotopes. A temporary experimental station 
will be available for tests in June 1994 while full construction of the Ni-coated bent 
borosilicate glass neutron guide will be finished by September 1994.

A Compton suppression 7-ray spectrometer is being installed as the main 
detector. It consists of a BGO shield and a HPGe detector. As the BGO is split 
into eight optically isolated parts it can be operated also in pair spectrometer mode 
with proper coincidence gating. The BGO crystal has just arrived and missing 
parts of the system are being purchased. This main gamma-spectrometer should be 
complemented with various Ge and BaF2 scintillator detectors for 7-7 coincidence, 
angular correlation and timing measurements.

For data acquisition and processing a PC-based analyser system and Unix 
workstations are available. It is planned to purchase a PC-based multiparameter 
MCA system with a magneto-optical backup device. All computers are — or will 
be — connected to the Ethernet-based local area network.
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UPGRADING THE NEUTRON/GAMMA RATIO 
AT THE HORIZONTAL CHANNELS OF THE 

‘RA’ REACTOR

M . P e s i c , M . D a v i d o v i c , S. C u p a c  a n d  S. M il o v a n o v ic

Insti tute of Nuclear Sciences ‘V I N Ö A ’
P.O .B .  522, 11001 Belgrade, Yugoslavia

T he id ea  of upgrad ing  th e  ra tio  of therm al n e u tro n  flux to  gam m a a n d  fast n eu tro n  
flux a t the  h o rizo n ta l channels of th e  ‘R A ’ reac to r is based  on the  advantage  of th e  reac to r 
fuel elem ent com position . R educing  gam m a and  fast n eu tro n  flux can  b e  achieved by 
sp littin g  the  re a c to r  core in  axia l d irec tio n  by replacem ent of one fuel segm ent in to  som e of 
th e  fuel e lem ents in the  reac to r core w ith  the  dum m y one a t the  horizon tal channel level. 
T h e  calcula tion  process and  the  first resu lts  of the  u p g rad in g  characteris tics of th e  ‘R A ’ 
re ac to r horizon tal channels are p resen ted  in th is p aper.

Introduction
The ‘RA’ nuclear reactor was built in 1959 at the Vinca Institute of nuclear 

sciences as 6.5/10 MW heavy water reactor with 2 % enriched metal uranium fuel 
[1]. This low-enriched metal uranium fuel was, in the late seventies, replaced by 
high-enriched (80 % 235U) uranium dioxide fuel. During replacement of the reactor 
fuel, a new steady-state operation power of 4.6 MW (corresponding to thermal 
neutron flux of approximately 5 • 1013 n/cm2/s in the centre of the reactor core) 
was determined [2]. It is the consequence of the reactor primary coolant system 
performances and maximum allowed power density in the high-enriched UO2 fuel.

In 1960-1984 period, the neutron research and applications at the ‘RA’ reactor 
were numerous: thermal neutron spectra determination, inelastic neutron scatter­
ing, neutron diffraction, material characteristics investigation, isotope production, 
NAA, etc. A few neutron spectrometers were built up around the reactor core 
and put into operation: single-crystal spectrometer for small angle neutron scatter­
ing (SANS), two triple-axis spectrometers, time-of-flight spectrometer and neutron 
diffractometer. The first experiences with cold neutron sources are acquired. Co­
operation projects with researches from the former Soviet Union, Poland, Hungary, 
Romania, Sweden and United States were carried out and valuable results were 
published [3].

Research reactors in the south-east region of Europe [4], with characteristics 
similar to the ‘RA’ reactor in Vinca, were built almost in the same time when the 
‘RA’ reactor was built. In 1959 in Budapest, Hungary, a 5 MW light water WWR- 
SZM type reactor was built. In 1957 in Bucharest, Romania, a 3 MW light water 
WWR-C type reactor and in 1961 in Sofia, Bulgaria, a 2 MW light water reactor 
were constructed. In the same year in Athens, Greece, a GRR-1 5 MW light water 
reactor was completed. Excluding the reactor in Greece which is of US origin, all 
these reactors are former Soviet design. Most of them were modernized (control 
and safety systems and use of low enriched uranium fuel) in the late eighties.
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Advantages of the ‘RA’ reactor for upgrading 
the neutron characteristics of the horizontal channels

Currently, a modernization process of the control, dosimetry, safety and few 
auxiliaries systems of the ‘RA’ reactor has been in effect for the last few years. 
Parallel to that, an improvement of the ‘RA’ reactor neutron characteristics of the 
horizontal beam channels is considered (Fig. 1). For application of neutron beams 
in condensed matter physics, a high ratio of thermal neutron flux to gamma flux at 
the channel output, with low fast neutron flux intensity, is essential.

Fig. 1. H orizon ta l cross-section of th e  ‘R A ’ research  reac to r in V inca In s ti tu te

The idea of upgrading of the thermal neutron/gammaflux ratio at the channel 
output is based on the advantage of the ‘RA’ reactor fuel element composition over 
the research reactors in the region mentioned above. Namely, each fuel element 
(Fig. 2A) in the ‘RA’ reactor core is formed from ten independent fuel segments 
(Fig. 2B, each 11.25 cm long) placed one on top of the other in the fuel element 
tube. The last 11-th segment is a dummy one (Fig. 2C). It has the same geometry as 
the authentic fuel segment, but the uranium material is replaced by the aluminium. 
The reducing gamma and fast neutron flux can be achieved by splitting the reactor 
core into axial direction, at the height of the horizontal channel (1100 mm from the 
reactor floor level), replacing the only one fuel segment into some of fuel elements in 
the reactor core with the dummy one. As the result of the removing of the gamma 
and fast neutron source (fuel segments) from the horizontal channel input (in the 
reactor core), the ratio of the thermal neutron flux to the gamma flux is upgraded.
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A) fuel B)fuel segment

Fig. 2. V ertical cross-section of th e  ‘R A ’ reac to r fuel elem ent

At the same time, it is expected that the fast neutron flux be reduced at the channel 
output.

Six horizontal channels with 150 mm circle diameter are designed in the 
graphite and light water reflector of the ‘RA’ reactor core. Replacing the 6-th 
fuel segment into each of 56 peripheral fuel elements (a total of 72) of the reactor 
core with the dummy one, only a small part of the 5-th (3 cm) and 7-th (1 cm) fuel 
segments is positioned in the optical view of the aperture of the horizontal channels. 
The parts of the remaining fuel material that is seen through the horizontal channels 
hole can be reduced, with a careful “fuel element (No. 5 and 7) packing procedure” , 
if the ends without fuel material in the vicinity of these fuel segments are set with 
their faces to the dummy segment in each fuel element (Fig.2C). Other variants of 
the fuel replacement (exp. only in the direction of the particular horizontal channel) 
can be arranged also in the reactor core.

Calculation

The first calculations are carried out by 2D few group diffusion computer 
codes in r — z geometry. The ‘RA’ reactor cell and supercell (automatic control 
rods, shim rods, vertical channels surrounded by fuel elements and moderator in the
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Table I
P re lim in ary  resu lts  of th e  calcula tion

Case

C ore cen tre Core edge

0 th 0 / Фу Ф]
4th
Фу 0th 0 / ■Фу */

<P th
Фу

I 5.05 1.01 1.00 5.01 5.05 2.53 0.60 1.00 4.22 2.53
i l 5.58 1.14 0.98 4.89 5.69 2.53 0.47 0.61 5.41 4.15

n / i 1.11 1.13 0.98 0.98 1.13 1.00 0.78 0.61 1.28 1.64

N otes: I case: 6 -th  seg m en t in th e  fuel elem ent is the  a u th e n tic  fuel segm ent; 
II case: 6 -th  segm ent in th e  fuel e lem en t is th e  dum m y  segm ent; I I / I  case: C alculated  
ra tio  in  b o th  cases; фt^: T h e rm a l n e u tro n  flux [1013 n /c m 2/s], for E n < 0.465 eV; 
ф]\ F ast n e u tro n  flux [1013 n /c m 2/s] , for E n >  0.465 eV; ф1 : G am m a flux [relative 
units]; A t th e  channels o u tp u t, b ecause  of design a  long pathw ay th ro u g h  th e  channel 
hole (3.30 m ), only d irect co m p o n en ts  of n eu tro n  a n d  gam m a flux ex is t, a tte n u a ted  
by th e  sam e fa c to r [8]: 4.69 • 10—4 .

Fig. 3. T h e rm a l n eu tro n  flux d is tr ib u tio n  a t th e  cen tre  and  edge of th e  ‘R A ’ core

reactor core) parameters are computed by VESNA, DENEB and VEGA computer 
codes developed in Nuclear Engineering Laboratory [5] in Vinca Institute. These 
calculations are done in 44 energy groups in one (VESNA, DENEB codes) and 
two (VEGA) dimensions. The neutron flux calculations are carried out by 4 group 
r — z diffusion computer codes GALER, [6], while gamma flux is estimated using
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SABINE-3 [7] multi-group shielding computer code. All calculations are run for 
the 4.6 MW steady state power of the reactor and approximation of fresh fuel and 
average temperature distribution. In these calculations the ratio of thermal neutron 
flux to the fast (i.e. epithermal, Eedge = 0.465 eV) is calculated at the reactor core 
centre and at the reactor core edge (i.e. at the input of the horizontal channels). 
The ratio of gamma flux at the same core positions is determined using the results 
of the SABINE-3 code. The neutron and gamma transport and attenuation in 
the horizontal channels, in these preliminary calculations, are carried out using 
engineering methods [8]. The results of the calculation are presented in Table I.

The first analyses show also that the replacement of the fuel segments with 
the dummy ones cannot be done into all 72 elements in the core, because that 
replacement will put the reactor in deep subcritical condition from which it cannot 
be brought to the critical level by control rods. This was the reason that the 
replacement was done only into 56 peripheral fuel elements so that this change in the 
core composition has no significant influence on the reactor operation characteristics 
in respect to the power, temperature and coolant flow distributions. As an example 
the axial distribution of thermal and fast (En > 0.465 eV) neutron flux are shown 
in Figs 3 and 4, respectively. It can be seen that axial thermal neutron distribution 
in the core is not symmetrical due to insertion of the ‘RA’ control rods in the 
upper part of the core, while the fast neutron flux is reduced in the Case II at the 
horizontal channel input (core edge).

Fig. 4. F a s t n eu tro n  flux d is trib u tio n  a t th e  cen tre  and edge of th e  ‘R A ’ core
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Conclusion

The computer codes and the first results of the calculation of upgrading char­
acteristics of the ‘RA’ reactor horizontal channels are presented in this paper. More 
data for further detailed calculation are under preparation (by MCNP code [9]) to 
achieve more reliable results and the optimal reactor core design for increasing the 
thermal neutron/gamma flux ratio at the horizontal channels output. The advan­
tages of the ‘RA’ reactor fuel element composition from fuel segments over usual 
full rods of the similar reactors, mentioned above, are confirmed.
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OF RESONANCE NEUTRONS
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T he IR EN  n e u tro n  sp ec tro m ete r is curren tly  b e in g  constru c ted  in  D u b n a . It is 
a  pulse n eu tro n  source  optim ized for investigations by th e  tim e-of-flight m e th o d  in  the  
resonance n e u tro n  energy  range. It will provide o p p o rtu n ities for m easu rem en ts w ith  fast 
a n d  th erm al n eu trons.

T he p a ram ete rs  of th e  a n e u tro n  source are d iscussed  an d  it is co m p ared  w ith the  
o th e r  sources of resonance  neu trons. T h e  research p rogram  for the  IR EN  m ig h t cover a 
wide range of scientific in terests.

Introduction

The modern neutron spectrometer of Frank Laboratory of Neutron Physics 
(FLNP) consists of the electron LINAC (LUE-40) and IBR-30 pulsed reactor, which 
is working in a subcritical mode as a multiplier of neutrons (multiplication coefficient 
~ 200). Such a combination of pulsed reactor and electron LINAC was born in 
Dubna a quarter of a century ago which gave the possibility to have a spectrometer 
for resonance neutrons using the time-of-flight method with high intensity neutron 
fluxes [1].

The same principle for a neutron spectrometer has now been applied to the 
IREN project. The creation of a more powerful electron LINAC with a 10 times 
shorter electron pulse duration allowed us to build a modern spectrometer for res­
onance neutrons. The parameters of this spectrometer would be comparable to 
LANSCE, the best analog, which is based at the Los Alamos Meson Facility and 
proton storage ring.

Neutron spectrom eter

The present IREN [2] project as an economical, intense resonance neutron 
source is optimized for investigations in the resonance neutron energy range. Nev­
ertheless, it could provide good opportunities for experiments with fast neutrons 
(En < 5 MeV). The new neutron source will form a complement to the stationary 
neutron sources of Grenoble, Gatchina, etc., at which experiments with thermal 
neutrons are carried out (as was the case with the study of parity violation effects
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in neutron interactions), and to the pulsed neutron sources: GELINA FAKEL, LU- 
50, operating with linear electron accelerators, which provide optimum conditions 
for investigations of individual resonances and various averaged effects in the fast 
neutron range.

Realization of the IREN project will pave the way for a world-wide collabo­
ration in neutron-aided nuclear physics to essentially supplement the spectrometer 
at Geel [3].

The suggestion to use the combination of an electron accelerator as an injector 
and a subcritical reactor as a neutron multiplication target as a neutron source is 
not only a tribute to tradition, but is also reflects our desire to have some advantage 
over the other time-of-flight, high resolution neutron spectrometers, in particular, 
over proton accelerator based ones. The proposed combination allows:

-  a reduction of requirements for electron accelerator parameters to permit one 
to have a safer operating machine;

-  a reduction (by an order of magnitude or even more) of construction costs;
-  to have a much cheaper operating machine, both with respect to power con­

sumption and to the necessary maintenance staff; and
-  use of the whole of infrastructure of the existing spectrometers, including 

buildings, flight paths, experiment pavilions, some of the research instruments 
and the accelerator power supply system.
Modern technology permits an order of magnitude increase in the intensity 

of photoneutron generation in the target of an electron accelerator. Therefore, we 
may use a lower multiplication of neutrons (by only a factor of 30) in the target sur­
rounded by fission material. This would make it possible to reach a pulse duration 
of the order of 0.5 fis.

The main parameters of the IREN spectrometer are specified in Table I.

