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PREFACE

This report contains the lectures delivered at the Institute of Nuclear
Physics of the Academy of Sciences of the Uzbek SSR, Taghkent, from 4-18
September 1983 during the first part of the IAEA TC Interregional Training
Course and Study Tour on Neutron Physics and Nuclear Data Measurements with
Accelerators and Research Reactors which was jointly organized by the IAEA and
the USSR State Committee on the Utilization of Atomic Energy, on the recommen-
dation of the Agency's International Nuclear Data Committee.

The main reason for organizing this course was that neutron measurement
techniques are used in many laboratories in developing countries both for
research and for technological applications. Different sources of neutrons
are used for these measurements. Among the most common are neutron gemerators,
research reactors, charged-particle accelerators of various types and for
various energies, and isotopic neutron sources. The number of such facilities
in laboratories in developing countries 1s constantly growing, partly with the
support by the Agency's Technical Co—operation Programme. It is a continuous
responsibility of the IAEA to assist these laboratories in the profitable
utilization of these devices in technological research and educatiomal
applications.

The whole programme of the course and the lectures presented in this
report in particular gave an opportunity to the participants to become
acquainted with the latest developments in the field of fast neutron
measurements, in the studies of neutron interactions with nuclei, and in
related technological applications of immediate benefit to their countries.
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SOME ASPECTS OF THE PRODUCTION AND
APPLICATION OF RADIOACTIVE ISOTOPES

E.S. GUREEV
INP AS Uzbek SSR,
Tashkent, Union of Soviet Socialist Republics

Abstract

Methods of the production of radioactive isotopes using charged particle
accelerators, neutron irradiation in reactors, and extraction from the fission

products of heavy elements are described.

The discovery of natural and then artificial radiocactivities
has led in a relatively short period of time to the creation of

powerful nucleer energeticas and, at the same time, to the wide usc of

radioactive isotopes in industry, science, engineering, and parti-
cularly in medicine,

The useful radioactive isotopes are prepared by means of char-
ged particle accelerators, by neutron irradiation in nuclear reac-
tors end by recovery from the fission products of heavy elementis.

At present the short-lived isotopes are produced on a mass
scale in neutron fluxes of (2 1012-4,1013) n/(cm?.s) with exposures
of 1.4-2, 5, 21, 42, 63, 100 hours and longer, 40 items of such
isotopes being produced regularly.

The relatively short-lived isotopes required in large amounts
P, 131I,etc.L'as well es the long~lived isotopes, are produced in
special reactors with high neutron flux densities,

In addition to the moat common ( /) ) reaction the (7,2 ) and
( 1,2 ) nuclear reactions and the secondary nuclear reactions with
tritons and protons are employed to prepare a number of isotopes in
a reactor, The advantage of these reactions liesg in possibility of
prepering carrier-free sources. Three of those rcactions proceeding
with thermnl neutrons have been used for a long time to prepare
such important isotopes as tritium, 160 and 353. They are Li(n« )

14N( np )160 and 3501( np )353.

(32

A semi-gutomatic separating plant recently developed for ca-
tching the radiocactive carbon produced in the irradiation of nit-
rogen and for aeparating it in the form of barium carbonate per-
mits approximately 100 Cifyr of '4¢ with a ‘specific activity up to
250mCi/g to be produced,

The threshold (/7,2 ) reactions have been employed to prepare
a number of carrier~free isotopes, in particular,32P from sulfur,
5800 from nickel, 54Mh from iron, etc.

In all these caeses the elements are chemically scparated after
irradjation to isolate the isotope of interest from the target ma-
terial and the radiocactive impurities.

Some isotopes are prepared on the basis of the secondary reac-
tions occuring in composite targets, Thus, tritium nuclei are pro~
duced in a target containing lithium and oxygen (lithium carbonate)
by the 6Li(l1oc )3H reaction, The produced tritium nuclei have, in
turn,a sufficient energy to induce the 16 o(t, n)1 P reaction, The
identical method has been developed for preparing BMg by the 6Mg
(¢p) aug reaction in a terget containing magnesium and 1ithium,

The use of isotope~rich targets in one of the ways for produ-
cing radioisotopes with high specific activity and high radioi-
sotopic purity, This method has been recently uged moreand more wi~
dely to produce Y%k, 2lcr, 27Fe, 9Fe, ®Mzn and other isotopes,
in particular, for medical injection purposes, At present about 90%
of regularly produced radioactive isotopes are prepared by neutron
irradiation in reactors,

’ Using charged-~particle accelerators it is possible to prepa-
re the majority of radioisotopes now in use, but it is simpler
to prepare most of them in nuclear reactors where they are produced
on a large scale,

However, some radioactive isotopes either cannot be prepared
in nuclear reactors or their production in reactors is inefficient,
These are neutron-deficient isotopes produced by reactions with
charged particles usually in cyclotrons which represent the most
high~current accelerators of particles vith a required energy, Owing
t0 this the above lsotopes are nemed cyclotron isotopes. Thua, the
reactor and cyclotron methods of isotope production make a pair,
but with some exceptions compete with each other, The important fe-



ature and advantage of both the cyclotron isotopes and those pre-~
pared in a reactor by the threshold and secondary reactions are
that they have in moat cases a chemical nature differing from that
of irradiated target material, Therefore, they can be isolated from
the target with no carrier, i.,e., in such a form when all atoms of
the given isotope are radioactive, This makes it possible to prepa-
re the required sources with a high specific activity.

The intensive investigations directed to development of the
cyclotron methods for producing radioisotopes, to selection of opti-
mal cyclotron operating conditions for producing different isotopes,
to development of mechanized targeta, etc, allowed in a short time
the isotope nomenclature to be increased up to 60 end their regular
production to be organized, 22-MecV proton and deuteron beams as well
as 44-MeV alpha-particles are uged in the cyclotron production of
redioisotopes.

The method of processing materials irradiated in a reactor or
cyclotron, of recovering high-activity isotopeas free from a carrier
and redioisotope impurities and preparing labelled compounds and
special sources ha® been developed and improved, If at firat simple,
mainly inorganic, compounds were produced, later on the methods of
preparing hundreds of complex labelled organic compounds, pharmaceu-
tical, biologically-active and therapeutic-diagnostic preparations
including sterile and apyrogenic injection solutions were developed.

Practically all the up-to-date techiiques of radiochemistry
and organic chemistry ere applied to isolation of labelled compounds
and various special radioactive sources from targets, to their pro-
duction and purifiocation, For this purpose the Soviet scientists have
intensively developed the theoretical problems of adsorption, cocry-
stallization, solvent extraction, chromatography, isotopic exchan-
ge and other special methods as applied to the isotope separation
and isolation, and to the production of radioactive sources,

The simple and relianble precipitation technique was conventi-
onally used in the technology of radioactive source preparation, Af-
ter the mathematical theory of equilibrium solvent extiraction sys-
tems and the methoda of oalculation of extraction apparatus design
have been developed and the mechanism of solvent extracting micro-
quantities of a substance from aqueous solutions hab been studied,

it became possible to apply widely end efficiently the extraction
method to separation of many isotopes from targets irradiated in
a reactor or a cyclotron,

Recently a certain attention has been drawn to developing
“generators" of short-lived isotopes, The delivery of chort~lived
isotopes to users, especially long-distance transportation, leads
to a great loss in activity and,therefore,mekes no sense in many
cases, These difficulties can be overcome using isotopic generators,
i.e., systems containing two isotopes: a long-lived, parent isotope
end a short-lived, daughter one; the latter car be repeatedly sepa-
rated in situ es it is accumulated. The task involved selection of
suitable paira of the isotopes, development of a fast and simple
method of separating the required isotope and designln% of the
generator, The generators of 321, 99mT G, 90 Y, 87m Ga have be-
en developed and development of other short-lived isotopes genera-
tors is in progress,

The systematic inveatigations of the physicalechemical proper-
ties, of industrial separation methods and development of the flow
sheet for aeparation and ¥repuration of pure 06Ru 952r, 1311,
1440 47Pm OY 705 Te and other radiolsotopes were
initiated in the fiftiea.

The waste solution of nuoclear industry amounts of which are
large enough to provide the continuous production and the required
output of the above lsotopes for their wide use in national economy
ie the basic material, a supplier of fission fragment elements,

Taking into eccount the composition of solutions contaminated
by impurity cations of corrosion nature the technology of producing
the fragment elements provicdes for a stage of their concentration
through coprecipitation with such a carrier, as ferric hydroxide,
with a subsequent conversion of the concentrate into nitric acid
solution containing strontium, cerium, promethium, yttrium, zir-
conium, niobium, ruthenium, At this stage the radioactive isotopes
of caesium and technetium are converted in alcaline decantate from
where they are recovered by adsorption with inorganic sorbents or
ione change resins: nickel ferrocyanide in case of caesium and
organic resing in case of technetium,



The nitrate concentrate containing elements of the second and
third groups as well as zirconium, niobium and ruthenium is treated
by uwse of the precipitation-extraction flow sheet, The most promiaing
long~lived elementa,cerium, promethium and strontium, are separated
from the bulk of the impurities either by precipitation with a care
rier (calcium) in the form of oxalates with a subsequent isolation

of the strontium in the form of anhydrous nitrate or by solvent extra~

ction, The use of efficient extractants makes it posaible to extract
practically the whole of strontium and rare-earth elements from the
nitrate mixture of isotope,

The further separation of rare~earth elements ia carried out
by the solvent extraction with tributyl phosphate-nitric acid sys~

tem, The strontium and the calcium are separated, the calcium being pu-

rified from barium impurities, lead and other elemenits also by sol-
vent extraction technique, The purity of prepared sources of long-
lived fragment elements is rather high, The purification factor

of strontium from cerium is 104-105, that from promethium and other
trivalent rare~earth elements being 102-103. At the final processing
stages the promethium enrichment iz 10" relative to cerium and 104
with reapect to other rare-earth elements, in particular, to sama-
rium and neodymium, The yields of above elements ocmount to 95-98%,

The numerous investigations on development of radioisotope
ionizing radiation asources of different types, sizes and ratings
have been performed.