T able I
M ain p a ram ete rs  of IR EN

A ccelerated  e lec tro n  energy, MeV 200
E lectron  b eam  pow er, kW 10
E lectron  pulse d u ra tio n , ns 250
P u lse  rep e titio n  ra te ,  Hz 150
P eak  electron  cu rren t, A 2
N eu tro n  m u ltip lica tio n  ra te 28
In teg ra l n e u tro n  yield , n / s 1 X 1015
F ast neu tro n  pu lse  d u ra tio n , ns 400

The new electron accelerator will be installed vertically in place of the present 
LUE-40 and the building now occupied by the IBR-30 reactor will be utilized for the 
booster, This will save money and time and allow adaptation of a wide network to 
the needs of the new spectrometer: vacuum neutron guides, experimental pavilions, 
currently operating instruments for the polarization of neutrons and target nuclei, 
and for detection and spectroscopy of neutrons, together with a rich set of detectors 
and spectrometers for the products of interactions of resonance and slow neutrons 
with nuclei under investigation. In fact, one will get a multipurpose neutron factory.
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We consider as the principal characteristics of resonance neutron spectro­
meters the integral yield per second in 1015 n/s, (< /„ >), the coefficient, C, which 
characterizes the neutron flux (of the energy E  in eV at a distance L (in m) from 
a moderator) incident on a sample area of 1 cm2 according to the formula

ф(Е) = C /E L 2,

and is given in 107 units, the duration of a primary neutron flux, (r), the real 
neutron pulse duration, At, e.g., at 100 eV, which is larger due to the neutron 
moderation process.

Table II shows that in the resonance neutron range IREN is to become one
of the world’s best spectrometers as concerns the neutron flux incident on a sample
at optimum energy resolution, being inferior (by a factor of 4-5) only to the LAN-
SCE neutron spectrometer on the proton storage ring of the Meson Facility at Los
Alamos. _ , ,  „Table II

N eutron  flux d a ta  of several n e u tro n  spectrom eters

S p ec tro m ete r, <  /, 
L ab o ra to ry

■, >  X lO -1 5 С  X 10~7 r
ns

A t  (100 eV) 
ns

FA K EL (IA E, R ussia) 0.003 0.03 50 200
O R A L E  (ORN L, USA) 0.13 1.5 30 180
L U E -40 /IB R -30  (D u b n a) 0.5 6 40001 4100
LA N SC E (LANL, USA) 10 40 150 300
IR E N  (D ubna , p ro jec t) 0.9 9 400 430

The comparison of neutron yields in different energy ranges at one and the 
same “optimum” resolution [4], made by Steve Wender at LANL [5] showed that 
in the region of 10 and 100 eV, when compared to LANSCE, the IREN would have 
like luminosities, but which are lost at higher energies and in the thermal region 
(see Fig. 1). All this at a cost of construction and operation differing by a factor 
of one or two orders of magnitude. So, the resonance neutrons from IREN seem 
destined to become the cheapest in the world.

Physical research program

The research program for IREN elaborated on the basis of discussions and 
suggestions made at meetings will cover a wide range of scientific interests:

-  properties of the neutron as a fundamental particle, including electric polar­
izability of the neutron and the n-e interaction;

-  violation of the symmetry of fundamental properties in nuclear interactions, 
particularly, the effects on the enhancement of these processes in neutron 
resonances;

-  the laws governing the change from “order” to “chaos” following the transi­
tion from near-ground-state excitations to N. Bohr compound states (neutron 
resonances), and further, to a new type of “order” — the collective excitations 
of giant resonances;
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Fig. 1 . N eu tro n  in ten sity  vs n eu tro n  energy

-  cluster phenomena preserving processes at high excitations of a nucleus;
-  multiparameter study of nuclear fission processes in the whole of their com­

plexity;
-  “rare” neutron reactions and the role they play in the nucleosynthesis pro­

cesses, happening in space, in particular;
-  interactions of resonance neutrons with isomers and radioactive nuclei, which 

are important to investigate for clarification of the possibility of “burn out” 
(transmutation) of radioactive and, especially, long-lived isotopes contained 
in the wastes of nuclear power energetics, which is vital for the future of this 
energy.
IREN will give us the possibility to investigate many other interesting prob­

lems (the optics of resonance neutrons, radiography of resonance neutrons, creation 
of a gamma-laser with neutron pumping, neutron induced atomic excitations and 
so on). But realization of these investigations is not planned now due to the lack of 
finances and available people.
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PROM PT GAMMA COLD NEUTRON ACTIVATION 
ANALYSIS (PGCNAA) -  THE USEFUL 

SUPPLEMENT FOR THE CHARACTERIZATION 
OF SPECIMEN BANK MATERIALS

M. R o s s b a c h

Ins t i tu te  of Applied Physical Chemistry, IP C ,  Research Center KFA-Jülich  
52425 Jülich, Germ any

B asic considerations for the  sensitive ap p lica tio n  of PG C N A A  to biological m a te ­
rials in g en era l are ou tlined . Some exam ples a re  given where th e  m eth o d  has p a r tic u la r  
advan tages over o th er an a ly tica l approaches re la te d  to  the  ch aracte rizatio n  of E nv iro n m en ­
ta l Specim en B ank (ESB) m ate ria l. As a nu c lear technique th e  m e th o d  is nondestru c tiv e , 
rap id , a n d  inexpensive w hen a beam  of cold n e u tro n s  is available. T h e  in stru m en t is easy 
and  fast in s ta lled  and  th e  am o u n t of in fo rm ation  o b ta in ed  per sp e c tru m  is large. C e rta in  el­
em ents like H, N, B, S an d  som e rare  e a rth  e lem en ts canno t be nondestructively  d e te rm in ed  
by o th e r  an a ly tica l techniques so far.

Introduction

When nuclei of some elements in a sample interact with neutrons of a guided 
beam scattering and absorption occur simultaneously according to their respective 
cross-section. In absorbing a neutron a compound nucleus is formed which can de­
cay to the excited state of an isotope with a higher mass number by emitting prompt 
(within < 10~14 s) gamma rays and decay with a certain half life to the ground state 
by a beta/gamma decay chain. Both types of gamma radiation are used for chem­
ical analysis since decades; the delayed gammas in conventional activation analysis 
and the prompt gammas in PGNAA respectively using almost the same equip­
ment. As the energy of the emitted gamma ray is characteristic for an isotope, easy 
identification with a calibrated detector/analyser arrangement is feasible together 
with quantification using the relative (standard comparison) or absolute (^ - te c h ­
niques. As some of the isotopes with high absorption cross-section produce only 
stable daughters the prompt gamma approach offers the only possibility to detect 
these elements nondestructively. As an example, *H captures a neutron to form an 
excited state of 2D which decays spontaneously to the ground state by the emission 
of a 2223.2 keV gamma ray. No radioactive product will be formed. This peak can 
be used for quantification of hydrogen (and hence for water in some samples) by a 
simple peak area comparison with a standard of known composition, or a fco-factor.

Problems arise from scattering of neutrons in the same samples. If the exciting 
beam is strongly scattered by the sample properties (hydrogen being the strongest 
scatterer again) the illumination of the sample cannot longer be considered as homo­
geneous. Scattered neutrons interact with materials surrounding the sample (holder, 
support, shielding, etc.) and contribute to the background of these elements. The 
background is therefore not stable but depending on the sample itself. Such effects 
can be minimized by the experimental design and shielding but not totally avoided.
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Experim ental

Due to the scarcity of filtered neutron beams PGNAA facilities are restricted 
to research establishments with access to a research reactor and available neutron 
guides. As guiding technology and cold sources have been introduced recently at 
several nuclear research centers the technique is rapidly expanding. In Table I 
a number of facilities are listed from where reports on PGNAA instruments are 
published during the last two years.

T able I
Some recen t ap p lica tio n s of PG N A A  using re ac to r b a sed  or isotopic n e u tro n  source e x c ita tio n

N eutron source Flux Site N otes R eference

NIST-N BSR 5 • 108 N IS T  G aithersburg , USA th e rm a l [1-3]
NIST-N BSR 5 • 108 N IS T  G aithersburg , USA cold [4,5]
JRR-3M to о 00 JA  E R I, Tokai-m ura, Ibaraki th e rm al [6,7]
JRR-3M

00ОГНCN JA E R I, Tokai-m ura, Ja p a n cold [6,7]
B ER II 9.2 • 108 HM I, Berlin, G erm an y cold [8]
FR J-2 1.5 • 108 KFA -Jiilich, G erm any cold [9-11]
Triga M ark II 3.5 ■ 106 D a la t, V ietnam th e rm a l [12,13]
Triga M ark II »  105 M usashi Inst. Techn. Asao-kku 

K aw asaki-shi, 215, Ja p a n
th e rm a l [14]

THM ER 104 N a t. T sing-H ua U niv. Hsinchu 
T aiw an, R .O .C .

m obile  reactor [15]

1,5 Mg 252Cf N a t. T sing-H ua U niv. Hsinchu 
T aiw an, R .O .C .

In  S itu  Cl in 
lake w ater

[16,17]

740 GBq 238P u /B e 4.4 • 107 U niversity  of B irm ingham , UK in  vivo N [18]
5 Mg 252 Cf IC E N -L N ET I, Sacavem , Portugal m ulti-ele . in 

coal
[19]

100-200 Mg 252 C f H enan , P. R. C h in a  
in  A1 production

process contr. [20]

282 G B q 238P u /B e 107 A uckland H ospita l, New Zealand to ta l  body Cl [21]
39 G B q 241 A m /B e U SD A /A R S B ay lo r College Med. 

H ouston , Texas, USA
N, H, C in pigs [22]

1 GBq 252 Cf 1.1 • 108 R oyal N orth  Shore H ospital, 
Sydney, A ustra lia

to ta l  body N [23]

2 GBq 252 Cf 2 • 108 U SSR  Acad. Sei. V ladivostok, 
U SSR

o cean  sedim ent 
m obile  source

[24]

2 X 6 g 252 C f 5 • 10® T oron to  G eneral H osp ita l, 
T oron to , O ntario , C a n ad a

to ta l  body N [25]

In general, neutron fluence rates range from some 106 Ncm~2s_1 (for Triga 
reactors) to slightly above 109 Ncm-2s_1 at high flux research reactors. The sen­
sitivity as a function of the exciting media hence is orders of magnitude lower for 
prompt than for delayed gamma ray measurements. Nevertheless, by optimizing 
the geometry and the counting efficiency of the device in a long measurement of 
12 to 24 hours some 20 elements can be determined simultaneously at the level of 
< 10 Aig/g in biological materials [4]. Several elements like C, N, S, P or Mg have 
poor detection limits (between 200 and 4000 /ig/g) but as they constitute the bulk 
of organic materials PGNAA is, however, capable of their quantification.
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There are numerous applications of PGNAA in industry, process control, and 
in medical application [26-28] but we will restrict the discussion mainly to the case 
of environmental monitoring applications.

The German Environmental Specimen Bank (ESB) has been operating for 8 
years collecting, processing and storing selected environmental materials from cer­
tain representative areas all over Germany. The materials are collected according to 
precise sampling protocols [29] and are maintained under cryogenic conditions from 
the sampling site until final use for analysis [30]. A great armoury of analytical tech­
niques including A AS (various varieties), electrochemical and mass-spectrometric 
methods, and instrumental NAA are regularly applied for the inorganic characteri­
zation of these specimens. A number of elements like Pb, Hg, Cd, Cu and Zn are very 
well covered in that at least 3 different techniques are capable to determine it accu­
rately even at low biological concentrations. Other elements like Cr, As, Sn or T1 
are only covered by one method and a number of elements of similar environmental 
relevance are not being determined because no suitable technique exists up to now.

Therefore continuous attempts are made to extend the number of elements 
being characterized in ESB materials. In principle every element of the periodic 
table might be of interest not only from a toxicological but also from a scientific 
point of view. Interaction of elements (not only the so-called “essential” elements) 
in biological materials has been confirmed by several investigations [31,32].

Prompt Gamma Cold Neutron Activation Analysis (PGCNAA) is one of the 
most advanced analytical multielement techniques that enables us to extend the ele­
ment spectrum for characterization of ESB materials considerably. Elements like H, 
B, C, N, Si, Ti, V, I and Gd are hitherto not determined by other techniques at all in 
the ESB materials. Elements like Al, P, Cl, Cr, Se, Cd and Hg can be determined in 
biological materials and PGCNAA hence can be considered as a reference method 
in critical cases. In principle the prompt gamma approach has a much broader 
applicability — every element of the periodic table emits prompt gamma rays [33] 
-  and particularly the light elements offer new perspectives in ESB analytical work. 
For example, the hydrogen determination can be used to monitor the water loss in 
different drying procedures. As PGCNAA is a nondestructive technique samples 
can be analysed prior to and after freeze drying to check for element losses during 
the process (e.g. boron as a rather volatile element [34]).

Results and discussion

The principle of the setup of the detector, sample and electronics for 
PGCNAA is described in several publications [8-10] and remains for each experi­
ment virtually the same. Installation and calibration at different irradiation posi­
tions is possible within a day or two making PGNAA a very flexible technique.

Several ESB materials have been studied using the PGCNAA technique in­
cluding brown algae [Fucus vesiculosus], bream [Abramis brama], poplar leaves 
[Populus nigra], beech leaves [Fagus sylvaticus] and Norway spruce shoots [Picea 
abies]. The results of these investigations have been reported elsewhere [10,35]. 
In medical investigations the concentration of hydrogen is an indicator for water
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content, carbon for fat, nitrogen for protein and sulfur for amino-acid if appropri­
ate conversion factors are applied. Of course such relations can only be applied in 
special cases and control measurements have to be applied to check the results. In 
fact PGNAA nitrogen determination has been used to estimate the protein content 
in different grain species and other materials [36, 37]. Using the conversion factor 
of 6.25 • N ■ Lw (Lw = water loss factor) one arrives at protein equivalents in ESB 
materials as shown in Table II. It is rather difficult to compare these results with 
reported values except for bream: In dietary materials such information is given 
and values for protein in sweet water fish vary between 15 and 20 %. The values for 
the plant materials might, however, be more representing nucleic acids than high 
molecular weight proteins. Such information — although highly relevant for eco­
logical research -  hitherto is not obtained by any other technique in ESB materials 
so far. As the method is still under exploration similar applications of the element 
informations gained might well appear.