High~power beta-~ and gamma-sources based on ~ Co, 13705
end 95y gre used in irradiation apparatus for investigation of ra-
diation chemistry processes, irradiation sterilization, and in
experimental irradiators. Kilocurie isotopic thermal units of dif-
ferent types and purposes have been recently developed on the ba-
sis of alpha~ and beta - active isotopes, some units being produ-
ced in lots, )

Iaotopic X-ray sources have been developed; sources for remo-
val of electrostatic charges, a variety of sources for radioisotopic
instrumentation deaigned for process monitoring, inspection and
calibration of radiometric and dosimetric apparatus, including
reference gources, have been developed and are in production; the
production of "Mossbauer! sources has started,

60

Neutron~deficient, or cyclotron, isotopes are produced mainly in
nuclear rcactions with charged perticles. These isotopes can be
separated from a target without carrler, High specific activity and
a high radioisotopic purity is a feature of the sources of cyclo-
tron isotopes,

) There are a number of specific requirements to a syclotron
designed for industrial production of radioisotopes, These requi-
rements are reduced, in general, to necessity of developing high~
efficient methods of isotope production with using mechanization
and automatization of radiation hazardous works,

The amount of radioactive isotope produced in an irradiated ta-
rget is defined by the relationship

A= EBIL (1)

o

where A is the activity, €  is the coefficient determining
a loss of the igotope in the course of the target irradiation
( €= 1), 8 18 the yield of the isotope for a thick target,
I is the beam current, ¢  is the time of irradiation, €< 7

The coefficient &£ depends on properties of irradiated materi-
al, cooling method, design of the target, and power of particle
beam,

An important requirement to the cyclotron is a possibility of
ettaining high currents of accelerated particles to ensure a high
efficiency of the cyclotron, This is provided mainly by minimizing
the loss of particles in the course of their acceleration at the
cost of eliminating the verticel instability of the bean,

Preparation of 195Au and its use in activetion analysis

The radioactive tracers: g01d-1935 and £old-199 separated
and concentrated mainly by solvent extraction methods are widely used
in chemicel and radiochemical investigations, in particular in
works of analytical type. The problem of exXiracting and concentrating
gold from smolutions of hydrochloric and nitric acids is met in
practice,

The technique of extraction-chromatoégraphic concentration,
purification and separation of radiolsotopes ha8 been developed and
possibility of preparing the carrier-free radioactive gold-195 in a
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radiochemically pure form,from platinum irradiated by neutron flux in

a nuclear reactor has been inveatigated in our laboratory taking
into account the above problem, )

In so doing,we aimed to develop a simple flow sheet of sepa-
rating the isotope of interest comparatively quickly and with a
high yield. The separated isotope is subsequently used foxr quan-
titative neutron-activation high-sensitive anelysis of gold in
individual samples of ore-~bearing rock,

This task has been solved with succeas, The radiochemical
peparation of gold-195 and gold-199 from the irradiated platinum
matrix was made by extraction-chromatographic method in columns
filled with fine polytetrafluaroethylene (PIFE) powder coated with
tri-n-octylamine as a fixed organic phase, The technique of coating
an inert carrier by organic phase was developed in the laboratory,

The irradiated targets were dissclved in aqua regla with hea~
ting. The solution was transferred into the column and passed thro-~
ugh the wérking layer with a cexrtain flow rate., The choice of elu=
ents for purification of gold in the column depends on composition
of microimpurities in the initial matexrial, 1M solution of thiou~
rea was used for the gold elution,

The produced cerrier-free sources of £old were then applied in
developing the neutron-activation method of analysis for gold con=
tent of ore,

The comparison between resulbtsof assay and activation analy-
sys shows a sufficient reliability of the suggested method of
gold content determination,

Preparation of cobalt-57

The favourable nuclear-physical properties of the radioactive
cobalt-57 underlie ita wide use in X-rey radiometric and X-ray
gpectral equipment,

Rigid requirements are laid to purity of radionuclide, eape~
clally in uesing it as a "M8ssbauer" source, The most advantageous
reactions of its preparation are the following.

Separation of cobalt-57 from irradiated nickel matrices 1s reduced

to separation of the trace amounts of the required isitope produ-
ced in irradiating a starting target from the gram amounts of

nickel (matrix material), radioactive impurities producedboth from
the target material and from inactive impurities in nickel, as well
as to purification of cobalt-57 from the associated reagent mic—
roimpurities.

An extraction~chromatographic express method for separation,
concentration and purification of cobalt-57 produced by proton
irradiation of nickel matrices has been developed in the labo-

- ratoxry.

The.method is based on extractability of cobelt into organic
phase (tri-n-octylamine) from solutions concentrated with nickel
and hydrochloric acid, ’

In consequence of investigating the solvent extraction and
extraction-chromatographic behaviour of cobalt and such microimpu-
rities, as copper, iron, zink, nickel, which are controllable in
cvaluating the purity of cobali-57 sources in the system: tri-n-
octylamine-hydrochloric acid, optimal conditions of sorption and
elution of cobalt~57 on extraction-chromatographic columns with
tri-n~octylamine as an orgenic phase have been established,

The concentration of the isotope is performed in the course
of sorption; ita purification from microimpurities and contamina-~
ting salts is conducted by washing the column with solutions
of hydrochloric acid of different concentrations,

The cobalt-57 is eluted from the column with 3M hydrochloric
acid.

In developing the technique the purification of starting
materials from controllable microimpurities and inactive cobalt
was specified to ensure a high specific activity of the separated
isotope and its radiochemical purity.

Radioisotope generator of indium~113m

Indium~113m as a short-lived lsotope of the generator type
is used not only in medical-~diological inveatigationa, but it

also serves as a good standard for measuring activity of some short-

lived rodionuclides,

The static and dynamic mechanisms of solvent extraction and
extraction-chromatographic behaviour of indium, antimonium and
tin in the systemof tri-n-octylamine~-mineral acids have been studied
by using radiotracers.
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An optimal regime for sorption of tin under dynamic conditions,
maximum capacity of extractant to sorbed element, conditions of
indium and entimonium elution, optimal parameters and operating
conditions of the working column have been determined.

The natural mixture of tin isotopes as well as tin enriched
with tin-112 were used as targets,

The qualitative and quantitative compositions of impurity
elements in the used targets were determined in advance by neutron
activation method with the help of extraction chromatography,

The radiochemical flow sheet of indium separation from anti-~
monium and tin was developed and tested with imitating mixtures
and taken as a basis for indium-113 radioisotope generator,

The purification of the metrix material from associated con-
trollable microimpurities was envisaged at the state of the gene~
rator preparation and charging,

The indium-113m extracted from the generator has high speci-
fic and volume activities, high radiochemical, isotopic and che-
mical purity quite corresponding to the requirements imposed on the
isotope,

The generator is characterized by stability of operating
parame ters during long-term use,

THE EXPERIMENTAL INVESTIGATION OF REACTIONS
WITH FORMATION OF NEUTRONS
ON THE IAE CYCLOTRON

E.A. KUZ'MIN
L.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

Abstract

The fast ueutron time-of-flight spectrometer used at the IAE cyclotron is
described. The procedure of data processing and the method of the error
propagation are explained. The spectrometer was used for investigation of the
neutron formation in (alpha,GLl), (alpha,’Ll) reactions at energies of 8.6
and 11.2 MeV. The results obtained and their comparison with published data
are presented.

I. INTRODUCYION

For the past 50 years from the moment of discovery of neutron
paramount changes have taken place both in the understanding of
mechanisms of nuclear reactions with neutron participations and
in the method of such a reaction research. In the recent years
the interest has eppeared in the study of complex nucleus interac~
tions of energies of several tenth's of megaelectronvolts per
nucleon, which is connected with appearance of new accelerators ma-
king it possible to carry out fundamental investigations of nuclear
reactions within a wider range of projectile nucleus energies and
nasses, On the other hend, in connection with the studying of vari-
ous models of controlled thermonuclear reactors the aphere of de-
mands for nuclear data is being widened and requirements for their
accuracy are being increased., This has resulted in creation of
complicated multiparemetric neutron recording systems, brought
into being on the besis of accelerators or reactors and up-to-da-
te systems of data storage and processing.
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2. .FAST NEUTRON SPECTROMETER ON THE BASIS
OF TAE CYCLOTRON

0o obtain a complete experimental informetion on & reaction
with the neutron ylield one needs to measure the energy spectra
at ditferent angles about the incident partibles beam, The most
perfect method of measurewent of fast neutron energy specira is
the time-of-flight method, in which an energy is determined by
the time of a neutron flight of the distence from a target or a
scattering ssmple to a detector, In practice it is accomplished by
measuring the time interval between the pair of pulses, one of
which corresponds to the moment of particles escape from the tar-
get (a base pulse), the second one, to the moment of neutron re-
gistration by a detector, Therefore, it is clear, that in using
the time-of-flight method the pulsed accelereators (cyclotrons or
pulsed electrostatic accelerators) have more advantages, which
make it possible to do without creation of a complicated system

for determining the moment of the particle escape from the target,

the IAE one and a half-meter cyclotron has been put into ope~
ration in 1947 [1] « For the past years it has been modernized re-
peatedly and at the present time it represents an isochronous cyc-
lotron enabling ions with mass up to 20 to be accelerated, The use
of modified ion source worked out to obtain multiple-charged li-
thium and beryllium ions, with a powerful pulse power supply Bys-
tem, together with minimizing the ion losses in accelerating and
escape made it posasible to obtain multiple-charged ion beams or
high intensity, The wide range of ion energles of all stable iso-
topes from hydrogen through neon (from 1 to 15 MeV/nucleon),high
intensities of the multiple~charged ions externmal beam, the pul-
se character of the accelrated particle beam (the pulses time du-
ration is 2 - 10 ns), all these allow the given IAE cyclotron
to be used for researches of a wide range of reactions with the
neutron yield.

when creating a time-of-flight fest neutron spectrometer
one needs t0 solve problems of measurement of low time intervals
with a high accuracy, stability of the installation operation,
shielding from a background radiation, etc, Usually such a spec-
trometer consists of a fast scintillation detector with a shiel-
ding and electronic system of the signals processing and measu~
rement results storage.

The basis of measuring-computing complex of the IAE cyclo-
tron is two computers EC-1010 and CAMAC standard equipment [2] .
Each of the computers has the 64 kilobyte main memory, units
on magnetic disks and tapes, input-output devices, The CAMAC
multiple system interface unit is a part of the computer to con-~
nect with an experimental equipment, The complex consists of
two parallel-~operating measuring systems with possible connec-
tion of peripheral measuring stations to them as well as proces-
ging of data obtained in the off-line regime, To lessen a dead~
time of the system in performing operations of collection, sor-
ting and storage these functions are divided due to a buffer
memory accomplishing data acquisition and accumulation, This per-
mitted the recording efficiency to be increased by approximately
4 times, In the worked out syatem the dead time, when measuring
three~paremetric events, amounts to 23 P8

The described IAE fast neutron spectrometer was designed on
the basis of the IAE isochronous cyclotron and the measuring-compu-~
ting complex, 1t ip designed for experimental investigations of a
wide class of nuclear reactions with the neutron yieild within the
energy range of 1-100 HeV,

2,1, Neutron Detector

In the IAE spectrometer the detector of particlea is a scinti-
llation counter on the basis of a photomultiplier and an organic
acintillator, When selecting the scintillation for a time-of-flight
spectrometer its main parameter is a low de-~excitation time ne-
eded for obtaining a high resolution time, This confines the cir-
cle of scintillators practicable for employment to several types
of organic and plastic scintillators, On the other hand the nece-
8sity of neutrons identification in conditions of intense gamma-
background existing practically in all measurements limits even
more the selection of scintillators potential for uge. For fast
neutron spectrometers with identification of particles use is
made of stilbene crystals and certain types of liquid organic
scintillators NE-213, NE-218, NE-230 being more convenient for
febrication of scintillators of a more complicated shape or larger
size. The stilbene crystal of a cylindrical form of the aize
of 50x50 mm2 is employed in the IAE spectrometer,
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Past photomultipliers are used for scintillation counters
recording the time of particles hit with the accuracy up to
tenth parts of nanosecond, At the optimal selection of the de~
tector design tne multipliex photocathode diameter should be
close to the scintillation diameter, which improves the collec~
tion of light from scintillations and decreaases its losses. In
the detector under consideration the fast photomultiplier FEU-30
is placed with the photocathode diameter of 50 mm,

2,2, Scintillation Detector Efficiency

When determining the true neutron flux one needs the know-
ledge of a detector’s efficiency, i.,e., the ratio of amount of
recorded neutrons to amount of neutrons hiting the detector.

The accurate lmowledge of efficiency can be obtained by means of
special measurements, However, taking into account great experi-
mental difficulties in making such measurements with a high accu-
racy, in the majority of cases use is made of the calculated effi-
clency value, At the energy up to 10 HeV the main process of ne-
utron registration is an elaatic scattering on hydrogen nuclei
with subsequent detection of recoil protons, At higher energies
the reactions on carbon nuclei being a pert of organic scintilla-
tors begin to affect the neutron efficiency value,

For the IAE spectrometer the calculation of neutron efficien-
cy with energy from 0,1 to 50 MeV was carried out by the lonte-
Carlo method with the BESM-6 computer according to the special
FORTRAN~program [3.4) o The allowance for varioua channels of ne-
utron interactions with hydrogen and carbon was performed with
the aid of evaluated data of reaction cross~sections, taken
from nuclear data libraries, For certain reactions the new eva-
Yuation of cross-sections was carried out according to results
of experimentel works published recently, The feature of effi-
ciency calculations for the detector with a stilbene crystal is
the necessity of accounting for dependence of light output on
the direction of recoil protons, In the calculations use was
made of the empiric dependence of light output P (£,8) for
the recoil proton with energy £ , moving at an angle & relative
to the crystal axis [4,5] P(£,60) = Bl E 32 xp
(0,0168™3/2.0,0211:°7) vhere B(®) = 0,176, (1-0.311 oin’@)~1/2,

~—
- —
— —— — -

a 10 20 30 40 Ep(Mer)

Pig.1. The scintillation detector efficiecncy € with the SOxSOmma
ostilbene crystal depending ou the neutron energy. The recor-
ding threshold is 800 keV.

Fig. 1 presents the results of calculation of neutron effi-
ciency by the detector with cylindrical atilbene crystal with
the size of 50x50 mm2 when its axis was installed along the li-
nes of incidence of the neutron beam., The dotted line marks the
contribution due to processes of n-p scattering, It is well aseen
that at the increase in neutron energy the contribution of pro-
cesses with participation of carbon nuclei becomes predominant,
The analysis of calculation results made it possible to single
out reactions giving a certain contribution to different ranges
of neutron energies. At the neutron energies from 8 to 14 LV
this is the reaction 12(:( n,o )9Be, from 14 to 22 lieV,

the reaction 125(y n/)300 |, and from 22 to 50 MeV, the reac—
tions ‘2% ()8 ana % (n, nlp )V,

To calculate errors of measurement results one needs to know
the accuracy of the used detector efficiency. When taking measure~
ments of absolute values of reaction cross~-sections the error
due to the efficiency uncertainty markedly exceeds quite often
the erxror due to inaccuracy of all other parameters, If the calcu-
lated efficlency is used then itas error depends on the statistical '
accuracy of Monte-Carlo calculations and nuclear data employed,

In our conditions the statistical accuracy of calculations amoun-~
ted to~ 3%, The nuclear data inaccuracy contribution was determi~
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ned by the used reactions cross-section variation method within
the limits of experimental errors and possible evaluation variants,
The obtained errors of efficiency are also given in Fig.1 at se-
veral neutron energies, At the neutron energy below 10 MeV the
exrror does not exceed 5%, \With the increase of energy up to 50

LieV the error value rises to 20% whicn is explained by a low accura-

cy of nuclear data available in this energy region,

2,3, Celibration of Detecior Threshold

The detector's efficiency value depends upon the registrati-
on threshold, i.e. the minimum energy of recoil protons recorded,
To determine this threshold the calibration of measuring equip-
ment should be performed in energy units of the recorded par-
ticles, The absence of simple monoenergetic neutron sources for-
ces us to employ indirect calibration methods based on recording
of other sort particles obtained by means of accessible souxrces,
and on scaling of the obtaeined threshold value with the asid of
ratio of light outputs for these particles and protons,

The calibration of the IAE spectrometer is accomplished ac-
cording to spectra of Compton electrons, obtained in irradiating
the scintillation detector hy sources of r-radiation of the kno~
wn energy (22Na, 6000, 705). As a calibration point use was
made of the middle of Compton spectrum decay, of the maximum
energy of which Eem, connected with the incident gamma-

radiation energy Er by the ratio Ee .o E‘z, / (mc2,2 Er ),

where m is the electron mass, The threshold velue obtained is
recalculated into units of recoil proton energy by means of the
ratio between the light output in the atilbene for electrons
and protons,

The other method can determine the threshold of recording
system directly according to the time spectrum of neutrons, where
defining the maximuwn time-of-flight of recorded neutrons one
can assess their minimum energy,

The threshold value in measurements on the IAE cyclotron amo-
unted to 0,5-1,5 MeV depending on experimental conditions and the
problem under solution, The uncertainty of the energy threshold
value was estimated by means of the results disagreement obtained
by both methods and came up to ~10%,

2,4, The detector Shielding

To reduce a detector sensitivity to a background induced by
scattering of a neutron beam on measuring hall walls the scintil~
lation detector was placed into a shield [6] . At highly chan-
ging background depending on the reaction under investigation or
an unknown background distribution in the hall the optimal is
a spherical shape shielding at which the value of background wvea-
kening does not depend on the direction of the particle incidence
on the shield, It is such a shape that has been chosen to shield
the scintillation detector of the fast neutron spectrometer.

Vhen chooming the shield material it was borne in mind that with
the increasing of neutron energy the shield efficiency based on
hydrogen~containing materials drops due to decrease in the n-
scattering cross-~-section, Therefore, the multilayer shield has
been chosen (Fig.2), the external layer of which was made of
iron., In this leyer of the 150-mm thickness the absorption of
fast neutrons or the decrease in their energy takes place, mainly
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Fig.2. a) Sphericel protection.
1 - detector; 2 - (Fe) shielding layer, 3 - shielding layer
(borated polyethylene), 4 ~ collimator,
b) Dependence of atienuation factor K of the neutron flux
for the ppherical shielding on energy.

due to inelastic interaction processes, The 250-mm borated poly-
ethylene lgyer is the following, The thirgd iron shield layer is
an additionsl shield against gamma-rays originating in the first
layer, The cylindrical shape of this layer has been chosen to
ensure the detector installeation and an input collimator. The ex-~
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ternal diameter of the entire spherical shield is 950 mm, The inter-
nal diameter of the cylindrical channel is 110 mm, .defining the
maximum possible diameter of the scintillation detector,

The dependence of neutrons attenuation coefficient of the
worked-out multilayer shield upon energy was calculated by means
of neutron absorption macroscopic factors, Fig.2 shows the calcu-
lation results, With the increase of neutron energy the attenua-
tion coefficient decreases smoothly from 6x103 gt 1 eV to 42
at 10 eV, At neutron energies being less than 5 MeV, vhere the
main part of background neutron spectrum is located, the attenua-
tion coefficient exceeds 1,5x10%,

2.5, leasuring Neutron Hall

It should be noted that the shield deaign and shape in every
concrete case, are determined, basing on a wide variety of conditi-
ons, Iain among them are the energy range of neutrons under in-
vestigation, the required attenuation value and the background ra-
diation intensity. In measuring neutron spectra by the time-
0f~flight method the detector ia removed from the target at a
considerable distance and the background near the detector is
determined by scattered on the walls neutrons and gamma-quante
as well as by radiastion from the charged paxticle beam transpor-
tation system, Therefore, the optimum design and the shield shape
depends strongly on measuring hall sizes and location of the de~
tector in it, Shield shapes being most highly distinguished from
the spherical one are used in studying the neutron scattering,
where the main is shielding of the detector from the primary beam
ot neutrons bombarding a sample,

the measurement of neutron spectra on the JAE cyclotiron
by the time-of-flight method is accomplished in the measuring
hall of 13::10::411:13 in size (Pig.3). The spherical shield with the
detector is placed on a movable base which can move relative to
the target center located nearby. The control of the shield's
movement with the detector is accomplished remotely., The range
of potential measurements of angles comes up to O -160°, and
the flight path can vary from 2 through 6 m, The height of de-
tector location above the floor level is 1,7 m,

|

¥ig,3, Heasuring neutron hall.
1 - the system of transportation of accelerated particle
beam; 2 - target; 3 - detecior with shielding.