Table II
E stim ated  p ro te in  equivalent from  to ta l n itrogen  

de term ined  by PG C N A A . P ro te in  [in %] =  6.25 • C ^

Algae B ream P o p la r 1 Beech 1 Spruce shoot I Spruce  shoot II

13.7 16.3 4.85 5.68 8.18 7.58

One of the major drawbacks of the technique is due to the influence of the 
sample itself on the element sensitivity [38,39] and the background by scattering of 
neutrons. Particularly in using the standard comparison approach (synthetic stan­
dards or certified reference materials) where standard and sample can have hardly 
the same scattering properties such influences can cause bias of the results up to 
30 % or more. Up to now most applications of PGNAA were carried out in this 
manner, A new idea came up recently to apply the well established technique of 
fco-values in delayed gamma ray spectroscopy for the prompt case as well [40,41]. 
The values have to be established once by measuring pure elements with a well 
calibrated instrument and extracting a single comparator value from the physical 
parameters. Future measurements of unknown samples can make use of these values 
to determine concentrations and detection limits using only a flux monitor as an 
indicator of the total neutron dose the sample was exposed to. No comparison with 
standards of any kind is therefore necessary.

First attempts to obtain such Fo-factors have been conducted recently at the 
research reactor BER II at the Hahn-Meitner Institute in Berlin by us and will be 
reported elsewhere [8]. Hopefully we will soon be able to demonstrate the reliability 
of such values and others can make use of them, too. The approach clearly enlarges 
the output of PGNAA spectra (by giving “smaller than” values for additional ele­
ments being not detected) and improves the speed of analysis as no standard has 
to be measured separately.

Conclusion

The flexibility of the technique using portable detectors and computers makes 
it independent of one particular reactor site. It has been demonstrated that the
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equipment can be mounted and calibrated within 2 days at any available neutron 
beam of sufficient intensity.

The technique is purely instrumental, implying that small amounts of valu­
able materials as well as very large objects can be investigated without sacrificing 
the original sample [42]. Furthermore samples can be analysed prior to and after 
physical or chemical processing to detect changes in composition caused by those 
manipulations. Samples normally render inactive after irradiation.

The amount of information gained per spectrum lies around 15 to 20 element 
concentrations and additional “less than” information of as many elements as ko- 
values for capture gamma reactions are available. The applications of PGCNAA to 
ESB materials adds at least 8 additional elements to the range already investigat­
ed and acts as a reference method for 12 others. PGNAA as a true multielement 
technique adds valuable information for the fingerprinting of inorganic constituents 
in ESB material.

Several elements determined by PGCNAA can be used to estimate compo­
nents of a specimen which otherwise are difficult to obtain such as residual water, 
fat or protein. The determination of boron, a possible essential element [43], by 
methods based on a wet digestion of the samples is hampered by the high volatility 
of the element. PGNAA is so far the only method to overcome this problem by its 
purely instrumental nature.

The method has by far not reached its bottom end. As it is still a very young 
technique further improvements in sensitivity and accuracy can be expected by im­
proving the efficiency of the gamma counting (including high count rate electronics 
and improved background reduction) or improvements in the spectra evaluation. 
Introduction of the fco-concept is expected to be an important step towards such 
development. The combination of prompt and very short-lived (ns-ms) gamma ray 
emitters by the use of a neutron chopper will introduce additional information on 
a number of elements.

Some of the problems related to scattering are already successfully attacked 
by other groups working on PGNAA [2,39] and the combined effort in the field of 
neutron capture prompt gamma measurements certainly will help to render PGNAA 
soon a generally accepted and useful analytical tool for environment research.
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AUSTRON
A PULSED NEUTRON SPALLATION SOURCE 

IN CENTRAL EUROPE

M . S c h u s t e r  and A . C o l o t t o

A U S T R O N  Planning Office 
c /o  A tom ins t i tu t  der Österreichischen Universitäten 

Schüttelstrasse 115, A - 1020 V ienna, Austria

T he A u s tria n  Federal G overnm ent is p ro m o tin g  the in sta lla tio n  of an  in te rn a tio n al 
research  cen tre  in  A ustria . T h e  AUSTRON p ro je c t,  supported  by renow ned scien tists 
th ro u g h o u t E u ro p e , is one of th e  candidates.

In December 1992 the Austrian Federal Government expressed its support for 
a proposal made by the Minister of Science and Research, E. Busek. This proposal 
stated that the Austrian Government would be prepared to finance the AUSTRON 
project by up to 1 billion Austrian Schillings (about one third of the estimated 
construction costs) provided that partner countries assume the remaining costs.

The facility proposed

To be attractive, the neutron spallation source must offer a performance equal 
to or better than the ISIS facility at the Rutherford Appleton Laboratory, which is 
considered the present world leader in this field. This implies a power of the proton 
beam at the target of at least 150 kW. Other important requirements that have 
been set forth are the following:

-  Pulse repetition rate < 25 Hz
-  Proton pulse length < 1 /is
-  Use of field-proven technology to allow for a short construction period.

The accelerator complex consists of a radio frequency quadrupole (RFQ), a 
drift tube linac (DTL) and a rapid cycling synchrotron (RCS, 1.6 GeV, cycling at 
25 Hz and delivering ~  126 pA). Thus, we are currently aiming at a beam power of 
200 kW, twice as much as in our original design (Green Book of 1992).

The proposed accelerator complex allows for the acceleration of light ions at a 
modest additional cost. Therefore, a light-ion option (up to about 400 MeV/nucleon 
and some 109 ions/s) is included in the proposed facility. This option will include 
computer-controlled variation of the ion beam intensity.

This light-ion option will allow to carry out cancer therapy and research. 
Light-ion treatment appears to be largely superior to X-ray therapy and seems to 
be the most promising treatment in cancer therapy.

The proposed machine is already competitive with regard to existing pulsed 
neutron sources. It offers a rather slow repetition rate (high peak power) and a high 
potential for further development.
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The present situation o f the AUSTRON project

The AUSTRON Planning Office in Vienna was established in May 1993. At 
the same time the Accelerator Study Group at CERN took up its operation. Also 
in May 1993, an international Meeting on an Advanced Neutron Spallation Source 
took place. This meeting marked the start of AUSTRON as an international project.

AUSTRON is projected as an international research facility to be visited by 
scientists from many countries. Moreover, Austria will only be able to pay for one 
third of the costs while a major part of the necessary funding will have to be provided 
by other countries. Therefore it is particularly important to promote the idea of 
AUSTRON on an international scale and to inform Austria’s potential partners all 
over the world about the possibilities offered by a new powerful spallation neutron 
source in Central Europe. With this in mind, the Chairman of the AUSTRON 
study group and Rector of Vienna’s Technical University, Prof. P. Skalicky, and the 
AUSTRON Project Leader, Prof. M. Regler, have been visiting many European 
research centers. The result of these visits was the unrestricted support by many 
leading facilities all over Europe such as ISIS, CERN and PSI.

On the other hand, an International Scientific Council chaired by Prof. Albert 
Furrer (Vice Chairman is Prof. Helmut Rauch) was set up in Vienna at the end 
of October 1993. The members of this Council are renowned scientists form 13
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European countries and the United States. All of them agreed that in Europe there 
is a strong demand for a facility like AUSTRON, especially in such a central location 
as in Austria. The Council discussed and evaluated the project’s prefeasibility study, 
which had just been finished. The feasibility study will be finalised by the end of 
November 1994. A detailed technical design study will follow the feasibility study. 
The construction period is planned to be only 5 to 6 years after project approval 
and the commissioning of AUSTRON could begin in the year 2002.

The project has been presented in several European capitals (Bern, Budapest, 
Paris, Bonn, Bratislava, London, Rome and Brussels) where it met with great in­
terest. A fund-raising team started discussions in Germany and Raly this winter, 
and further meetings are scheduled for Switzerland, France and Eastern Europe. 
The idea of AUSTRON is based upon a European partnership inspired by Austria’s 
favourable geographical situation as a bridge between East and West. In other 
words: AUSTRON is the right project at the right time.
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COMMERCIAL A B A S E D  NEUTRON  
ACTIVATION ANALYSIS AT DSM RESEARCH 

(THE NETHERLANDS)

R. V a n  S l u i j s , D. A. W. Bossus, D. V e r v e c k e n  and G. K l o k 1

D S M  Research В. V.
Radioisotope Applications and Support  

1 Organic and Inorganic Analyses  
P .O .B .  IS, 6160 M D  Geleen, The Netherlands

In stru m en ta l N eu tro n  A ctivation  A nalysis (INAA) is o ften  considered to  b e  an  old 
a n d  expensive analysis technique, b u t i ts  v irtu es still s tan d  to d ay : it is an  effective, non­
destru c tiv e , reliable, h ighly  sensitive an d  m ulti-elem ent techn ique. INAA is m a in ly  used 
a t un iversities or a to m ic  energy research  in s titu te s  which have  a  nuclear re a c to r  a t  their 
d iposa l. A lthough DSM  R esearch does n o t have a  nuclear re ac to r , INAA has b ecom e one 
of i ts  key analy tica l techn iques because i t  was in troduced  v ia  a  com m ercial a p p ro ac h  and 
becau se  INAA is a  h igh ly  su itab le  technique for the  range of sam ples an alysed  a t  DSM 
R esearch .

Introduction

In this article an example is given of the use of Instrumental Activation Anal­
ysis in an industrial research environment. Although it is often considered to be 
an old-fashioned technique, INAA can be very effectively used for routine element 
analysis thanks to modern equipment, powerful software and absolute techniques.

DSM

DSM is an international chemical group. It employs around 22 000 people 
spread over Europe, the USA, Japan and Asia Pacific. The company’s head office, 
its largest production site and its central research organization are located in The 
Netherlands. Annual sales total roughly NLG 9 billion. DSM’s activities are divided 
over 25 business units, which operate independently. The company’s main products 
are plastic, synthetic rubbers, fibre intermediates, fine chemicals, fertilizers, resins, 
plastic consumer products, packaging materials and engineering plastics. DSM is 
also involved in the exploration and extraction of oil and natural gas.

DSM Research

DSM Research is one of the five largest industrial research centres in the 
Netherlands. It works mainly for the various business units of DSM. Its main 
research goals are to find ways of lowering cost prices, adapt product quality to 
market demands, extend DSM’s product range and operate production installations 
with the greatest possible care for safety and the environment. At DSM Research 
about 1100 research scientists are employed.
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Element analysis at DSM  Research

Inorganic elemental analysis is a key expertise at DSM Research. A group 
specializing in element analysis performs over ten different types of analytical tech­
niques, from classical titrations to ICP-MS including XRF, GF-AAS, flame-AAS, 
ICP-AES and INAA. Being a relatively new technique at DSM Research, INAA has 
had to compete with all these in-house techniques.

The major drawbacks of NAA, the facts that the irradiations could not be 
performed in-house and the waiting time between irradiation and measurement (2-4 
weeks) had to be overcome. Therefore, a commercial approach was needed from the 
very beginning. This implied that agreed delivery dates had to be met at all times 
and prices had to be competitive while still allowing the operation to at least break 
even. So not only the technique but also the analysts had to be reliable. Because 
DSM Research did not have a nuclear reactor, the analytical technique had to be 
independent of the nuclear reactor used; therefore the fco-standardization technique 
was introduced.

N eutron Activation Analysis

Instrumental Neutron Activation Analysis was introduced at DSM Research 
in the mid-seventies. The technique was occasionally used for the analysis of rare 
earth elements in water. In 1986 the technique was revived. At that time there 
was a demand for an analytical technique for fluorine in all kinds of matrices and 
a multi-element trace element analytical technique for silica matrices. In the same 
year a system for fluorine analysis was built on top of the Belgium Reactor No. 1 
at the Nuclear Research Centre in Mol, Belgium. Fluorine was analyzed using 20F 
with a half-life of 11 seconds using a fast rabbit system. In 1987 it was established 
that NAA was the best method for multi-element trace element analysis in silica, 
in particular NAA using the ^-standardization method [1]. The same year a crew 
of two people was trained for two weeks by Dr. F. De Corte at the University of 
Gent at the Institute for Nuclear Sciences. This resulted in the implementation of 
the Aro-standardization method at DSM Research. Some INAA highlights were:

-  1988: calibration of the first two detectors and the first version of the PC- 
program KAYZERO for neutron activation analysis according to the ko- 
method [2].

-  1989: NAA fully operational for silica matrices.
-  1991: acceptance of NAA as a competitive analysis technique for all kinds of 

matrices.
Of course, some techniques are more efficient for a specified sample than 

others. But in 1994 NAA is fully integrated in the range of analytical techniques 
because it is

-  directly applicable to liquids as well as solids (no destruction or sample han­
dling);

-  a multi-element technique;
-  very sensitive and accurate.
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NAA is performed on some 2500-3000 samples a year, representing about 
30 % of the total number of samples offered for element analysis. The analytical 
work takes close to 1.5 person year. Technical support and development takes 
around 0.5 person year. Samples are irradiated in five different types of sample 
vials and measured in ten different standardized counting vials (see Fig. 1) on four 
high-purity germanium detectors.

Fig. 1. Som e sta n d ard ize d  sam ple ir ra d ia tio n  and  m easuring  vials

N A A  technique

NAA is performed using the ^-standardization method developed by 
Dr. F. De Corte of the Institute for Nuclear Sciences at the University of Gent 
(Belgium) and Dr. A. Simonits of the Atomic Energy Centre in Budapest (Hun­
gary). This method was chosen because of its reactor and matrix independency and 
multi-element character. The implementation was performed strictly according to 
the principles formulated by the INW. The technique for absolute multi-element 
NAA was incorporated into the DSM standard NAA software program KAYZE- 
RO. Both short-lived and long-lived radioisotopes are used. Gamma-ray spectra 
are evaluated using standard spectrum deconvolution software for PC (Sampo 90). 
For an efficient analysis sample vials have been standardized (see Fig. 1). Detec­
tion efficiencies are calculated using a matrix interpolation technique based on the 
calculation of effective solid angles by Moens et al [3]. This interpolation technique 
greatly reduces calculation time without significantly affecting accuracy [4].

Nuclear reactors for neutron activation analysis

In the vicinity of DSM Research there are several reactors that can be used 
for neutron activation. Within a distance of 200 km there are six reactors (see
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Fig. 2). In the past six years most of the irradiations took place at the reac­
tor BRI at the Nuclear Research Centre in Mol (Belgium). The short distance

between Geleen (NL) and Mol, ap­
prox. 90 km, the facilities available 
there, the good collaboration with 
the staff of BRI and the very stable 
neutron flux with a very low gradi­
ent are some of the main reasons for 
this.

N etherlands E nergy  Research F o u n d a tio n  
ECN, P e tte n  (NL):
HFR; H20 ,  45 M W , -  l  . Ю14 c m ^ s “ 1 
LFR; g rap h ite , 10 kW , ~  3 • 1011 c m “ 2s—1

Interfaculty  R e ac to r In stitu te , D elft Uni­
versity of Technology, Delft (NL):
HOR; H20 ,  2 M W , -  1013 e r n e s ’ 1

Nuclear R esearch  C entre, Mol (B ):
B R I; g rap h ite , 1 M W , 1 —4 1 0 11 c m “ 2s —1 
BR2; B e /H 20 ,  56 M W , 1—3 1 0 14 c m " 2s“ 1

In stitu te  for N uclear Sciences, U niversity  
of G ent, G en t (B):
Thetis; H20 ,  250 kW , 1 —2 1 0 12 c m “ 2s—1

Nuclear R esearch  E stab lishm ent K FA , Jülich
(D):
FR J2; D20 ,  23 M W , 5 • 1013 c m ^ r 1

Fig. 2. N uclear reac to rs  close to  D SM  Re­
search

Some other practical reasons are that liquid samples can be irradiated and 
that the flux is well thermalized, with only small fractions of fast and fission neu­
trons. Every month approx. 25-50 samples are irradiated for several hours at BRI. 
At the BRI a fast rabbit system is used for short period irradiations. Once a week 
approximately 50-60 samples are analysed using short-lived radioisotopes! Occa­
sionally, samples were irradiated at the Institute for Nuclear Sciences, University of 
Gent, Belgium, when a higher flux is necessary.

Typical N A A sam ples and applications

The application of NAA has changed dramatically over the past six years: 
from a multi-element trace element analytical technique for only one matrix it has 
now become a routine technique for all kinds of samples. It is currently being used 
for all types of analyses, ranging from all trace elements (ngrams/gram) to only one 
major component (%). Sample sizes range from some tens of milligrams to several
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grams. Part of the success of INAA at DSM Research can be attributed to the 
type of samples to be analysed at DSM. Since DSM mainly produces polymers and 
chemical products, the samples offered for analysis are mainly polymers, slurries 
and catalysts.

Another reason is the fact that the technique is very flexible and can be used
for:

-  the analysis of samples for which no other in-house technique has been cali­
brated;

-  the analysis of standards for comparative analytical methods;
-  the development of analytical procedures for other in-house analytical tech­

niques;
-  providing a second opinion: INAA is totally different from other in-house 

analysis techniques and can thus be very useful.
Typical samples are water solutions containing high concentrations of (inor­

ganic salts, hydrocarbon liquids, catalysts (slurries and solids) and all sorts of plas­
tics, from virgin polyethylene to complex engineering plastics containing high con­
centrations of additives (e.g. flame retardants, stabilizers, glass fibres, pigments), 
chemicals, etc.

Some analysis examples are panoramic trace element analysis in polymers and 
hydrocarbons (feedstocks); analysis of high concentrations of inorganic additives in 
polymers; high concentration panoramic analysis of ‘foreign’ substances in unknown 
matrices (such as deposits or mud found in vessels, reactors or pipelines); analysis 
of magnesium, chlorine, aluminium and titanium in Ziegler-Natta catalysts and 
several other elements in newer kinds of catalysts.

Conclusion

Having been introduced on a commercial basis, in competition with other in- 
house analytical techniques, INAA has become a key analytical technique at DSM 
Research. This was possible thanks to the implementation of &o-based NAA and 
time-saving software, KAYZERO, developed at DSM Research.
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THE SPECTRUM OF ONE- AND TWO-DIMENSIONAL 
NEUTRON SCINTILLATION DETECTORS 

DEVELOPED IN JÜLICH

A. S z e p e s v á r y 1’2 , R .  R e i n a r t z 1 , K. D . M ü l l e r 1 , J .  S c h e l t e n 3 
E . J a n s e n 2 , W . S c h ä f e r 2 and G . W i l l 2

1 Zentrallabor f ü r  Elektronik, Forschungszentrum Jülich (K F A)
524 25 Jülich, Germany

2Mineralogisches Inst i tu t ,  Arbeitsgruppe Neutronenbeugung, Universität B onn  
Poppelsdorfer Schloß, 53115 Bonn, Germany  

3Inst i tu t  fü r  Schicht- und Ionentechnik, Forschungszentrum Jülich 
524 25 Jülich, Germany

D esign and  physical characteristics o f  th e  position-sensitive neu tro n  sc in tilla tio n  
d e tecto rs m anu fac tu red  in  Jü lich  are described . T he d e tec to r sp ec tru m  com prises th ree  
different ty p es each of lin e a r an d  a rea  d e tec to rs . N eutron a b so rp tio n  w ith an  efficiency of 
65 % for 1 Â n eu trons is achieved in 1 m m  6L i-scin tillato r glass. T h e  linear d e tec to rs  w ith  
leng ths from  200 m m  to  940 m m  and  one ty p e  of a rea  de tec to r o f  600 X 600 m m  a re  based  
on a  m odified  A nger technology. Two o th e r  sm all a rea  d e te c to rs  of e ither 55 X 45 mm  
or 100 m m  d iam ete r a re  c o n stru c ted  w ith position-sensitive pho tom ultip liers . T h e  lin ea r 
d e tecto rs have spa tia l reso lu tions betw een 1.2 a n d  3.0 m m , th e  larg e  a rea  d e tec to r 8.0 mm  
and  th e  sm all a rea  d e te c to rs  1.0 m m .

Introduction

The development of position-sensitive neutron scintillation detectors started 
in Jülich in 1980 with respect to applications in neutron scattering instrumentation 
at both steady state reactors and pulsed spallation sources. The solid state scintilla­
tion detectors are aimed at high detection efficiencies over a rather wide wavelength 
spectrum of epithermal, thermal and subthermal energies. Further aspects in favour 
of scintillation detectors are high spatial as well as time resolution, a thin detection 
zone for time-of-flight applications and last but not least easy maintenance and 
repair.

The neutron absorber, which is used so far as a standard in the Jülich scintilla­
tions detectors is Ce activated 6Li-glass of 1 mm thickness; the absorption efficiency 
is about 65 % for 1 Á and 85 % for 2 Â neutrons. The 6Li(n, a )3H absorption re­
action results in 4.6 MeV energy of the reaction products. A small fraction of this 
energy is converted into light of about 400 nm wavelength. The number of photons 
created per capture event is about 4000; the decay time of the light spot is about 
60 ns. The scintillation light is transferred to a photomultiplier (PM), where it is 
converted to an anode signal with a photon to electron efficiency of about 10 %.

Three different technologies using 6Li scintillator glass and PMs have been 
applied in our Institutes to construct position-sensitive linear or area neutron de­
tectors. The first technology used with a prototype detector was an assembly of
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Fig. 1 . P h o to g ra p h  of th e  JU LIO S d e tec to r in its  s ta n d a rd  version (w ith o u t light-proof box)

small scintillator elements, which were connected via a system of light guides to an 
assembly of PMs (Kurz et al [1]). This technology was abandoned early because of 
the rather small amount of light reaching the photocathodes. Much more effective 
with respect to the light output is the so-called Anger technology, where the detec­
tor window is formed by a plane continuous area of scintillator glass and a one- or 
two-dimensional arrangement of PMs behind it. The position analysis is performed 
by the determination of the center of the light spot on the photomultipliers; this is 
done by calculating the relation of the anode currents of adjacent PMs (Schelten et 
al [2]). This technology is used to construct three different types of linear detectors 
and a large area detector. Two small versions of area detectors are built from po­
sition-sensitive photomultipliers. The different detectors and their applications will 
be described in the following.

Linear detectors
The linear detectors are known under the designation JULIOS, which stands 

for ‘JUelicher Linear Ortsauflösender Szintillationsdetektor’. The JULIOS detector 
(Fig. 1) is built from a linear row of 24 PMs, whose photocathodes face the backside 
of a rectangular transparent light disperser with the 6Li scintillator glass coupled 
optically on the front side. The scintillator light of an absorbed neutron is confined 
to a cone of about 90° by means of total reflection at an air gap between scintillator 
and disperser (Fig. 2). Disperser thickness and PM widths are matched to concen­
trate the light spot of each neutron event on the photocathodes of three adjacent 
PMs. The spatial resolution of the detector, which depends on the total light output 
of the scintillator, the quantity of light transferred to the photocathodes and the 
light-to-photoelectron conversion of the PMs, can be described empirically by the 
full width at half maximum (FWHM) of a Gaussian function according to FWHM

Acta Physica Hungarica 75, 1994



ONE- AND TWO-DIMENSIONAL NEUTRON SCINTILLATION DETECTORS 363

Fig. 2. L inear d e te c to r co n stru c tio n  and  scheme of th e  light d is tr ib u tio n  from  a n e u tro n
cap tu re  event

Fig. 3. Top view (left) an d  front view of the  p h o to ca th o d es (right) of th e  th ree  types of p h o to ­
m ultip liers used  for different JU LIO S detectors: type a  (le ft), type b (m id d le ), and  type c (r ig h t)

= ca/y/N. N  is the total number of photoelectrons per capture event, a is the 
linear size, i.e. the separation of adjacent PMs, and c is a constant; for details see 
Schelten and Kurz [3] and Szepesváry et al [4].

Besides the quality of the neutron scintillator (see [5,6]) it is the type of 
photomultipliers to influence the physical characteristics and the effective size of the 
JULIOS detector. Three different PM types (Fig. 3) are used to construct different 
detector heads consisting of 24 PMs each. JULIOS in its standard version (Fig. 1)
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is constructed with PMs of 28.5 mm diameter and circular shaped photocathodes 
(type a in Fig. 3). The effective length of the detector is 682 mm; the spatial 
resolution is 2.3 mm. A smaller detector of 200 mm effective length, but higher 
resolution of 1.2 mm uses rectangular shaped PMs of 8.6 x 24 mm photocathodes 
(type b in Fig. 3). The third type is a wide window version with PMs of 40 x 80 mm 
cross-section (type c in Fig. 3) and a total effective length of 940 mm; its spatial 
resolution is about 3.0 mm.

detector head analog processing digital processing

n ►

PM 1;

/ t
o o

1 PM 2.
1 ’ t i  0  « 
1 ; 1 ! i f  1 

' 0 / ; ; PM A :  :
Vi

PM 4

. (У 
H  Cl  
c n  3

PM 5
о multi-

r ~ plier

PM 24

I Г
i f i . >

ï>

D>

О
D>

t>

pre­
amplifier

shaping
amplifier

multiplex
analog
switch

I

Fig. 4. B lock d iag ra m  of the  re ad  o u t  electronics a n d  th e  signal p rocessing  of the JU LIO S d e tec to r

The read out electronics (Fig. 4) of the JULIOS detector is composed of an 
analog part with a preselection of the highest PM event signals, which are multi­
plexed into four analog to digital converters, and a subsequent digital signal pro­
cessing in a dedicated hardwired computer. The position computation is performed 
stepwise by (a) selection of those three PMs yielding the largest output signals, (b) 
calculating the center of gravity Q with the digitized output signals by using a fast 
look-up table procedure and (c) correcting Q according to non-linearities and inho­
mogeneities of the scintillator or the photocathodes by means of a special look-up 
table. Look-up tables are generated once by a calibration measurement. Long term 
stability of the detector is achieved by a completely automatic gain stabilisation of 
the PMs. For further details of the electronics we refer to [7,8]. There is now a ten 
years experience in the operation and practical application of JULIOS detectors at 
a powder and a texture diffractometer in Jülich, see Schäfer et al [9,10,11].

Large area detector
The same Anger-type technology of the linear JULIOS detectors is used for a 

large two-dimensional detector [12], which has been built for a small angle scattering
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instrument at the research reactor in Jülich. 64 photomultipliers of 3 inch diameter 
each are arranged in a 8 x 8 square matrix (Fig. 5). The light disperser in front 
of the PM photocathodes is a glass plate of 70 mm thickness. The front side 
of the disperser is covered with the 6 Li glass scintillator in form of 16 plates of 
150 x 150 x 1 mm. The sensitive detector area is 600 x 600 mm. The spatial 
resolution, resulting from the 84 mm separation of adjacent PMs, is 8 mm.

k -2  k-1 к k+1 k+2
\

Fig. 5. P h o to g rap h  of th e  large  a rea  detec­
to r show ing the  64 PM s b eh in d  the  glass 
d isperser

Fig. 6 . P ro jec tio n  of the  ligh t cone of an 
event on  th e  a rray  of p h o to ca th o d es of the 
area  d e te c to r

The position coordinates of a neutron capture event are determined analogous 
to the procedure for the linear detector. After the determination of the coarse 
address of an event by preselection of the РМ<* (Fig. 6) with maximum anode 
signal, the fine addressing is obtained from the relation of the digitized output 
signals of the three adjacent PMs in both the x and the у direction. Again, the 
position computation is made by means of a fast look-up table procedure. The count 
rate capability of the area detector is 100 KHz. Details of detector construction, 
electronics, calibration, stabilization, physical properties and first experiences of 
application are reported by Heiderich et al [12].

Small area detectors

A new type of a two-dimensional handy neutron detector (Fig. 7) is based on 
a position-sensitive photomultiplier. So far, there are two types of such PMs, i.e. 
Hamamatsu R2487 with a rectangular shaped and R3292 with a circular photocath­
ode. The PMs contain 12 dynode and 2 anode planes consisting of crossed wires 
(Fig. 8). The PM front glass housing is optically coupled to the neutron absorbing

Acta Physica Hungarica 75, 1994



366 A. SZEPESVÁRY et al

Fig. 7. A ssem bly of th e  a rea  d e tec to r b u ilt w ith  a  position-sensitive PM . Two different detecto r 
heads (u p p e r left) c an  be  connected  to  th e  sam e electronic u n it (lower left) an d  th e  P C  (right) for

d a ta  storage

6Li-glass scintillator of 1 mm thickness. The neutron sensitive area is 55 x 45 mm 
for the rectangular PM and 100 mm diameter for the circular one.