2,6, Data Recording System:

In Fig,4 presented is the simplified circuit of the fast
neutron apectrometer used at the IAE, The spectrometer consists -
of a pulse-shape discriminator (PSD) with time disoriminators, a’
charge-digital converter (CDC), two time-digital converters
(TDC) and a discriminator of reference pulses from HF of the cyc-
lotron, All the units were made in the CAAC standard and con-
nected through a buffer memory with the computer EC ~1010 in
which data sorting and storage are performed.

€dC

PsD

TDC -4

HE
e RPD | _p]TDC-2

EC-1010

C A M A ¢

Fig.4. Block diagram of the time-of-flight neutron spectrometer,
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To separate pulses from neutrons and gemma-quante use is
made ot the pulse shape discrimination method based on the fact
that in interacting the recoil«proton with the scintillator sub-
stance the relative contribution of a slow component to the scin-
tillation intensity 1s higher than foxr electrons generated at
the record of background gamma-radiation, Time diegrams explai-
ning the principle of shape discrimination and the disorimina-
tor operation, are presented in Fig.5. In the PSD an active dif-
terentiation of the IMT dynode pulse is accomplished with the
time constant of 0.5 pus, corresponding to the maximu difference
of trand tc. intervals (Fig.5), and the pulse is generated,
corresponding to the moment of intersection of a zero line by a bi-
poler signal [13].

]

A"

rig,5, Time diagrams of a diacriminator operation according to a
pulse shape,
a) The pulse form of PUT current at irradiation of stilbene
crystal by neutrons (1) and gomma~quanta (2).
) Integrated pulses.
¢) Differentiated pulses.
d) The density of probability of time interval distributions
of the 14 and responding to signals from electrons
and recoll protons,

-

To obtain the signal on the time of particle recording by
the detector the discriminator with the leading edge is instal-
led in the PSD, at the input of discriminator fast signals arrie
ve from the PMT anode, This discriminatorb threshold determines
the spectrometer's recording threshold.

Pulse pairs corresponding to momenta of particle recording
and to the moment of intersection of zero line by the bipolar
signael, arrive in the TDC "start" and "stop" inputs, The distri-
butiona obtained from this converter have the form presented in
Fig,5d., A simple differential discriminator generating logic
signals corresponding to the chosen kind of particles is often
used to separate neutrons and gamma~quante, In the IAE spectro-
meter the separation is accomplished according to two-dimensional
spectrum formed from TDC-1 signals and CDC signals, giving an
amplitude spectrum of radiation recorded, The analogous procedu-
re is employed in identifying charged particles by the AE~-E me-
thod, In the case of neutron separation from background gammo-
quanta by means of the described two-dimensional spectrum, more
optimum neutron discrimination is successfully accomplished with
allowence for both the emplitude dependence of the w-f discriminati-
on parameter and the character of the apectrum recoxrded.

The recording of time-of-flight spectra is performed by means
of the TDC-2, at whose input pulses corresponding to the moment

of particle incidence to the detector, and reference pulses arrive.

The dimension of the time-of-flight spectra stored is 512 or
1024 channels,

The reference pulses needed for the spectrometer operation, are
generated with the help of a single reference pulse discriminator
(RYD) to whose input e high-frequency voltage is gpplied from a ca-
pacity divider, connected with the cyclotron, The time inaccuracy
of RPD measured within the entire working range of the HF cyclot-
ron did not exceed 30,25 na,

The main technical parameters of the IAE spectrometer recor-
ding system:

~ the own resolving time within the dynamic range of

1-50 MeV neutron energies 1 ns;
- the background y-quanta suppression coefficient 104;
- the load capability 10%puls/s.
2,7, Experimental patas Processing

For experimental date processing the second computer EC-1010
of the measuring-computing complex is used, operating in the “off-
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line" regime., The processing consists in substraction of the back~
ground spectrum (determined by the neutron yield from the target
substrate and the Faradey cylinder) from the measured spectrum,
recalculation of the spectrum from the time~of~flight scale into
the neuiron energy scale and calculation of neutron yield absolu-
te crass-sections,

As it was shown above, in the IAX spectrometer séveral methods
were employed for the background radiation discrimination, ‘“he
natural modulation ot the cyclotron beam enables the record of ra-
diation not correlated by the bombarding particle beam to be avoi-
ded, The epplication of R~y discriminntion circuit has ruled out
practically completely the record of background gamma-radiation,
The worked out multi-layer shielding has reduced significantly
the efficiency of scattered neutron radiation recording. The me-~
asures teken made i{ possible to decrease essentially the backgro-
und radiation contribution to the neutron spectra measured. For
the majority of reaction with neutron yield studied at the IAE
cyclotron the value of the background under computation did not
exceed 10-20%,

The calculation of neutron kinetic energy E for the time spec-
trum chamel K was performed by means of ratio:

$ =L/[Z.(kr-k)-c -L]
E =mc (4/(4-}52)" -1) *

where: J, is the flight peth;

2 is the time width spectrometer channel;

l(r ig the channel's number of [ ~peak position in the

spectrum;
M, is the neutron mass.
While processing continuous neutron distributions from many-

particle partial channels the double differentiation cross-sectio-
ons were calculated by means of the expression:

2
dor _ N, oy
dQ df  dQ-aF-E(E) n-T oty (®
where N ias the number of counts in spectrum within the inter-

val AE;
o, is the coefficient accounting for dead-time losses;

o,1s the one accounting for neutron losses in the discri-

mination circuit;

d2is the detector solid angle; -

Af ig the neutron energles interval;

£(Dis the neutron detector efficiency;

n is the number of target nuclei per square unit;

I is the bombarding particles flux;

oy (E)is the coefficient accounting for neutron attenuation in
the air and the target chamber.

Por presentation of spectra the selection of neutron energy
intervals AE plays a significant part., The optimum is selection
of AE being equal to the energy resolution in the spectrum, “he
energy resolution obtained with the time-of-flight method is de-
termined by the energy and time uncertainty of incident purticles,
‘the target thickness and the recording instrument resolution, In
measurements on the TAE cyclotron the main contribution was made
by the time uncertainty of the incident particle beam and the tar-
get thickness influence, and in this case, due to the non~linear
coupling of neuiron energy with time-of-flight the contribution
of the former value is the most significant at high neutron ener-
gies, and the latter one , at low omnes, Therefore, the value AE
in the low energy spectrum part is chosen fto be equal to the tar~
get energy thickness half; in the high energy spectrum part the
averaging is carricd out according to the nmumber of channels, be-
ing equal to the half of width of micropulses of the accelerated
particle beam, Such a presentation makes it possibls to show the
measured spectrum in enough details with insignificant losses of
the spectiroscopic information.

In celculating two-particle channel cross-sections d(r/dﬂ
according to the area of pesks in spectra the problem is simplifi-
ed, since there is no need to choose the value AL, The value

do/dl is calculated by means of an expression analogous to
the given above,

3. MEASUREMENT ERRORS

While determining errors of indirect multiparametric measu-
rements o1r the value Y: S(»«,,x,,...-. X)) ugse is made of

th lati )
e relation AY‘ \/‘;:-;(af/an -A)Q)z (1)
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where AY; is the error value of parameter X; . With the aild
of this expression the errors due to inaccuraties in measurements
of o, oy 0 (E), N, I, «£(6) and o2 are
calculated. If should be noted that the expression (1) was obtai~
ned at expansion of the function o (Xe, %, «--. Xx)
in Fourier series and is accurate only in the case when
an,n,n“ X;) represents the linear function of parameters,
Foxr other cases one can apply tne relation
[
AY"‘\/Z (a¥)* ' (2)
124

vhere 4Y; 1a the deviation of Y from its value at the change in
parameter X; by the value of error 4x; . The validity condi-~
tions of expression (2) is leas rigid, here,encugh is the cons-
tanoy of the valuedf/dx; on the interval X -~AX;<X<X¢ +AX;
These features can exert an essential influence on the result of
calculation of the error value at the complicated dependence of
the function ;(h,Y:---- X») upon parameters, While procesaing the
time-of-f1ight neutron spectra such paremeters are L and % the
variation of which results in recalibration of spectra, i.,e. in
their non-linear shift in an energy scale.

In processing the neutron spectra obtained at the IAE cyclo~
tron the total error due to paremeters o , ®, (&), I
and df doea not exceed 2%, The error due to the inaccuracy
in E(E) depends on the neutron energy and amounts to 3-10%., The
accuracy in determining the target thickness comes usually up
to 5-T%. The total error of o0 /el ‘clf due to 4 and £
in accuracies depends upon the spectrum character and for its dif-
ferent parts amounts usually to 1-5%., The statiastic error is de~
termined by the duration of exposure, which is chosen in such a
way that the statistic error value does not exceed 10%.