Both ends of the x and y resistor chains (Fig. 8) are connected to charge 
sensitive preamplifiers, whose inputs are linear functions of the position coordinates 
of the electron beam pulse in the anode plane. The amplifier output signals are 
proportional to the charge in the two branches. The four amplifier signals are fed 
to two pulse dividing flash ADCs via main filter amplifiers (Fig. 9). The flash ADC 
output events are triggered by the discriminated sum signal of the four amplifier 
outputs in order to discriminate against gammas before the neutron event storage 
in a PC. The spatial resolution of the detector is measured to 1.0 mm; see Kurz et 
al [13].

Because of position dependence of the PM gain, which has been determined 
to change by about ±25 % across the position-sensitive detector area, a digital 
differential discrimination unit has been developed. The digital upper and lower 
discrimination levels are set dynamically due to the position dependent PM ampli­
fication, which is obtained from calibration measurements. Narrow discrimination 
windows are used to reduce simultaneously the gamma background of the neutron 
detector. The practical realisation of the new discrimination method and its func­
tion are described by Kanyo et al [14]. The neutron sensitivity across the detector 
area is measured close to unity and independent of position. The gamma back­
ground is reduced by a factor of 3 to 5 without the expense of neutron count rate.
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photocathode

neutron
scintillator
(6Li-glass,

1 mm thick)

crossed wire anodes

resistor chain

Fig. 8 . C o n stru c tio n  of the  a rea  d e te c to r  using a position-sensitive p h o to m u ltip lier

ortec dividing
471 flash - ADC

Fig. 9. R ead  o u t electronics of th e  position-sensitive P M  with dividing flash  ADCs

Discussion and prospects

Nine linear JULIOS detectors have been or are being built, so far. Six are in 
operation at diffractometers installed at thermal beams of the FRJ-2 and FRG-1 
reactors and at the pulsed white beam of the ROTAX spectrometer at ISIS. The 
JULIOS electronics provides for a high resolution timing module to synchronize de­
tector activities with the time structure of a neutron source or with time dependent 
sample environment conditions, e.g. outer electrical or magnetic fields. The appli­
cation of the JULIOS detector in white beam time-of-flight diffractometry at ISIS
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is described by Schäfer et al [15,16,17]. Actually, the JULIOS electronics is being 
extended to register the neutron events in 28 bit data words using 12 bit position 
and 16 bit time information each. The detector can be operated as a standalone 
system controlled by a PC with EISA-bus and the memory under the control of a 
32 bit increment module.

The small area detectors are also standalone systems connected to a PC per­
forming control of signal processing and data storage. The position-sensitive photo­
multipliers are handy as neutron counting tubes; they are aimed at adjustment and 
profile analysis purposes in neutron diffractometry, at reflectivity measurements, at 
focussed small angle scattering and at neutron microscopy, (see Alefeld et al [18]). 
Developments are in progress to improve the spatial resolution of these detectors to 
the /t-scale by installing a light amplifying channel plate and a lense optics between 
the neutron scintillator and the position-sensitive photomultiplier.
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NEUTRON DEPTH PROFILING FACILITY 
AT NUCLEAR PHYSICS INSTITUTE REZ

J. V a c í k , J. C e r v e n á , V. H n a t o w i c z , V. H a v r á n e k  and D. F i n k 1

Nuclear Physics Inst i tu te  
2506S R e z  near Prague, Czech Republic 

1 Hahn-M eitner Inst i tu te  
Glienick er sir. 100, Berlin  39, Germany

T h e  n eu tro n  d ep th  profiling  technique a n d  device in sta lled  a t  th e  Nuclear P h y sics  
In s titu te  R ez is described. T h is  technique prov ides sensitive analysis o f some light e lem en ts  
in solids.

Principle of the technique

Neutron depth profiling is one of the nondestructive techniques for the mea­
surement of concentrations of some light isotopes as a function of the depth in 
the near-surface region of solids. It exploits the existence of prompt exothermal 
non-resonant nuclear reactions of certain light isotopes with thermal neutrons (see 
Table I). The resulting reaction products (proton or alpha particle and a recoiling 
nucleus) are emitted with a kinetic energy determined by the nuclear disintegration 
energy of the reaction. The particles escaping from the sample are registered by 
detectors placed facing the target From the energy loss spectra of the emitted 
reaction products, their depth of origin and hence the depth distribution can be 
reconstructed according to:

where Eq is the initial energy of the particle originating from the depth x, Ex is its 
residual energy upon emerging from the sample surface and S(E)  = dE/dx is its 
stopping power which is a characteristic material quantity that varies strongly with 
the energy. Tabulations of stopping powers have been compiled by Ziegler [1] and 
others [2,3].

The counting rate Z  in this technique is proportional to the total number N  
of reacting nuclides in the sample, their isotopic abundance c, their nuclear reaction 
cross-section cr with thermal neutrons, the thermal neutrons flux ф and the solid 
angle ÇI between the sample and the detector

The detection limit of NDP is inversely proportional to the cross-section of 
the reaction and the total neutron fluence. It is advantageous that the cross-sections

( 1 )

Z =  N  ■ c ■ cr ■ Ф • fl. ( 2)
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of some of the isotopes (He, Li, Be, B, Na) are high which makes the measuring 
technique quite sensitive (see Table I).

The emission of reaction products is isotropic and the detector can be placed 
at any angle with respect to the sample surface. The depth resolution of this 
technique is typically 20 nm for the vertical observation and about 10 nm for the 
tilted angle observation geometry.

The detection sensitivity can be increased by several orders of magnitude by 
the large angle coincidence spectrometry [4]. In this method both reaction products 
emitted from the sample in opposite direction are measured simultaneously with two 
detectors placed in the promixity of the target.

T able I
List of su itab le  isotopes ex p lo ited  in NDP analysis [5]

Elem. R eac tio n % A bundance 
or

(a t./m C i)

C ross-
sec tio n
(b a rn s)

Energy of react, 
p ro d u c ts  

(keV)

D etec tion
lim it

( a t . /c m 2) b

He 3 H e (n ,p )3H 0.00014 5333 572 191 1.5 X 1012
Li 6 L i(n , a ) 3H 7.5 940 2055 2727 9.0 X 1012
Be“ 7B e (n , p )7Li 2.5 X 1014 48000 1438 207 1.7 X 1011
В 10B (n , or)7Li 19.9 3837 1472 840 2.1 X 1012
N 14N ( n ,p ) 14C 99.6 1.83 584 42 4.5 X 1015
О 170 ( n , o ) 14C 0.038 0.24 1413 404 3.5 X 1016
N a“ 22N a (n , p )22Ne 4.4 X 1015 31000 2247 103 2.3 X 1011
S 33S (n , £*)30S 0.75 0.19 3081 411 6.0 X 1016
Cl 35C l(n , p )35S 75.8 0.49 598 17 1.7 X 1016
K 40K (n , p )40Ar 0.012 4.4 2231 56 1.9 X 1015
Ni“ 59N i( n ,o ) 56Fe 1.3 X 1020 12.3 4757 340 7.0 X 1014

a rad ioactive  species
bD etection  l im its  in Table I a re  based  on 0.1 c o u n ts /s , 0.1 % d e te c to r  solid 
angle an d  a  n e u tro n  in tensity  6 X 109 s” 1.

ND P instrum ent

A basic condition for high-sensitivity NDP measurements is a low background 
of unwanted events resulting mainly from nuclear reactions with fast neutrons, as 
well as with electrons and photons. This condition is best satisfied at a neutron 
guide tube.

In the Nuclear Physics Institute at Rez a 5.6 m long neutron guide was in­
stalled at the LWR-15 nuclear research reactor. The guide internal cross-section 
is 4 X 150 mm2 and its radius of curvature is 825 m. At 6 MW reactor power, 
the thermal neutron flux was 7 x 106 n cm~2s_1 and the measured cadmium ratio 
R = 105. A schematic layout of the neutron guide and NDP arrangement is shown 
in Fig. 1. A well-collimated neutron beam enters a large target chamber with a 
diameter of 500 mm installed just behind the neutron guide end and evacuated to 
a pressure of 10-2 Torr. For routine measurements, only prevacuum is required, 
to prevent errors due to the particle’s energy loss in the space between the sample
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and the detector. Four independent spectrometric systems with the possibility of 
two-dimensional data handling (coincidence spectroscopy) can be used in the vessel 
simultaneously. Up to 14 samples can be inserted into the special holders, 12 of 
them into a changer for automatic measurements. The sample area can range from 
about 1 mm2 to about 10 mm2. Large area PIN photodiodes or silicon surface barri­
er detectors are used in a close geometry with targets. The solid angles between the 
samples and the detectors are usually about 1 % -  10 %. The data acquisition can 
be performed via PC or ND MCA. Monitor information is fed into all acquisition 
systems automatically.

At present, there exist only a few NDP devices in operation in the world: 
at the National Institute of Standards and Technology Gaithersburg, USA, at the 
National Laboratory Chalk River in Canada, at the Hahn-Meitner Institute Berlin 
in Germany, at the Musashi Institute of Technology Kawasaki in Japan and at the 
Nuclear Physics Institute Rez. In the last decade these facilities have subsequently 
advanced and the applications greatly expanded.

Applications

The NDP method has been used to investigate numerous questions from dif­
ferent areas of material science [5]. This covers the fields of the basic solid-state 
research (stopping powers, implantation profiles, damage distributions, sputtering, 
diffusion, precipitations and segregations), polymer science (conducting polymers, 
polymer doping, polymer destruction by ion beam irradiation), tribology and cor­
rosion (protective surface development), microelectronics (boron in silicon, GaAs, 
etc), microoptics (waveguides), metallurgy (metallic glasses), ecology (determina­
tion of Li, В and N in life materials), etc. All these activities indicate that NDP
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has significant potential for research where light nuclei play a role or can be applied 
as sensitive tracers.

In the Nuclear Physics Institute at Rez the NDP technique has been used 
for more than a decade. The depth profiles of boron in photoresists and SÍO2 have 
been measured to determine range values for implants in several types of films [6]. 
The diffusion across interfacial boundaries has been studied [7] for boron implanted 
into the SÍ/SÍO2 system. Similar NDP experiments [8,9] have been performed on 
Si/metal and SiC^/metal systems. The NDP method has been exploited also for 
the biomedical study of cancer cell doping [10]. At present, the doping of latent ion 
tracks in polymers using the NDP technique are investigated [11].
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TO THE PROBLEM OF THE COHERENCE 
LENGTH OF NEUTRONS

P. V a r g a

K F K I  Ins t i tu te  fo r  Materials Science  
P.O.B. 43, 1525 Budapest, Hungary

The challenge of the  h igh accuracy  of certa in  o p tic a l m easurem ents, th e  long coher­
ence leng th  of lig h t provokes one to  search  for possib ilities to enlarge th e  n e u tro n  coherence 
leng th . A p ro p o sa l is m ade to achieve th is by using a  five or a  four p la te  B o n se -H art in te r­
ferom eter. A fu r th e r  problem  is, w h e th er the  n e u tro n  b e am  is com posed o f wave packets or 
of overlapping indep en d en t m onochrom atic  waves; i t  is considered th a t  th e  form er is m ore 
likely.

1. Introduction

The interference of light has deliberately been studied for nearly two centuries, 
whereas the interference of neutrons for only two decades. The triumphal path of 
light interference was crowned by the new definition of the meter. This can be 
attributed to the excellent work of Michelson even for two reasons: The experiment 
named after him proved that the speed of light does not depend on the velocity 
of the inertial frame. Moreover, he began to compare the wavelength of spectral 
lines with the standard of the meter. This initiative meant that the wavelength 
of the atomic time standard could be compared by contemporary means with the 
ancient standard of the unit of length. The fact that the speed of light could be 
standardized to an accuracy of nine decimals is due to the large coherence length 
of the light emitted by atoms.

The path of neutron interferometry is nevertheless triumphal. Experiments 
proved the power of this method by showing the influence of the gravitational field 
[1], the rotation of the frame [2], and the motion of the medium [3] on he phase 
of neutron interference pattern; the 4тг rotational invariance of the spinors was 
demonstrated [4]; loss of the visibility of the interference pattern was observed, 
when the experimentator wanted to delude the Nature by trying to hit the tail of 
Schrodinger’s cat [5].

To stress the analogy between the interference of neutrons and light or acoustic 
waves we refer to [6]. The visibility of neutron interference fringes was measured, 
it decreased with increasing path difference and vanished after certain delay. By 
further increasing the delay the visibility recovered. Moreover, the phase of the 
interference pattern had a jump of 7Г, when the visibility returned. Fizeau studied 
the yellow light of sodium in 1863 by interferometer and observed that Newton’s 
rings disappeared at the 500th fringe, but afterwards they turned back and vanished 
at every 500th fringe. He could follow this up to the 5000th one. Fizeau explained 
that this observation was caused by a twin spectral line: it was the discovery of
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the Na doublet. The disappearance and the returning of the visibility, observed in 
[6], was explained in the same way: the output spectrum of the monochromator 
was analysed, the spectrum showed deviation from Gaussian shape and it could be 
decomposed with reasonable good fidelity into two shifted Gaussian spectra.

The jump of the phase is the same, which happens when sound is beating: 
whenever the volume of sound falls to zero, the envelope of the carrier wave changes 
its sign, which occurs in the phase of the carrier as a jump.

These analogies provoke the idea of finding further interference effects with 
neutron waves, similar to those of the classical waves.

However, there is a difference between light and neutron interference: in con­
trast to that of the light, interference length measured with neutrons is in the 
order of hundred wavelengths [6,7] because no line source exists for neutrons, the 
coherence length is defined by the bandwidth of the device used to produce the 
spectrum [8].

2. M ethods for enlarging coherence length

Spectrum and coherence function are bound by the Wiener-Khintchine theo­
rem. It is obvious that any attempt to increase coherence length will will reduce the 
flow rate of particles because the lengthening is equivalent to cutting off a small­
er part of the continuous spectrum offered by the source. Now we analyse some 
possibilities for increasing the coherence.

1. The simplest way is to enlarge the resolving power of the monochromator 
by using a better quality crystal.

2. The other way is to select neutrons by the time-of-flight method. This 
method enables a relative spectral width of 10-3-10~4 to be achieved.

3. In spite of the statement in [9] the dispersion in a medium may help to 
make the coherence longer. In that article the coherence length of light waves was 
analysed to see whether it depended on the length of the dispersive medium D. 
Here, besides the difference between phase and group velocities, the second order 
dispersion d2k/d2u>2 was taken into account. The authors stated that “ . . .  using 
a simple-minded picture of spreading wave packets, one could easily be misled into 
thinking that the coherence length will also spread upon propagation in a dispersive 
medium.”

The error was caused by the voluntary change of variables. In Eq. (18) of 
[9] the mutual coherence function is expressed as a function of the length D of the 
dispersive cell, put into one arm of the interferometer, and of the path difference 
X  due to the phase shifter introduced into the other arm of the interferometer. 
The change of the variables comes after Eq. (18) of [9]: new variables T  and X  are 
introduced by

T  = (X  + D)/c,

X  = D,

consequently the length of the dispersion cell disappears. T  is called time delay. In 
[9] an example is given for a wave packet which has a Gaussian spectrum at the
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entrance of the interferometer and all the spectral components have the same ini­
tial phase. At this stage the Fourier components of the spectrum have no additive 
phase, for such a wave packet interference fringes are equidistant, when measured 
without the dispersion cell. Using the mentioned transformations the authors ob­
tained an expression (25) for the coherence function observable at the output of the 
interferometer

exp[iui0(X /u 0 -T ) ]  Г l ( A u ) 2(X/v0 - T ) 2
7 1 2 ^ , 1 ) -  u ) 2 ( d 2 k / d u j 2 ^ o X y / 2  P [  [ i _ i ( A w ) 2 ( d 2f c / dW2 ) WoA ] J  ’

where Ды stands for the initial line width, и о and vo are phase and group veloc­
ities, respectively. Here we have omitted the bar over the X  to make the formula 
identical with the original expression. It seems, it is the path difference X  (i.e. the 
lengthening of one of the arms of the interferometer) which has an effect on the line 
width. If we do not use the transformations mentioned, instead of (25) we obtain

712 (X, D)  =
exp[—iw0[A/c — ( l /u 0 — l/c)D]] Г \{Xu)2[X/c -  (l/u0 -  \/c)D}2

[1 -  i(Aai)2(d2ifc/^2)WoD]i/2 x e x p [ 1 -  i(Auj)2(d2k/dio2)UoD

The shape of the coherence function remains Gaussian but the coherence length 
becomes longer than the initial one. Also the phase of the interference fringes is 
no longer constant, it shows a slight variation along the interference curve. In re­
ality, the spectrum (a real nonnegative quantity) does not change as a consequence 
of the dispersion, but each Fourier component gains an additive frequency depen­
dent phase. Nevertheless, the interference can be observed for larger arm-length 
differences.

4. Now we come to the interferometric method which seems to be possible to 
implement. The optical analogy of the proposed experiment was perfected in 1961 
[10]. The authors demonstrated that a longer coherence than that offered by the 
light source can be obtained with the aid of an additional interferometer. They put 
a Fabry-Perot pair into a beam and the output was analysed by a Michelson inter­
ferometer (Fig. 1). At the input of the Fabry-Perot interferometer the coherence 
length of the emitted light was less than twice the spacing of the parallel plates. 
The interference pattern measured with nearly equal arm lengths of the Michelson 
interferometer vanished when one of the arms was lengthened by an amount which 
was measured with the same source but without the F-P interferometer. The pat­
tern came back, when the arm-length difference approached the separation of the 
Fabry-Perot interferometer plates. The effect was repeated for every multiple of 
the separation. Interference was observed up to the eighth order. The visibility 
of the interference in the individual orders was reduced in accordance with the ex­
ponential law, as the amplitude of the output wave of the F-P interferometer is 
also reduced exponentially after each round-trip. (The same effect can be observed 
when measuring the longitudinal interference of a laser beam, containing several 
longitudinal modes.)
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Fig. 1. E x p erim en ta l se t-up  used in [10]. L  -  m ercury sp e c tra l  lam p, M  -  m onochrom ator, F - P  -  
F a b ry -P e ro t ini erferom eter, D  -  detector

The effect of the interferometer is principally the same as the effect of a better 
monochromator: the spectral transfer function of the Fabry-Perot acts like a comb­
like filter on the initial spectrum, by cutting off periodic parts of the spectrum.

Though the neutron storage device [11] can in principle be regarded as a 
Fabry-Perot interferometer, in practice it is virtually impossible to store neutrons 
without spoiling the phase of the neutron wave. It seems to be realizable to enlarge 
the coherence length with the aid of a five or a four plate Bonse-Hart device (details 
of the latter were reported in [12]). Let us take a five plate interferometer (Fig. 2) 
and put two media into the arms of loop A between plates I I  and III, one with 
attractive, the other with repulsive pseudopotential. The first speeds up the wave 
packet, the other slows it down. Consequently, the wave train leaving point X  on 
plate I I I  will consist of two superimposed packets, shifted with respect to each 
other. In loop D, a third packet with no slowing down/speeding up is added to 
the twin train, and three superimposed packets reach point Y . If the phase plate is 
placed between plates IV  and V, after mixing at point Y  on plate V a pair of trains 
consisting of three superimposed wave packets interferes, this can be measured at 
ports 5 and 6. At points Z and Z ‘ one train of three packets is mixed with a single 
packet, at ports 2, 3, 6 and 7 the interference length is shorter than in the previous 
case, but longer than with a three plate interferometer.

Let i p + ,  i p o  and ф_ be the wave functions of the neutron with speeding up, 
with no speeding up/slowing down and with slowing down, respectively. The wave 
function of the train at port 5 is,

Ф -  Ф +  +  Ф о  +  Ф -  +  Ф +  +  Ф о  +  Ф -  ,

where the bar denotes the phase shift in loop D. Let the speeding up/slowing down 
introduced in loop A be longer than the coherence time, but the shift introduced in
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/

II

III

IV

V

loop D is less than the coherence time (i.e. all the packets overlap). The residual 
density is

\ Ф ?  =  s +  2Щ ф + ф*+  +  Ф о Ф о  +  Ф - Ф - ) >

where
s = \ ф 1 \  + \ф 20 \ +  \ ф 1 \  + \ ф 1  I +  \ ф 1\  +  \ Ф 2л

If the shift in D is nearly equal to the speeding up/slowing down, (only two 
packets overlap) the density is

\ Ф \ 2  =  s +  2 т г [ ^ 1  +  Ф + Ф * 0 ]-

Finally, for the shift of double speeding up/slowing down,

\ф\2 = S  + 27Zip+ip_.

The contrast takes its maximum value only in the first case. In the second 
order it is more than 2/3 part of that of the first; in the third order not more than 
1/3. Nevertheless, interference can be observed around five positions of the phase 
shifter.

At ports 2, 3, 4 and 7 a triple train interferes with a single one, the phase 
shifter has only three positions, around which interference can be observed but the
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contrast does not differ in various orders, if the absorption of the media is small. If 
an absorber is put into loop В to cover the path with no slowing down (location U) 
a triple packet will be combined with a double one at У on plate V, but the number 
of orders remains 5. A four plate interferometer offers similar results: interference 
between a twin and a single train can be observed behind points P and Q.

3. W ave packets or superposition o f independent infinite waves

In the discussion [8] following the publication of the first coherence experiment
[7] it was cleared that the last experiment cannot distinguish1 between two models 
of neutron waves: Does the neutron beam consist of nearly identical wave packets, 
or is it a simple superposition of infinite sinusoidal waves, where the modulus of the 
amplitude of the Fourier components is the square root of the spectral density, but 
the initial phase of each component is independent of the other?

The first case corresponds to a model of electromagnetic wave packets emitted 
by atoms (the length of the packet is determined by the emission process), the sec­
ond to the radiation of an incandescent lamp. There is no model for the elementary 
radiation process of the latter, we have a model for a black body in the equilibrium 
state only. In this model the spectral components are cavity modes, the energy 
change between modes is perfected by a small soot particle. These modes (Fourier 
components) can be regarded as independent. Nor can optical interferometry dis­
tinguish between the two ideas, but in optics there is a possibility to measure higher 
order momenta.

In both cases, however, we have a priori knowledge about the source and about 
the interactions undergone by the agent under observation. Neutrons, produced 
somewhere inside the reactor suffer collisions or, at least, they interact with the 
monochromator crystal that acts as a grating. Every atom of the grating scatters 
the neutron, the atoms are periodically arranged, the wave reaching the observation 
point is influenced by this periodicity.

For electromagnetic radiation no dispersion takes place in a vacuum, the pe­
riodicity at each point (far enough from the grating or in the focal plane of a lens) 
is conserved. The finite interference length is defined by the textbook formula for 
the resolution power of the grating, or in a spectacular way: the coherence length 
is equal to the path difference of the boundary rays (Fig. 3).

If the radiation impinging on the grating has no periodicity, it will be produced 
by the periodic elements of the grating itself. If there is a periodicity in the primary 
radiation (spectral line source) intensity is observed only in directions for which 
the periodicity offered by the grating equals that which was present in the incident 
light.

Neutrons, as produced in the fission process and scattered inelastically after­
wards, can be taken into analogy with the thermal radiation. The last interaction 
with the monochromator defines the initial form of the wave function, which obeys 
on the further path the Schrodinger equation of free particles. There is no reason

'N o r  c a n  th e  experim en t p roposed  in  th e  p rev ious section help .
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Fig. 3. T he effect of a  period ical s tru c tu re  on th e  field

to doubt the existence of wave packets, but a real experiment would help to clear 
up this problem.
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APPLICATION OF NEUTRON ACTIVATION ANALYSIS 
IN STUDIES OF CHEMICAL ELEMENT DISTRIBUTION  

IN RIGA (LATVIA) DRINKING WATER

M . V ir c a v s *, I. T a u r e , G. E g l i t e  and Z. B r i k e

Nuclear Research Centre, Latvian Academy of Sciences 
31, Miera st., Salaspils, LV-2169, Latvia

T he m e th o d  of instrum ented  neu tro n  ac tiv a tio n  analysis is ap p lied  in order to  e s ti­
m ate  th e  d is tr ib u tio n  of m a jo r, m inor and trace  elem ents in d rink ing  w ater of R iga. T h e  
chem ical com position  of d rin k in g  w ater varies considerably  in d ifferen t d istric ts of R iga. 
T he g rea tes t concen tra tion  differences for Zn a n d  A1 are observed. M edian co n cen tra ­
tions of d e te rm in ed  elem ents a re  less th an  m ax im u m  perm issible concen tra tions (M P C ). 
A lthough in  som e cases the  co n cen tra tio n  of A1 a n d  Fe are m ore th a n  th e ir  M PC.

Introduction

The quality of drinking water is evaluated firstly in terms of parameters which 
are or may be of significance to public health, and secondly in terms of parameters 
that affect the acceptability of water to consumers because of effects on appearance, 
taste, odour or other properties not directly related to health but important in 
relation to normal water use. Health-related parameters may be subdivided into 
microbiological, chemical and radioactive components (Packham [3]). Inorganic and 
organic compounds of different chemical elements play an important role among 
various chemical substances influencing the quality of drinking water. The results 
of many experimental studies suggest a correlation between element concentrations 
in drinking water and human health. For instance, small amounts of As in the 
environment, especially in drinking water supplies, can cause skin cancer (Pearce 
[4]). In order to reduce the concentration of As to below 0.01 mg/L fundamental 
principles and the stage development of As removal from drinking water is reported 
by Stover and Roennefahrt [5]. Besides, in the 1993 guideline values of World 
Health Organisation (WHO) have been revised in respect to maximum permissible 
concentrations (MPC) of As and Pb in drinking water, i.e. the new guideline 
values of he mentioned elements are 0.01 mg/L (Packham [3]). Lanciotti et al [2] 
have discussed the problem of Ba concentrations in Italian drinking water supplies. 
Experimental investigations show a correlation between levels of Ba in drinking 
water and high blood pressure (Kopp et al [1]).

The contamination of drinking water sources both surface and ground waters 
is connected with the development of industry and its intensification as well as with

‘ C orrespondence: M. V ircavs, M in istry  of E n v iro n m en ta l P ro tec tio n  a n d  R egional D evel­
o p m en t of L atv ia, 25 Pe ldu  S t., LV-1494, Riga, L atv ia
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the growth of urban concentration. As a consequence drinking water sources are 
polluted with different chemical substances including various element compounds. 
In this connection Weideborg et al [6] have reported that acid precipitation affects 
surface water sources. As a result the concentrations of trace metals, especially 
lead, increase in drinking water sources.

In Latvia one of the areas most influenced by the industry is Riga with the 
surrounding districts where different kinds of industry are concentrated. In order 
to estimate the influence of industrial activities on the quality of drinking water 
of Riga an analysis with respect to major, minor and trace elements contents is 
necessary.

The state control institutions which test and determine the suitability of 
drinking water have information about only a few chemical elements (Fe, Pb, Cd, 
Zn, Hg, Mn, Al) and only at the pumping stations. In order to obtain maxi­
mum information about element concentrations in Riga drinking water we chose 
instrumental neutron activation analysis (INAA) with pile neutrons using Research 
Nuclear Reactor (RNR) at Salaspils, Latvia; an ordinary water-water pool reactor 
with a nominal thermal power of 5 MW. Besides, we analyse drinking water samples 
collected in different dwellings of Riga and water pumping stations as well as some 
water samples of wells whose water is used for drinking.

This paper presents the analysis of data obtained by INAA which characterize 
the concentration level of chemical elements in drinking water.

Experim ental

Water samples for the present study were collected in the daytime during 1991 
and 1992 from 24 dwellings of Riga, 8 wells and 4 water pumping stations. The 
wells (depth 3-4 m) are located in the surroundings of Riga. Polyethylene screw-cap 
bottles were used as containers for water samples. After slow evaporation 50-100 mg 
of the obtained remnants were irradiated with neutrons.

Short irradiations were made using the RNR horizontal experimental channel 
with a pneumatic transport facility (2-3 s transfer time) at the following fluxes of 

^thermal and resonance neutrons: Fth — 1.6 x 1013 n-cm-2-s-1 ; Fre, = 8.5 x 10u  n- 
cm-2 s_1. Gamma spectra of the irradiated samples and standards were recorded 
using a Ge(Li) detector (energy resolution 2.8 keV (FWHM) for the 1332 keV 60Co 
gamma-ray) coupled to a 4000-channel analyser (NTA-1024, Hungary). Samples for 
short irradiation were packed in polyethylene containers and counted directly. The 
irradiation (<,), delay (td) and measurement (tm) times of samples and standards 
were the following: t{ = 30 s, td — 3 min and tm — 200 s.