4.EXPERIMENTAL INVESTIGATIONS OF NEUTRON CHANNELS OF
ALPHA-PARTICLE INTERACTIONS WITH LITHIUM NUCIEI

tthe research of neutron channels of interaction of alpha-par-
ticles with l1ithium nuclei was initiated starting from need for
knowledge of this interaction paremeters for practical purposes.éLi
is considered es a probable fuel in certain models of controlled

fusion reactors, The advantage of such models is a lack in the cy~
cle of tritium, the radioactivity of which leads to a significant
complication in reactor based on the D-T reaction, In this con~
nection we need knowledge on processes of lithium nuclei interac-~
tion with fast alpha-particles, the amount of which in plasma is
usually essential,

Up to now, few data published are available on the experimen-
tal research of neutron channels of interactions of alpha-parti-
cles with 6L:I. nuclei as well as YLi. In paper [B] the neut-
ron yield was measured with the aid of long counters at the angle
of 0° in relative units within the energy range of the threshold
to 15 MeV. The paper [9] concerns the search of the B excited
state with the 1.7-MeV excited energy at the alpha-particle energy
of 14 HeV in the "Li ( o, n ) reaction; in this paper neutron
spectra aere presented within the range of angles of 15-76° and
their cross-sections are estimated. In the paper [10] s the apec~
trumr and angular distributions of neutrons from the 7L1 (o, )
reaction were studied for alpha-particle energies from the thresh-
old to 8 MeV with the aid of the time~of-flight spectrometer.
Neutron yield data, while bombarding thick lithium targets by e.lpha-I
particles, are contained in the paper [11] » Which makes it pos~
sible to use them only for rough assessments of the cross-section
values,

The mein information in the papers under consideration is
concerned with low-excited states of boron or with the whole neu-
tron spectrum without separation of partial channels, The data
on the contribution of multi-particle channels in the 6L1 (o, n )
reaction and, total cross-sections of neutron formations in this
reaction are pfactically not available, The performed short review
of data published showed the necessity of the detailep investigat-
fon of neutron partial channels of the SLi+ot  and /Li+o Te—
actions at the alpha~particle energies up to 10-11 leV,

5. MEASURIMENT PROCEDURE

lieasurements of cross-sections and angulaxr distributions for
neutron partial chanmnels of alpha-particles and 6Li and 7Li nu-
cleus interactions have been taken at the IAE cyclotron by means
of the above-described neutron spectrometer, In the experiments
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use was made of 61-1 and 7L1 self-gupporting targets with the

1.5 mg/cm2 thickness, Neutron spectra were measured within the
angle range from 10 to 140° for alpha-particle energies of 8.6
leV and 11.2 MeV at the time~of-flight spectrometer path of 4.5m
and the neutron threshold of 800 keV.

6. 61.1( O¢, 1. ) REACTION

The neutron generation at the interaction of alphe-particles
with 6Li nuclei can proceed at alpha-particles energies of above
6,62 MeV, which is explained by the negative energy of the reac-~
tion (=3,975 MeV) for & channel with 9B formation in the ground

state, "
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Fig,6, The energy spectrum of neutrons from the 6141( o, ) reaction
at the angle of 20° at the & -particle energy of 11.2 MoV,
Arrous mark peak's positions, correaponding to various sta-
tes of 9B and "B, formed in the Im(of,lb ) reaction due
to TLi impurity in the °Li target.

Fig,6 shows the neutron energy spectrum measured.at the angle
of 20° at the energy of 11,2 MeV, On the spectrum well-geen are
the peaks formed at the excitation of various states of the 9B
resldual nucleus es well as the continuous spectrun of neutrons
generated in the four-particle channel of the 614 1 - 20tntp
reaction ( Q =-3,7 MeV), In the spectrum also seen are the meutron
peeks from the 71.1( ®, ) reaction proceeding on the 71.:1. impuri-
ty in the "Li target. Energy positions of the peaks are indica~
ted with arrows, ‘he data on cross-sections and angular distribu-
tions of neutrons from two-particle channels of 61:1(0(. n)?B for gro-
und and excited (1.6 MeV and 2.36 HeV) states of the °B residual
nucleus were obtained from the results of peaks treatment from
such spectra.

these data are presented in Fig,7 for alpha~-particle energies
of 8,6 eV and 11,2 MeV, fhe anguler distribution tor the 9]3 gro-
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Fig.7, Neutron angular distributions from the °Ii (e, ) reaction
in the centre-of-mass syatem, Yhe smooth curves are approxi-
mation with the aid of Legendre polynomial expansion,
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und state at a lesser alpha-particle energy is significantly ani-
sotropic and shows the priority neutron yield at low angles, Such
a shape of an o.ngular distribution can indicate the appreciable
contribution of the reaction direct mechanism, Note that such
conclusions have been drawm by the authors af paper [8] , based
upon the lack of resonances in the excitation function at 0° vi-
thin the alpha-particles energy range from the threshold to 15 leV.
At the higher energy of alpha-particles the angular distribu-
tion for the B ground state has maximum at the angle of about

90° and changes smoothly, which does not permit any mechanism of the

considered channel to be pointed out unequivocally, Data on the
same channel are contained in the work [9] ., where it is shown
that at the 14.,4-MeV alpha-particle energy the neutron yield cross-
sections in the °li ( =, » ) 7B g,st reaction emount to 1,03
0.25 mb/sr within the angle range of 15 ~60° and to 0,6 mb/sr

tor the 15° angle in a laboratory system., When changing these da-
ta into the mass center system the anguler distribution shape

will be close to that obtained on the IAE cyclotron, but the crosse
section value is considerably lower, which can be explained by

the decrease in the chammel contribution with formation of the S’B
ground state at the increase of the interaction enexgy.

Data for the ®Li(«,n ) ?B#* (1,6MeV) chamel were obtained
within the angle range of 15 -75° in the centre-of-mass system
and are also presented in Pig,7. The anguler distribution for this
channel neutromshas moximun at low e.ngles and drops with the in-
crease of an angle., Lhe existence of “B state with the excitation
energy of 1,6 MeV was first reported in the paper [1 2]. There,with
the help of 105 (3He,oc )9B reaction, the energy of this state
end its width (~ 700 keV) have been measured, The estimation of
the 1,6-leV state width according to spectra, obtained at the IAE,
gives the value~500 keV, which is in agreement with data of the
peper [12] » The search of this state is attempted in the work

[9] , where the upper limit of cross-section of the "Ii (e, )
9B%(1.6 HeV) reaction of 0,1 mb/or has been gained at the alpha-
particle enexrgy of 14.4 meV, The disagreement of this paper data
with results obtained at the IAE can be explained by the strong
dependence of the channel cross-section upon energy; on the
other hand, measurements of the work [9] were taken in conditions

of an intensive background from the target substrate,

affect the obzained data accuracy,
Por the "1i( «, h )93”' (2.36MeV) reaction the cross-section
is obtained only for laboratory angles of 10 and 20° (that cor-

responds to angles of 21

which could

channel have an enexrgy below the recording threshold, In the
centre~of-mass system the neutron formation croas-~section with

excitation of the °B 2,36 leV state came up to 0.8%0,1 mb/sr

and 43° in the centre-of-mass system);
at less  values of the laboratory angle, neutrona from this

for angles of 21 and 43°, On the assumption of isotropy of neutron
yield for this channel the {otal cross-section calculation gives

the value of 10 mb, however, the small number of experimental

points of the angular distribution makes it impossible to indi-
cate the accuracy of the estimation carried out,

The measured angulaxr distributions were approximated by

means of the legendre polynomial expansion by the least-square

method:

o/l = 5 Fn-BCeos ) (mb/sr)

The expansion results are presented in Table 1.

Table 1

Coefficients of Pn(coa © ) Legendre polynomial expansion
of neutron angular distributions from "Li(« A )913 and
Tra( oK )18 reactions

Alpha-~ Coefficicnts
Reaction porticle
channel gnexey Xo X, X5 Xy X,
€Li (t,n) "Byt 8.6 30t3 4418 1729 = =
“Li Gt,n) B g.st. 11.2 4384 p5£) <2723 -1323 -
e (=,m)987(16) M2 CCrog TI+14 53414 34T -~
Ui ()" 8451 8¢ {Got20 fr0td0 -S0#is 56420 -4ot2o
Ui («,4)*8"072) 8.6 4214 308k  -15ES - -
Ui (ot,m) By st 1.2 thotiS 425  -57t10 - -
Y (,5)8 % (o1) 112 44 -T24 -1927 948 -
£040.8 0207 -6 - -

Ui (o, n)8% (1.T4) 11.2
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wmg.8, Angular distributions and the energy spectrum of neutrons .
from the 6I[;.:I.(m,h.- ) P-?“ reaction at the & -particle
energy of 11,2 HeV,

The neutron formation in interacting alpha-particles with 6L;{.
is also accomplished in the four-perticle chamnel n +p +2«x
which leads to a continuous spectrum of neutrons, The cross-section
and angular distribution data of these neutrons were obtained within
the energy range of 1-2,.5 leV and within the range of angles of 35-
110° in the centre-of-mass system. Results are shovmn in Fig.8.
It is seen that anguler disiributions can be approximated with
good accuracy by a horizontal straight line, On the assumption of
isotropy, the neutron energy spectrum was obtained within the energy
range of 1-2.5 Hev for the whole interval of angles, Extrapolation

of this spectrum to zero energy of neutrons with the pid of a smooth
curve makes it possible to determine a neutron formation cross-
section in the four~particle channel 1.6 mb/sr, which agrees with the
estimation available in the work [9] , Where this crogs-section amo-
unts to about 4 mb/exr at the alpha-particle energy of 14,4 leV,

The total neutron formation cross~section in the four-particle
channel 1s obtained by integrating the isotropic angular distribu-
tions with ellowance for the carried out exirapolation accuracy,
which is 50/, For the entire spectrum this cross-section aemounted to
(20%10) mb,

In Taeble 2 given are total cross-sections of the studied parti-
al channels of the "Li( o, ) reaction, It is seen that with
the growth of energy the total neutron formation cross-section in-
creases, which agrees qualitatively with the shape of excitation fun~
ction at 0°, measured in the paper [8] .