Long irradiations were performed in the RNR vertical experimental channels 
at the fluxes Fth = (1.2 — 5.2)x 1013 ncm - 2 s-1 ; Fre3 = (2.1— 4.2)x 10u  ncm - 2 s-1 . 
A high purity Ge detector (2.1 keV energy resolution) connected to a 4000-channel 
analyser (Nokia LP-4900, Finland) was used. Samples and standards were wrapped 
in Al foil for irradiation. Before measurements the radioactive Al foil was removed. 
The following analytical scheme was used: I,- =  17 h, td = 72 h and tm = 10 min; 
ti = 17 h, td = 21 d and tm =  15 — 30 min.
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R esults and discussion

The drinking water of Riga consists of surface (lake and river; 60 %) and 
ground water (artesian waters from 100-200 m depth in Devonian sedimentary rocks; 
40 %). The dry remnant of drinking water varies from 180-530 mg/L with median 
concentration of 250 mg/L. Surface water does not correspond to drinking water 
standards. Therefore it is purified before the water supply system. In return ground 
water quality corresponds to the existing standards with the exception of Mn whose 
concentration in some sources is up to 2 times more than MPC. Considering that 
Riga drinking water is a mixture of surface and ground waters in the water supply 
system the elemental concentrations level out, for instance, the concentration of Mn 
in the water supply system is less than MPC.

The chemical composition of drinking water from different surface and ground 
water sources varies considerably. For example, the maximum : minimum concen­
tration ratios in surface and ground water sources are 30 for Fe and 29 for Al, the 
concentration of Mn only in ground waters varies by a factor 42.

26 chemical elements (Mg, Al, V, Sc, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, 
Cl, Rb, Sr, Ag, Sb, Cs, Ba, La, Ce, Hg, Th, U) were found in wide concentration 
ranges in drinking water samples collected in different dwellings of Riga. Some 
of these elements were determined only in some samples but 11 elements were 
quantified in all drinking water samples (see Table I). In spite of the fact that 
Riga drinking water is a mixture as it is indicated above elemental concentrations 
differ also in different districts of the city. The greatest concentration differences 
were observed for Zn and Al: the lowest concentration of Zn was 0.001 mg/L and 
the highest was 0.256 mg/L; the lowest concentration of Al was 0.015 mg/L and 
the highest was 0.89 mg/L. Besides, the latter exceeds the MPC (see Table I). 
The highest concentrations of Al may be connected with the use of А Ь ^ О ^ з for 
drinking water purification as well as with the changes of surface and ground water 
distribution in the water supply system. The obtained data show that the highest 
concentrations of Zn and Al were observed in relatively new housing areas. In the 
case of Zn this can be explained by decreased leaching of Zn from the pipe-lines as 
they grow older. In connection with the obtained data it is possible to conclude 
that one of the main reasons of elemental concentration changes in drinking water 
is the quality of pipe-lines. It follows that the concentrations of elements differ even 
within the same street, for example, the concentration of Zn differs by a factor 5 
but the concentration of Fe by a factor 2.

There are no clear differences in elemental concentrations between hot and 
cold pipe-line water. The data show that the shortage of coagulants used in the wa­
ter treatment does not essentially influence the concentrations of chemical elements 
in the drinking water.

The elemental composition of wells and pipe-line water does not differ with 
the exception of well water which is located in some wells situated near the old 
dumping ground of Riga (approx, at a distance of 2 km). There were observed high 
concentrations of Al (0.7 mg/L), Mn (0.7 mg/L), Fe (17 mg/L), Zn (0.66 mg/L), 
Cr (0.036 mg/L), Rb (0.088 mg/L) and lanthanides (e.g. La, Ce, Eu, Tb, Yb).
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The water of the mentioned wells is not used for drinking but only for splashing of 
vegetables.

One of the criteria of the suitability of drinking water is the MPC of chemical 
elements which are established in standards. MPCs are not given for all elements 
and norms in different countries and organisations are established according to their 
own criteria. Four different sets of standards are given in Table: the former USSR 
(GOST), Sweden (SW), the European Community (EC) and the WHO. At present 
the standards (GOST) of the former USSR are valid in Latvia. Comparing elemental 
concentrations in the drinking water with the standards of the former USSR and 
others (see Table I) we ascertained that with few exceptions, the concentrations 
are lower than the MPCs in all sorts of standards. The limits of detection of the 
IN A A method are considerably lower than the MPCs for all mentioned standards 
(see Table I).

T able I
C o n cen tra tio n  ranges, m edian  concen tra tions of chem ical elem ents in  R iga  

drink ing  w ater, th e ir  lim it of d e te c tio n  and  m axim um  perm issible con cen tra tio n s

E lem ents C oncentr.
ranges

Me LOD G O ST  
Ref [9]

SW
Ref [10]

EC
R ef [7]

W HO 
Ref [8]

Mg 1.1 -  27* 10* 500 30* 30*
Cl 3 .3 - 9 2 * 11.2* 1 350* 100 -  300* 250* 250*
A1 15 -  890 65 1 500 100 200
Fe 40 -  700 190 7 300 100 200 300
Zn 1 -  256 29 0.7 5000 300 5000
Mn 9 -  102 36 0.2 100 50 50 100
Sr 4.3 -  47.3 11 0.2 7000
Co 0 .0 3 - 0 .7 0.07 7 X 1 0 "4
Sb 0.04 -  0.2 0.06 7 X lO“ 4
Sc (5 -  28) X IO“ 3 9 X 10“ 3 5 X 10“ 4
Cr 0.2 -  7.7 0.7 0.05 50 50 50

1 / 2LOD -  L im it of d e tec tio n , ca lcu la ted  as 3 • N j  , w here N j  is background  level under 
ph o to p eak

M c -  M edian concen tra tions; * -  C o ncen tra tions in m g /L , o th er co n cen tra tio n s in  Mg/L.

Using the method of INAA the composition of Riga drinking water (in dwellings 
and water pumping stations) and of well water in respect to major, minor and trace 
elements is carried out. INAA is appropriate for drinking water monitoring in re­
spect to content of chemical elements. Quality of Riga drinking water with few 
exceptions corresponds to the indicated standards (see Table I). Besides, it is nec­
essary to note that the control services should not monitor water quality only at 
the supply stations, but also in selected cases in dwellings.
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POLARIZED NEUTRON SET-UP

M. I. T S U L A Y A , M. S .  G AB ELYA and S.  I. D j A M A S PIS H V ILI

Inst i tu te  of Physics of the Academy o f  Sciences of Georgia 
6, Tamarashuili St., 380007 Tbilisi, Georgia

A m onochrom atic  p o la rized  n eu tro n  se t-u p  fo r study  of n e u tro n  precession was con­
s tru c ted  a t  th e  In s titu te  of P h y sics  of the A cadem y of Sciences of G eorgia  in  T bilisi in  
coopera tion  w ith  th e  In s titu te  o f  Nuclear R esearch  (INR) in Sw ierek, P o land  [1]. T h e  
se t-up  can  basica lly  be  used fo r o th e r  experim ents in  nuclear and  solid  s ta te  physics. D e­
scrip tion  a n d  physical p a ram ete rs  of th e  in s tru m e n t including su p erconducting  sp in-flipper 
operation  p rincip le , its design a n d  resu lts  of ex p erim en ta l check of th is  flipper are described .

1. Spectrom eter

The general lay-out of the instrument is shown in Fig. 1. The polarized neu­
tron beam is obtained by means of the (200) Bragg reflection from a ferromagnetic 
crystal of Co0.92Fe0.08 alloy. The primary neutron beam is formed by a Soller colli­
mator, with 20' horizontal and 3° vertical divergence. The beam size at the polarizer 
is 50 X 30 mm2.

Two Co-Fe single crystals set in transmission for (200) reflections serve as 
polarizer and analyser. The crystals have been grown at INR. The original orien­
tation of the single crystal plates was determined by means of back-reflection of 
X-rays with an accuracy of 30'. The plates have been finally cut along the required 
crystallographic directions with a precision of about 2'. The method applied was 
first invented by Beiel et al [2]. A plate with dimensions of 3 x 34 x 34 mm3 was 
selected for the monochromator-polarizer from several plates available. Two other 
Co-Fe plates with dimensions of 3 x 35 x 53 mm3 and 0.86 x 32 x 42 mm3 were 
selected for polarization analysis. Hereafter we shall refer to the first as the “thick 
analyser” . Similarly, the second plate will be called a “thin analyser” . The polarizer 
and analyser crystals are magnetized along the [110] direction.

A radio-frequency (R-F) spin-flipper is placed between the polarizer and anal­
yser crystals. In the first experiments, carried out in order to determine the main 
parameters of the unit, a long magnetic guide field of 65 Oe covered the whole 
distance form the flipper to the analyser. The construction of this, as well as all 
the other magnetic guiding fields used in the experiment consists of two long coils 
made of a copper wire 0.6 mm in diameter. The core is made of soft-iron ARMCO. 
Each coil has 450 turns. Except for the use of the core, the overall construction is 
the same as described in [3]. The use of such a system makes it easy to select an 
optimal value of the guide field intensity.

After R-F spin-flipper Mezei’s flipper is displayed (Fig. 2). The construction 
of the magnetic system of the flipper is designed from ARMCO alloy. Two right- 
angle coils, giving horizontal magnetic fields with the opposite direction, are made 
of a copper wire 0.63 mm in diameter.
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12

F ig. 1 . G enera l lay -ou t of th e  in s tru m en t. 1 -  Soller collim ator; 2 -  po larize r in an e lectrom agnet; 
3 -  m ag n e t gu id in g  field; 4 -  im m ovable biological sh ie ld ; 5 -  m obile biological shield; 6 -  resonance 
spin-flipper; 7 -  Mezei sp in-flipper; 8 -  cryostat; 9 -  goniom eter; 10 -  an aly se r with e lectrom agnet; 
11 -  n e u tro n  d e tec to r; 12 -  m o n ito r; 13 -  d e tec to r sh ield ; 14 -  base o f se t-up ; 15 -  base o f sam ple;

16 -  base of d e te c to r  shield

In the first version whole set-up polarizer table, guiding magnetic fields, spin- 
flippers and analyser table are designed on the same base. The rotation axis of this 
base coincides with polarizer rotation axis.

The set-up was developed as follows: a superconducting neutron spin-flipper 
was constructed and one more axis of sample rotation was added (9, Fig. 1). An 
analyser, a neutron detector and an additional spin-flipper (if necessary) are placed 
on the basis of the added axis of sample rotation.

A 3He neutron counter of CHM-18 type (made in USSR) is used to detect the 
diffracted neutron beam, while a fission chamber RM-70 (made in INR, Poland) is 
used as a monitor. The location of a preamplifier and an amplifier in single block 
directly at the outlets of the detectors greatly facilitates the service of this part of 
the electronic system.

The described polarized neutron set-up is located at the IRT-M type reactor 
in the Institute of Physics of the Georgian Academy of Sciences in Tbilisi. 2

2. Basic parameters o f the diffractometer

The most important experimental parameters of the polarized neutron set-up 
are listed in Table I .
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Fig. 2. Mezei sp in-flipper. 1 -  e lectrom agnet poles; 2 -  e lectrom agnet coils; 3 -  right-angle coils 
w ith  the  o p p o site  d irection  of m ag n e tic  fields

Estimation of the neutron polarization and flipping efficiency has been carried 
out by comparing the polarization ratios R = /+ //_ ,  i.e. the ratio of intensities 
obtained with the spin-flipper “off” and “on” , respectively, measured separately for 
the two analyser crystals described in the previous Section.

The polarization ratio obtained with the “thick” analyser was R = 67.5 ±  1.5. 
However, in order to relate this R  to the polarization of the monochromatic beam 
one should first determine the amount £ of the second-order neutron in the beam.

The estimated value is £ =  0.032±0.001, where the error reflects the statistical 
errors of measurements and does not include any systematic errors inherent in the 
estimation method itself.

Having obtained £, one can calculate the amount of second-order neutrons 
scattered by the analyser when the spin-flipper is switched on. Since in this case 
the crystal reflectivity is very low, the secondary extinction can presumably be 
neglected. Following the above speculations, the polarization ratio for the thick 
analyser after correcting for the second-order scattering is R — 80.4 ±  1.8.

Similar measurements have been carried out for the second, thin analyser. 
Correcting for the second-order scattering determined from measurements on the 
thick analyser one gets R = 146.4±3.6. For the experimental data handling one can 
assume that the beam polarization is P  = 0.993 ±  0.007 and the flipping efficiency 
к =  0.996 ± 0.004, both values characterizing first-order neutrons, of course.
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T able I
B asic p a ram ete rs o f th e  experim ental se t-u p

N eu tron  w avelength  Л 0.111 run
Frac tion  of second-order n e u tro n s 0.032 ±  0.001

N eu tron  po lariza tion :
1st o rd e r neu trons 0.993 ±  0.007
2nd  o rd er neu trons 0.506

F lipp ing  efficiency:
R F  spin-flipper 0.996 ±  0.004
M ezei spin-flipper 0.992 ±  0.005

Polarizer
C o-F e 3 X 34 X 34 m m 3

A nalysers:
C o -F e  th ick 3 X 35 X 53 m m 3
C o -F e  th in 0.86 X 32 X 42 m m 3

M agnetized  field on the  po larize r 0.35 T
M agnetized  field on the  an a ly se r 0.195 T

M agnetic  gu ide fields:
B efore th e  spin-flipper 42 Oe
A fter th e  spin-flipper 65 Oe*
C o p p er wire d iam ete r 0.6 m m
N u m b er of tu rn s in one coil 450

R F spin-flipper:
P e rm an e n t m agnetic  field 140 Oe
L en g th  of the  coil 168 m m
Coil d iam eter 50 m m
C o p p e r wire d iam eter 1 m m
N u m b er of tu rn s 158
R esonance  frequency 408.9 kH z

*In the  ex p erim en t w ith th e  n e u tro n  nuclear p recession  this 
field is s e p a ra te d  in to  two fields: before and a fte r  th e  sam ple 
p laced  in  th e  c ry o sta t (see Fig. 1). T he in tensities o f th e  guide 
fields in  these  two sections are  th e n  55 Oe.