Table 2
Total cross-sections 61.1( o,n ) gnd 7Li( o, n )
reactions
Alpha-par- Total
Reaction channel ticle crogs-gection
ex(lﬁz‘v (nbarn)
OLi(en )93 g5t. 8.6 3043
Li(e,n )05 ¢ st. 1.2 4324
11(w, n ) B¥(1.6) 11.2 6,620, 6
14 (o, n ) 8{2.36) 1.2 10 (evaluation)
IA(«» )( 2x - 1.2 20%10
Ta(a,n ) 'OByst, 8.6 190420
TLi(a,n )’°B’io.7a) 8.6 4274
7Li$d n)108%(1,74) 8,6 10
T (an ) qu st 1.2 140%15
Thi(sn )] °B"(o.72) 11,2 4644
Tra(e,n )108%(1,74) 1.2 8%0,8
Tri(e,n) 195" (2,15) 11,2 35415,
Li(e, n ) OB (3.59) 11,2 2814




7. T1( o, n ) REACTION

The formation of neutrons in interacting alpha-particles with

7Li can proceed at the energy of o -particles above 4,38MeV (Q= -~
-2,79 HeV). In the measurements only itwo-particle channels of 7Li
(0(,01-)103 reaction were feasible energetically, Data for 3 states
were obtained at the energy of « -particles of 8,6 MeV, and for 5

states at the energy of 11.2 MeV,

TFig.9 shows the obtained angular distributions for neutrons

from the 7Li(o:,n—)1°B reaction with formation of 1013 in the ground
and the first excited (0,72MeV) states. The angular distributions
have the shape close to the symmetric one about 900, which ia in
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Fig.9. Angular distributions of neutrons from the 7Li(d, 5 )1013
reaction in the centre~of-mass system, Smooth curves are the
approximation with the aid of legendere polynomial expansion,

agreenment with results of the work [8_] » indiceting the significant
contribution of the reaction mechanism with formation of a compound
nucleus, Expansion coefficients of the angular distributions mea-
sured are presented in Table 1.

' For higher energies of 10B exclitations the neutron yield wasa
obtained at the energy of 11,2 lieV not in the whole range of angles,

- therefore, the total cross-section value for these chennels was evalu~

ated from results available, For the 'Li( ot,n )10B¥ (2, 15HeV) chan-
nel the cross-section within the angle range of 25 -45° changes
weakly and amounts to 2.710.3 mb/sr, which makes 1t possible to
egsume isotropy of the angular distribution and to estimate the to~
tal cross-section being equal to 35215 mb, For the 7u1(u I;)wZB’t
(3.594eV) channel in the angle range of 35~65° the cross-section co~
mes up to 2.2%,2 mb/sr and the totel crosa-section was evaluated
as 28214 mb. The  cxro88 section and angular distributions for the
7Id.(d h) oB('l 74 lleV) reaction were obtained at the energy of 11.2
MeV; for the energy of 8,6 MeV the assessment of only the upper li-
mit of the total cross~section was performed,
In Teble 2 presented are the obtained data on total cross-secti-~
ons of the investigated channels of a-particle interactions with
714 nuclet,
Besides, date on the total cross-sections of this reaction are

available in the paper [8] for first two states of ‘B at the o~

a.rticle enexrgy up to 8 MeV., The total crosa-section of the 7L1(d n )

B reaction has the maximum value of 150 mb at the energy of 7.2ieV
and then decreases downto 100 mb, The lack of data on further course
of the total cross-section dependence upon enexrgy does not permit us
to judge the accuracy of sgreement of these results with data
obtained in IAE, For the 'Li( o, . )19B¥(0,72 MeV) reaction the
total cross-section at the energy up to 8 KeV does not exceed 50 mb,
which does not contradict the results presented.
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NON-EQUILIBRIUM NEUTRON EMISSION IN
REACTIONS INDUCED BY LIGHT AND HEAVY IONS

L.V.CHULKOV
1.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

Abstract

The processes occuring in nuclel are reflected in the charac-
teristics of particles produced in nuclear reactions. The mechaniam
of deexcitation and level densities of compound nucleil ere determi-
ned from spectra of the evaporation lightﬁarticles. The nonequilib-
rium emission of nucleons can be an instrument of studying both the
processes of dissipation of energy in collisions of heavy ions and
the properties of the nuclear matter in its nonequilibrium phase.
Neutrons have some advantages in these inveastigations.

The rich experimental and theoretical data on nonequilibrium
emigsion have een accunmlated to date. The theoretical ideas con-
cerning the mechanisms of preequilibrium processes are rather va-
rious. In a number of works the total process is reduced to the suc-
cepsive two-nucleon interactions. The formation of a localized hot
zone in a nucleus is believed by some investigators to play a de-
terminative role. There are some works where the intranuclear motion
of nucleons is assumed to manifest itself in the spectra of nonequi-~
1ibrium particles.

In the present report a review of theoretical ideas is presented;
the level of conformity of models to the available experimental data
and the degree of criticality of the experimental characteristics to
the bagic predictions of the models are discussed. The model-indepen-
dent consequenceg of experimental investigations are also considered.

INTRODUCTION

As early as in a period of developing the theory of equilibrium
evaporation from a preformed compound nucleus /1/ a variety of hy-
potheses appeared about the possible mechaniegms leading to discre-
pancies in the emitted particle spectra from the behaviour predicted
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by the evaporation model /2/. But for several decades it was assu-
med to divide nuclear reactions into twe extreme categories: direct
reactions and reactions proceeding through a compound nucleus forma-
tion. Such a division is based on degree of loss of information abo-
ut the entrance channel in the course of the reaction. The direct
reactions are single-steép processes in which the exit channels are -
directly connected with the entrance one. The processes of thias type
are usually described by microscopic methods. The compound nucleus
formation represents another extreme case. The information about the
way and Iin reactions with which particles the compound nucleus
formation has taken place is completely lost during the reaction. In
this case the statistical methods are applicable for celculations.

The drastic difference between the direct interactlons and the
processes proceeding through a compound nucleus formation means,
in practice, that there are many types of reactions going on for dif-
ferent time and in which the information on the entrance chamnel is
transferred,to a different degree, to the characteristics of reaction
products. One of these processes is & light particle emission and
the present review is devoted to the problems of studying its mecha-
nism. .

Fig.1 shows an example of the experimentally observed differen-
ce from the mechanism of compound nucleus formation and disintegra-
tion /3/. The forward direction and high yield of high-energy partic-
les are characteristic of nonequilibrium emission. The shapes of ene-
rgy spectra are wonderfully similar for all targets (from cobelt to

platinum) studied in /3/. There is no abrupt dependence of nonequilib.

rium proton yield on reaction energy (116 and 89 mbarn for the 58‘N:l.
and %%y1 targets, respectively). The nonequilibrium perticle yield
changes weakly with 2 of the target. h case of substituting the nickel-
58 tearget by the platinum one the nonequilibrium nucleon yield dec-
reages a little more than by a factor of two, whereas the equilibri-
um component of gpeotra reduces almost by a factor of 103 /3/. The
nmeasurements have indicated that the excitation funotions for 1"""‘ce
(p,n) and 1391.&(0\.») reactions /4/ with formation of the same
compound nucleus versus excitation energy practically coincide
(Pig.2), although at high energles the difference from the mechanism
of compound nucleus formation is considerable., This behaviour of exci-
tation function for different entrance channels cannot be explained
by the breakup or knmockout processes.

&
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Fig.1. Speotra of protons from 5all1+o( reaction at an energy of
42 MoV, Inserts show angular distributiona for groups of particles
correaponding to nonequilibrium processes (lower insert) and to a
oompound nucleus (upper insert). The cross-section of proton emission
in the channels with compound nucleus formation is about 2000 ®barn,
the cross~section of nonequilidrium procesaes being about 100 mbarn /3/

The above data show that the nucleon spectral distributions and
cross-gections for their yield are not described by the statisti-
cal model of formation and disintegration of a compound nucleus, but
at the same time the information about the entrance channel is
alightly lost.
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Pig.2. Excitation function for A -particle and proton induced
reactions:( solid points) ”Ia(di.l'l);(open points ) 2ce (P ).
Solid line gives the caloulation of excitation function for 1391&(“,71)
reaction with assumption about statistical mechanism of reaction /4/.

The firat realization of i1deas about the intermediate reactions
was made in calculations of intranuclear cascades by the Monte-Carlo
method /5/ which is suitable for analyzing high-energy reactions.

To describe medium-energy processes an exclton model has been de-
veloped /6/. A number of other phenomenologicel models has appeared
more recently /7-13/. The hypothesis about the possible formation

of a localized hot zone in a nucleus dus to collision with a high-
energy particle was suggested by Bethe in 1938 /2/ and has been deve-
loped in refyi4-24/. A number of models describes specific properties
of high-energy particle emission in interaction between heavy ions.
These are the promptly emitted particle model /25-26/, the piston
model and the sum rule model /27-30/., A microscopic approach based
on theories of multistep direct reactions is also developed /31=33/.

The reactions with production of neutrons will be the focus of
attention in the review. It is caused not only by a great deal of

experimental data on reactions of this class, but also by the certa-
in advantages of investigating the neutron emission. The angular
distributions of neutrons are not affected by the Coulomb field of
the nucleus, which could lead to focusing or shadowing effects in
reactions with charged particle emission. Moreover, the part of the
Fermi motion of nucleons should be reflected more clearly in the
emission of nucleons than in that of complex fragments.

We shall assign the processes comnected with establishment of
equilibrium in a forming compound nucleus to preequilibrium ones.
The nonequilibrium processes of this class are separated because
the preequilibrium light particle emission can give an information
on properties of nuclear matter in its nonequilibrium phase, on
mechanisms and time characteristics of the relaxation processes in
nuclear matter. Only the phenomena that occur for the time preceding
the disintegration of the double nuclear system will be assigned to
the preequilibrium light particle emission in deep inelastic or
quagielastic collisions. In this case the Hght particle emission ref-
lects the initial stages of a great loas of energy and angular mo-
mentum taking place in reactions with heavy ions.

Spectra and angular distributions of the secondery particles
in reactions with nucleons are treated well by microscopic theories
of direct nuclear reactions in terms of one- and two-step proces-
sea /31-33/. So the reactions of interaction between complex ions,
wherein the one-step processes of neutron emission proceed with
relatively small probability, are preferable for studying the equi-
libration in nuclear matter.

The given review is devoted to analysis of the model ideas and
experimental data on meutron emission in reactions induced by com-
plex light and heavy ions at energiea of 10-20 MeV/nucleon.

I, MODELS FOR NONEQUILIBRIUM MECHANISM3 OF HIGH-ENERGY
LIGHT PARTICLE EMISSION

1, Fermi-gas equilibration model /7-8/

The Fermi~gas equilibration model is, by ite ideology,close
to the intranuclear cascade model, but the spatial distributions
of nucleons are not considered and by means of calculations it is
possible to obtein only the engle-integrated energy speoira. The di-
vision of the spectra into the equilibrium and preequilibrium parts
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¥ig.3. Scheme illustrating the Permi-gas equilibration model /7,8/.

18 not expected. The physical principles of the model are shown in
Fig.3. The whole range of excitation energies under consideration
is divided into energy bins AE. Each bin corresponds to the
number of possible single-particle states ( 7 ). This number of
gtates is calculated on the basis of the Fermi-gas model; it is also
possible to use the Nilsaon level scheme. The number of single-par-
ticle states in the energy interval in the Fermi-gas model is con-
nected with the bin energy ( £; ) by the relationship:

g - 2aVemm)t (63095 (a-1a0)%] ™
S = L5 20 (67 LaEyE (- foEVE] (2)

Here the primed subscripts refer to particles emitted from a nuc-
leus; Va.ndﬂ, the nuclear and lab volumes, respectively, are
parameters that do not enter into equations deseribing the system
evolution. The system evolution can begin either from a prescribed
digtribution of particles in energy intervals or with a nucleus in
its ground state, as shown in Fig.3. The transitions in the nucle~
us are assumed to result from processes of nucleon-nucleon scatte-
ring, thus two nucleons are always involved, going from two initial

atates to two L£inal ones. The transition probability w;,-_.u
depends only on particle emergy ( 6; ) and cross-section of nucleon-
nucleon scattering (Sww )2

o (6 ) [206+£) /] %

Wy vkt = VZT8R, §(6+&-tmn) (3)
Wi it = Ty (5‘) [2[‘//\4]/‘2/52 QL (4)

The compoaite syastem evolution with time is described by a sys-
tem of coupled equations (master equations):
Wyke 9% P

i ‘é $: [Whe 5 BB S e (1-0)(-11) -
ney -4 )l -G 0) - Bt D66 0185, )

Vi s g e s OCE - £iv €4 4BE, “

where A, »#; @; 1is the number of occupied states of the ¢-th
group, Ag/snp QI’ is the number of emitted nucleons, BE is the
binding energy of & particle.

2. BExciton and hxbrid models /13,9/

The physical conceptions of the models are presented in Fig.4
A nucleon is shown to enter the nuclear potential. The nucleus is in
its ground state. A series of two-body interactions is assumed to
take place, The first interaction yields a 2p1h state (two partic-
les and one hole) and any configuration is assumed to be equally
probable for this state. The next interaction leads to a more
complex 3p2h state, to other configurations of the 2pih state, the
recovery of the initial state being poassible.

A concept of density of intermediate, or exciton, states is
introduced and it means the number of ways by means of which the-
total energy (E) can be distributed between n excitons. In the model
with equally spaced single-particle states the density of exciton
states for the definite numbers of particles (p) and holes (h) has
the form /33/ (the Ericson formula):

Ph @ (g&)™1
Lo (B = pih] (n-0)] (7)

where Q is the density of gingle-particle gtates. For a small number
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of excitons the density of intermediaste atates 1s an abrupt function
(Fig.5), therefore transitions leading to decrease in the number of
excitons can be ignored. For a given state the energy distribution
of particle (P(e,E)) or holes (H(e,E)), in the composite system is
determined as a fraction of the n-exciton configurations in which
one particle, or one hole, has an energy e:

P h

R(e.E) = 2fos (E-0 [olMee) ®
bt ,

H, (e, E)= ¢ rl e Lol ey, (9)

The expression for the differential croas-seotion of preequilibrium
emigsion has the rﬁgher simple form:

g—%‘— = G'R Z Dn Pn (L‘*BE,E)):(E)*n (eos)_’

nE=ng (10)

where % is the total cross-section of the compound nucleus forma-
tion. £sE-BE | ), 1is the rate of transitions with emission of &
nucleon (its value being obtained from reciprocity principle), D,
is the parameter allowing for decrease in probability of the n-
exciton configuration formation due to emission of particles from
the previous states,

Taking into account the transitions into states with smaller
number of excitons it is possible, like in the Fermi-gas-equilibra-
tion model, to obtain & system of master equations describing the
particle emission probability versus time /12/. In this case the
model will also describe the emission during the equilibrium stage.
The division of spectra into the equilibrium and preequilibrium
parts has a conditional, model nature. A number of works /35-37/
divide the preequilibrium emission processes into multiastage direct
ones in which the nucleons escape mainly at small angles and multi-
stage compound ones leading to distribution symmetrical about an
angle of 90°,

The basic difference between the exciton and hybrid model ver-
slona consists in definition of lifetime {h. /38/ (see Eq.Q0))., In
the exciton model 4q, i3 defined as a mean lifetime of the exciton
state. It 1s obtained by averaging the decay rate of single-partic-



le states by energy distributions of particles and holes:

£
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where n,ne2 is the intranuclear decay rate of single-particle
states for particles (holes) whose determination can be based on
free path of a nucleon in the nuclear matter /13/.

The single partiocle notion is accepted in the hybrid model,
as in the Ferml-gas-equilibration model, and,therefore, the lifeti-
me is /33/:

(11)

- P
fn' (&) = Appea (& + A (e-BE), (12)

Here {"n. is interpreted as a lifetime of a gingle particle state
with an energy € which decays elther through intranuclear transiti-
on or with emission of & particle. This time does not depend on
concrete exciton state.

In anslyzing the same experimental data these models are obvi-
ously able to come to contradictory conclusions about the initial
exciton number ( N, ) or the decay rate (A n, neg)e Indeed, in analy-
zing the experimental data in terms of the exciton model the nucle-
on free path obtained, for example, from optical potentials must
be increased by a factor of 4, which can evidence for & predominant
contribution of peripheral processes /38/. But in the hybrid model
the agreement with the experiment was obtained at calculated va-
lues for nuocleon free patha /40/.

3. Geometry dependent hybrid model [10[

Change in density of nucleons near the nuclear boundary can
atfect the preequilibrium decay. First, the mean free path should
be greater in the diffuse surface; gecond,the Permi energy in this
region is considerably lower. The latter of these effects limits
the degree of freedom in energy distribution of & given exciton con-
figuration because of a finite depth of hole energy position. Allo-
wance for these effects could act on the preequilibrium emission
as well as on the shape of the emitted particle spectrum. In the ge-
ometry dependent hybrid model the calculation is performed separa-
tely for every impact parameter:

PIAC

4 o xx* L (00T 75, (13

where T, is the transmission coefficient and gl:f- is the preequi-
1librium emission probability for a given impact parameter. Allowan-
ce for the restrictions in-the hole energy depth is made only in
the tirst stage of the preequilibrium decay /10/ when this effect
is greatest. The fraction of the preequilibrium emission as a fun-
ction of impact parameter is shown in Pig.6. It is seen that allo-
wance for the diffuse nuclear boundary caused an increase in non-
equilibrium nucleon yield in the peripheral region.

Appearance of the geometry dependent hybrid model made 1t
possible to describe successfully the experimental data on the (p,n)
reactions which could not be explained in terms of the exciton and
hybrid models /4/.
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Pig.6, A fraction of preequilibrium emission as a function of
orbital momentum in the entrance chamnel (solid 1ine). The caloulati-
on was made for >%Fe( P.p’) reaction at 62 MeV. Dashed 1ine presents
the variation of nuclear density /34/.

4, Description of angular distributions in models
of exciton type
The detailed description of different models for mechanisms
responsible for the angular dependence of preequilibrium particle
Yyield on angle of detecting is presented in a mwvey /ref. 42/,
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In one of the first works /48,44/ the angular distributions are
desoribed on the basis of the generalized master equations of the
exciton model, The angular distribution of emitted particles is
agsumed to be determined only by direction of a leading particle
motion. Information about initial direction of the leading particle
is gradually lost in two-body interaction between this particle
and nucleons of the nucleus. Development of this model was made in
/45/.

Deacription of the angular distributions was developed also
on the basis of the hybrid model /46/. A Xind of hybrid of the exci~
ton model and the Born plane-~wave approximation is presented in
/47/.

All calculations of emguler distributions of nonequilibrium
particles were cerried out mostly for reaotions with nucleons.

S._Hot spot in central collisions

Assumption of possible formation of a localized hot zone in a
nucleus wasg made in 1938 /2/. A particle of sufficiently high energy
loges its energy in the surface layer of a target nucleus and this
process leads to an intensive local heating. The "heat" will be gra-
dually digtributed over the whole nucleus., Concepts of local equilib-
rium and local temperature can be introduced only when the number
of transitiona in the hot spot zone exceeds considerably the numbex
of nucleon collisions at its boundary. But then the hot zZone radius
should exceed the nucleon free path by a factor of 3, if the relaxati-
on process is based on rescattering of the nucleons. However, it is
not workable as in such a case the hot spot size would be comparab-
le with nuclear one ( R>» 6 © ), In order that the local equilibrium
exiatsit 18 necessary to assume that either the free path in the
hot spot zone is considerably less than in the cold nuclear matter
/24/ or the relaxation process is determined by other than two-body
mechanism. As the accesaible local temperature is high enough, eva-
poration of the particles from the hot spot seems to be possible,
These particles can have much higher energies than those calculated
by assuming isotropic nuclear temperature, For central collisions
the priority emission of nonequilibrium particles is expected to
occur at backward angles.