3. Superconducting neutron spin-flipper

The superconducting neutron spin-flipper is of a type of spin-flippers, which 
operate in connection with the fast overturn of guide magnetic field method (Majo- 
rana method [4]). In this method it is necessary to create conditions of non-adiabatic 
neutron flying through the magnetic fields region with the opposite direction

-  UL 
Wo

u l L
7TV

<  1.

w C w 0. ( 1 )
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Here uil — 7 nH is the frequency of Larmor precession of the neutron in the neutron 
in the magnetic field H, is the frequency of the turn of the field vector H
in the system of coordinates connected with neutron, L is the length of the region 
in which the vector H turns by 180°, v is the velocity of the neutron, -y„ is the 
gyromagnetic ratio for the neutron.

In 1971 one of us (M. Tsulaya) suggested that a superconductor of the first 
kind should be used for the conservation of the condition in Eq. (1) instead of an 
aluminium thin foil [6] used before on thin copper wires with a strong direct electric 
current [7].

The idea of operation of superconducting spin-flipper [5] consists in the follow­
ing. According to the Meissner effect when a superconductor is cooled in constant 
magnetic field up to the temperature below critical Tc, the magnetic force lines 
are ejected from it and the metal becomes the ideal diamagnetic. Consequently, 
magnetic induction inside the metal in superconducting state is always equal to 
zero (5  = 0). The penetration of the external magnetic field into the superconduc­
tor is of an exponential character of dumping and is characterized by the depth of 
penetration, which is 5 • 10-6 cm for copper at T = 4.2 K.

If we place the shield of first kind superconductor on the way of a polarized 
neutron beam perpendicular to its direction the magnetic field lines will penetrate 
only to the depth 5 • 10-6 cm and the condition of nonadiabaticity will be fulfilled 
(Eq. (1)).

If the conditions of nonadiabaticity are fulfilled, the neutron, passing through 
the screen, keeps the direction of its spin in the presence of magnetic field of any 
direction behind the screen which differs from that of the spin of the neutron before 
the screen.

In case the magnetic field H makes a certain angle with the direction of the 
spin of the neutron behind the superconducting screen the spin of the neutron will 
begin to precess with certain frequency in this field, and depending on the value of 
field H and distance L, it wil turn by a certain angle.

Proceeding from the above said, a superconducting spin-flipper was created
[8], the principal chart of which is presented in Fig. 3. It consists of superconduction 
magnetic dipole 4 and two lead glasses 2 and 3, placed inside the magnetic dipole. 
The bottoms of the glasses face each other on fixed distance. The field H created 
by the magnetic dipole, is perpendicular to the spin of the neutron.

The beam of polarized neutrons emerging from Mezei flipper 1 enters the 
superconducting glass 2 of the superconducting flipper and, keeping the diffraction 
of the spin in it, leaves it through the bottom with the spin perpendicular to the 
direction of the magnetic field H existing between the bottoms of superconducting 
glasses 2 and 3.

Further, on the distance L between bottoms of glasses 2 and 3 the spins of the 
neutron will precess around direction of field H of dipole with Larmor frequency 
ul and will turn by angle

ul L i nHL
tp -- u L t  -  ------=  ----------

V V
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b)

Fig. 3. Schem atic d iag ra m  of superconducting  n eu tro n  spin-flipper, a  -  general schem atic  d iagram , 
1 -  Mezei flipper, 2,3 -  lead  glasses, 4 -  su p erconducting  m ag n e tic  dipole, 5 -  n e u tro n  sp in  analyser, 

6 -  n e u tro n  d e te c to r, b  -  lead  glass design

where v is the velocity of the neutron, and neutrons with spins turned by angle <p 
will reach the second glass 3.

If glass 3 is also in the superconducting state, then during the motion inside 
the glass, the neutron will keep the direction of the spin with which it entered glass 
3, and with the same direction it will reach neutron analyser 5. Since analyser 
5 lets the neutrons with spins directed along its magnetization and does not let 
neutrons with opposite spins, the number of neutrons will vary from maximum 
value to minimum on neutron detector 6 depending on the angle y according to the 
law 1~c2°s¥i The distance between the bottoms of lead glasses 2 and 3 is fixed and 
the change of value of magnetic field H will cause the change of angle that, in its 
turn, determines the change of the number of neutrons on detector 6.

4. Experim ental unit

The experimental testing and determination of parameters of superconducting 
spin-flipper were carried out on the unit of polarized neutrons [1] using a helium 
cryostat with superconducting magnetic dipole.

The helium cryostat (Fig. 4) with replaceable superconducting magnetic sys­
tems was designed for neutron investigations. The basic construction material for 
the cryostat was stainless steel 1X18HI0T. The upper flange 1, the carrying con­
struction on which all units of the cryostat are suspended, nitrogen bath 5, helium 
bath 9 and vacuum casing 2 are made of the above material. Central steel tube 
3 with dimensions 40 x 0.5 mm for pumping of He vapours is used for hanging of 
helium bath and superconducting magnet. Through the tube an electromagnetic
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Fig. 4. H elium  cryosta t. 1 -  u p p e r flange, 2 -  vacuum  casing, 3 -  c en tra l steel tu b e  for pum ping 
the vap o u rs , 4 -  vacuum  p u m p in g  line, 5 -  n itro g e n  vessel, 6 -  th e rm a l screen, 7 -  line  o f pum ping 
the vapours, 8 -  ind ium  sealed  jo in t (like t ig h t  connection w ith  ind ium  seal), 9 -  h e lium  vessel, 
10 -  h e liu m  level gauge, 11 -  a lum inium  flange, 12 -  vacuum  seal, 13 -  sp in-flipper casing, 14 -

curren t lead ers , 15 -  lead glasses

guide system 14 is installed. Thermal shields 6 are manufactured of sheet copper, 
the thickness of which equals 3 mm. Various superconducting magnetic systems and 
experimental devices can be easily connected to helium bath 9 through a dismount- 
able joint with indium seal. The level of helium is controlled by carbon resistors of 
Allen-Bradley type according to the Lavrent’ev-Churakov scheme [9].

In order to minimize the losses of neutrons on their way, the flanges of alu­
minium alloy AD thinned over the perimeter of the neutron beam to 0.3 mm are 
placed.

Vacuum Wilson seal 13 with the use of teflon allows to rotate the cryostat with 
liquid helium and the current leaders of the magnet around its axis within the range
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0-360°, and the system of direction of angles of turn, developed by the scientists at 
the Research Institute for Nuclear Problems of Belorussian State University, allows 
to adjust the cryostat with a precision 10-6 rad.

The magnetic field of spin-flipper is created by superconducting magnetic 
dipole of a diameter 41 mm and a length of 245 mm. The dipole sections were man­
ufactured of superconducting wire HT-50 of a diameter of 0.3 mm. The magnetic 
field is measured by a Hall transducer of ПХЗ S0S118A trade mark.

The spin-flipper magnetic field may be created by any magnetic systems (con­
stant magnet, Helmholtz coil) generating a uniform magnetic field between the 
bottoms of the lead glasses.

Lead glasses (Fig. 3b) were cast.
The penetration of magnetic force lines inside lead glasses from the open end 

was checked separately. It was established that on the distance of 20 mm (an inner 
diameter of the glass) the magnetic intensity falls down to zero.

The whole superconducting spin-flipper is placed into the case of stainless 
steel and is connected to helium bath 9.

5. Experim ental results

The beam of polarized thermal neutrons of wavelength A =  1.11 Á(u = 3.56 • 
105 cm/s) was transmitted through spuperconducting spin-flipper and for various 
values of the magnetic field between the bottoms of glasses the polarization ratio 
was determined:

where N i and N2 are the numbers of neutrons (with account of the background) at 
switched on and switched off Mezei flipper, respectively.

The efficiency of the turn over of the spins of superconducting spin-flipper is 
determined from the expression:

“ eff
1  -  D 

2

where the value of depolarization is:

_  1 +  sRo Rí — 1 
Ro —  1  1  - ( -  cRi

Here Ro is the polarization ratio at the beginning of the experiment, when the 
magnetic field H = 0 ; R{ is the polarization ratio corresponding to the magnetic field 
Hi ] e is the efficiency of the turn over of Mezei flipper. Results of the experiments are 
presented in Fig. 5, demonstrating the dependence of the efficiency of flipper K e j j  

turn over on the value of the magnetic field between the bottoms of superconducting 
glasses.

At the fixed distance L between the bottoms of lead glasses and at the velocity 
of neutrons V — 3.56 • 105 cm/s the complete turn over of the neutron spin must
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Fig. 5. D ependence of efficiency of inverted flip p er К  on the m ag n e tic  field flux H

occur at the magnetic field intensity H = n ■ 60.25 Oe (n = 1,2, 3 ,... ) As Fig. 5 
shows, the periodicity is strictly observed, but the distance between maxima is not 
60.25 Oe, but 50 Oe.

We suppose that the reason for that is the following:
1. The exact flux of the magnetic field H is not known. It is connected with:
a) As the Hall transducers were not adjusted strictly perpendicular to the 

magnetic field flux the magnetic field of superconducting magnetic dipole was not 
precisely calibrated. Therefore the magnetic field between the bottoms of the lead 
glasses is greater than the measured one.

b) The transition of lead glasses into superconducting state distorts the mag­
netic field between the bottoms of glasses, the magnetic force lines are concentrated 
in the centre, and H increases.

2. Distance L between the glasses in not exactly 20 mm and when cooling it 
decreases.

It is seen from Fig. 5 that Kef f  on the first harmonic is less than on the 
second one. The cause of this phenomenon has not been researched yet. The 
decrease of the amplitude after the second harmonic can be explained by the not 
ideal monochromatization of the beam.

The maximum value of efficiency of spin-flipper turn over is:

K ef} = 0.9643 ± 0.0033.

It is obvious that by means of resonance curve (Fig. 5) we may determine 
the value of the magnetic field H  providing the required direction of the spin of 
neutrons at the exit from the bottom of glass 3 at fixed value L between the bottoms 
of superconducting glasses.

By means of the unit proposed the direction of the spin of neutrons at the 
entrance to the region with arbitrary directions of magnetic fields can be retained. 
For this purpose the presence of superconducting glass 2 or a plate of superconductor 
of first kind (Pb, Nb) in the unit described above is enough, placed on the boundary
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of two magnetic fields of opposite direction, as it was done in paper [10]. In this case 
the neutron passing through the spuperconductor, which is in a superconducting 
state, will keep the direction of its spin.

The superconducting spin-flipper described above is very simple in production 
and even simpler in operation, especially in experiments carried out at helium tem­
peratures and lower. To produce the superconducting flipper the superconducting 
material of the first kind with a high value of critical field Hc is required.

The unit proposed provides the nonadiabaticity of the vector of polarization 
of neutrons at their passage through the magnetic fields of arbitrary direction and 
also the required direction of the spin of neutrons in the given point of the space.
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BOOK REVIEW

G E O R G E  M a r x : The Voice of the Martians  
R oland E ötvös P hysical Society, B u d ap es t, 1994

It is a  fact of h is to ry  th a t  th e  g reat figures of hum an  c u ltu re  are no t d is tr ib u te d  evenly in space 
a n d  tim e. In the  tw en tie th  century , H ungarians played an  o u tstan d in g  role in  physics, especially 
in  nuclear physics. As F ritz  H outerm ans w rote: “T he galaxy  of scientific m inds w hich worked on 
th e  lib e ra tio n  of n u c lear power, were really  visitors from  M ars. They found it  difficult to  speak 
E nglish  w ithout an  a lien  accen t, which w ould give them  away, an d  therefore th ey  chose to p re ten d  
to  be  H ungarians, whose inab ility  to  sp eak  any language b u t  H ungarian  w ithou t a  foreign accent 
is well know n.” T h is m y th  is proudly  recalled  by E dw ard Teller in his E pilogue w ritten  to  the  
book.

T h e  first p a r t of th e  book ou tlines th e  h isto ry  of the  chain  reac tion  from  th e  th ir tie s , focusing 
u p o n  th e  con trib u tio n s of th e  M artian  H ungarians. This H u n g arian  version of th e  h u m an  quest for 
nu c lear power is based  m ostly  upo n  in terv iew s. T he au th o r, Professor M arx of th e  R oland E ötvös 
U niversity  in B u d ap es t, knew m ost of these  m en personally, v isited , invited  an d  in terv iew ed them . 
He jou rneyed  to  C hicago and  Los A lam os, to  H iroshim a a n d  N agasaki, to C hernoby l and  Paks.

T ourist brochures advertise  H ungary  as a  country  o f Tokaj wine, red  h o t pap rika , gypsy 
m usic, czardas dancing . It is less acknow ledged th a t  the  coach  and  the  m atch , th e  bail-po in t pen  
an d  R u b ik ’s cube, a lte rn a tin g  cu rren t technology and th e  transform er, tu n g sten  filam ents an d  
k ry p to n  filling in ligh t b u lbs, rad ioactive  trac in g  and  nuclear reac to r, electronically  p rogram m able  
co m p u te rs  an d  th e  B A SIC language, am ong  o thers, em erged from  brains b o rn  a n d  schooled in 
H ungary. T he a u th o r  discussing the  m y th  of th e  M artians, gives the  profiles of ten  H ungarians 
hav ing  lan d ed  in  th e  U n ited  S ta tes in th e  2 0 th  cen tury  (G eorge de Hevesy, T h eo d o re  von K árm án, 
Leo Szilard, Eugene P. W igner, E dw ard Teller, John  von N eum ann , John  G. Kem eny, Cornelius 
Lanczos, Z oltán  Bay, A lb ert Szent-G yorgyi). In the  th ird  p a r t  of the  book G eorge M arx exam ines 
th e  role th a t  the  H un g arian  h igh school -  th e  gym nasium  —  played in the  career of world fam ous 
H un g arian  scientists. T h e  last ch ap ter is a n  in tro d u c tio n  of th e  Eötvös Physica l Society and  a 
sh o rt h is to ry  of H un g arian  physics research  from  the  M iddle Ages up  to  th e  p resen t.

T h e  book can be  o rd ered  a t th e  R o land  E ötvös Physical Society, telefax: 36-1-2018682.

L. Jéki
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