The effect of such a mechanism was poasibly found in work /48/
where the proton energy spectra were studied at angles more than
90° in reactions induced by protons and high-energy A -~ partic-
les. The temperatures obtained by analyzing the high-energy part
of spectra (Ep & 20 MeV) are twice as high es values of equilib-
rium temperature and do not depend on both proton exit angle and
mass number of the target. There are attempts to explain the cumu-
lative effect by formation of the localized hot zone /22/,

6. Hot zone and refraction on nuclear boundary

It is of interest to analyze whether the hot spot model is able
to explain the nonequilibrium emission in the region of forward an-
gles. Such a model is developed in works /18-20/. It is assumed that
a projectile coalesces with a nucleus to form a compressed hot zone
in it. The model parameters are the degree of compression (2 ) and
the relative gize of the hot zone (3 ):

n= $s/Po , B =Rs/R. (1)

It i1a assumed that there is a local equilibrium in the zone and there
i8 no energy exchange with the cold nuclear matter, Then the zone
temperature ( Tg ) is comnnected with a projectile energy (E) by the
relationshipx

2
- 2 £ J(a, e a) [AE - F AN (E(5) -E L9)]" .

where Ap is the number of nucleons in the projectile, A¢ 18 the num~
ber of target nucleons involved in the hot zone, E_ ( p) 1is the
Permi energy.

When a nucleon emitted from the hot zone reaches the nuclear
surface, 1t can leave nucleus if its kinetic energy in the direction
perpendicular to the surface 18 mye than the potential well depth (V, ).
The differentisl multiplicity of emitted particles is determined
by the expression:

AN _ 4r RE (R-Rs)
pIdpd,  RELV.>

(?mV)
PR (16

V, F(E)E(R~
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Here P(E) ia the nucleon energy distribution in the hot zone which

is accepted to be the Fermi distribution at temperature Tg , € 1a the
Heaviside step funoction, A is the angle determined in Fig.7, £ g’f;
and \/‘ are the energy of the emitted particle, its momentum and
intranuclear velocity, respectively. When & nucleon crosses the nu-
clear surface, its energy decreases, the tangential component of the
momentum being unchanged (Fig.7). This leads to collimation of the
outgoing nucleons. Moving the hot zone close by the focus of the nu-
clear lens, it is possible to achieve the desired focuaing.

Fig.7. Isolated statistical hot spot model with refraction at
nuclear surface /18,19/.

T. Peripheral hot apot /14-1 2

The model describes the hot spot formation and decay in reacti-
ons of deep inelastic scattering. The hot zone is developed in the
overlapping region of colliding nuclei at orbital momenta close to
the momentum of grazing collision and becomes apparent after the
breakup, of the intermediate complex via particle emission. A large
transferred angular momentum causes the rotation of the nucleus with
a period comparable with hot zone internal decay time, therefore,
the emitted particle spectra reflect the rotational motion of the
tragment, The probability of nucleon emission P (£, 6 ,'f:) is connec-
ted with surface temperature T (R, & ,t ) by the relationship:

E+BE ]
k)

p(f'g,'l:)-» £exp[~ FIR.0.) z )

where BE is the binding energy of the emitted particle, 4 is the ti-
me from the moment of separation of the fragments. The angle @ in
Eq.(15) 1is the polar angle of emission in the intrinsic coordinate of
the emitting nucleus. The time-dependent nuclear temperature field
T(R,8,t) is calculated on the basis of e aiffusion equation with

a delta-like initial distribution. The kmown value of equilibrium
temperature permits an unambiguous calculation of temperature field.
A light particle is emitted in a time moment ¢ in a direction &
(Fig.8) by an excited nucleus with a probability P(§, 0,%t ). Then
three particles are considered as point charges and their trajectori-
es are calculated by numerical integration of the Newton equations.
When the trajectory of the particle under investigation crosses the
residual nuclei, the particle is consgidered absorbed.

Pig.8, Surface hot spot model in deep inelastic collisions of
heavy ions /16,17/. '

The angular distributions calculated in /17/ for the -Oni(160,
16()'n) reaction at 96 MeV are shown in Fig.9. The angle is counted
off from the oxygen direction. The positive angles correspond to the
particle emission at angles largarthan the 1 0 scattering angle., The
model predicts the characteristic picture of angular correlation with
a6 "ghadow" minimum shift in the positive angle region. Up to date the
calculations have not been compared with experimental data.

The hot zone on the nuclear surface wae also considered in /23/.
It was suggested to bring an effective temperature to conformity with
every angle of particle emisasion. The authors of /23/ believe that



K|

N(e)
" 1

IRt
IR

] 1 )
100 -88 -66 -40 -20

1 ] ™
2 40 69 80 100
0, deg.

Pig.9. Angular digtributions of neutrons in the peripheral hot
spot model for 58yy (160, 16O'z:a) reaction at 96 MeV /17/. Angle G 1s
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the particle emission ocours on an average in the direction of velo-
city of the rotating nuclear surface. Then a definite angle of emis~
sion can be brought to conformity with an angle of system rotation
and, hence, with a definite time of reaction. However, the assump-
tion on the preferred direotion of emission is not substantiated
at all.

The decaying hot zone on the nuclear surface was considered in
the classical orbiting model /54/. The model comes formally to a
fast nucleon gource moving at some angle with the beam. The value of
this angle is determined by an average time of nucleon emiassion and
an angular velocity of the hot zone. Two extreme cases are usually
considered. The composite system of two nuclei either rotates as
a single whole (sticking)or one nucleus rolls on the surface of the
other one in the rotating composite system (rolling). The law of
conservation of momentum allows in these cases the source velocity
to be determined unambiguously. The emitted particle distribution
in the smource system is considered isotropic /54/.

- 8. Drifting intranuclear hot zone /21,24/

It is assumed that the preformed area of localized excitation
energy is expanded and retarded for some time and the system reaches
a thermal equilibrium. The excitation in every time moment is locali-
zed in some volume where a fraction of the projectile ion nucleons
(Ap(t)) and a fraction of the target nucleons (A (t)) is available.
The hot zone velocity es a function of time is determined by the ex-
pression:

U(t) = Uy Ap /(Bp+Ad). (18)

Here Uy 18 the projectile ion velocity. The temperature as a function
of time is calculated from Eq.(15). The model does not take into
account the particle absorption in the nucleus as well as the ref-
raction in crossing the nuclear surface. The authors of model /21/
assume that although the excitation enexrgy and the longitudinal
component of velocity are localized in a small volume, it is attai-
ned owing to the phase consistency and the definite dependence of
the nucleon density matrix elements on momentum, i.e. owing to the
detinite momentum distribution of nucleons. The fraction of nucleons
whose momenta are large enough to leave the nucleus seems to be pro-
portional to the volume where the excitation energy is concentrated
while the nucleons £ill the whole volume of the nucleus. Evaporation
occurs from gurface. The calculations are made with definite essum-
ptions about dynsmics of the process (for example, uniform expansion
or uniform retardation).

More successive thermodynamic approach in the framework of the
similar model has been developed in /24/. The idea of drifting hot
zone has also been realized in the so-called two-phase deexcitation
model /49/.

9. Promptly emitted particles model /25-26/

The promptly emitted particles or Fermi-jet model /25,26/ des-
cribes one of possible mechanisms of fast nucleon formation in re-
actions with heavy ions. It is assumed in this model that a window
forms between the strongly interacting nuclei through which nucle-
on exchange takes place. The nucleons which are tranaferred from &
donor nucleus to a recipient one have their intrinsic Fermi veloci-
ties in the donor system, the same nucleons having different veloci-
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ties in the recipient system. The change in velocities results from
the relative motion of the nuclei, the high-energy nucleon formati-
on being possible due to summation of velocities. As the intranuc-
lear velocity distribution is connected with nuclear density, the
Fermi-jet neutrons could be uged to determine the demnsity variati-
ong in the course of collision between nuclei.

A model which combines the ideas of promptly emitted particles
and hot spot has been developed in /20/.

10, Incoﬁplete fusion sum rule model /27-29/

The fast particles emitted in the initial stage of the interac-
tion take away a fraction of the projectile momentum to facilitate
the fusion process. The sum rule model postulates that probabilities
P(1) of different processes going through the stage of nonequilib-
rium system formation, including the fusion process,are proportio-
nal to the exponential expression:

B(1) ~ exp | { Qgg =4 Qc(‘”/"'}, (19)

where Q__ is the energy of the reaction with formation of the ground-
atate products;A,Q° is the change in the Coulomb interaction energy
due to charge transfer in the reaction. T can be considered as an
effective temperature characteristic of the composite system level
density or simply as & model parameter. This empirical relationship
is usually used to describe the charge and mass distributions of
fragments in deep inelastic reactions.

Restrictiong on entrance anguler momentum tlim(i) reduce the
probabilities of the reactions. The limiting angular momentum for
each channel is equal to:

Here m, and M, are the masses of the projectile and the captured
fragment, respectively. The sum of probabilities of various reaction
channels 18 also eassumed to be equal 1 for every orbital momentum

of the incident particles. Then the cross-sections for various reac-
tion chann;la are determined by the relationship:

it T () exp i(Qgg — A Qe)/T
6¢) =z)’~é72!*4)4.:‘- 7;(,,,)3;,,{ (Qggm-4 0:0”%.} R 1))

The model uses the following parametrization for the transmission
coefficient ( T, )3

—-Zl'hv [
T, = {/({f-eocp({-zi"—‘())). (22)

The model links the cross~sections of nonequilibrium particle produc-
tion for different reaction channels without specifying the mecha-
nism of their production.

The authors /30/ suggested also an explanation for the mechanism
of fast particle escape. The particle excape in peripheral collisions
can occur under the action of radial friction forces which are deci-
sive in the reactions of deep inelastic scattering. In the case of
central collisions a hard retardation of a particle in the target-nu-
cleus field can lead to lightparticle escape from the nucleus side
opposite to the collision (the piston model). However, these ideas mve
not been developed to the model level when the comparison with expe-
rimental data becomes possible,

11, Parametrization of experimenial data in moving
gources model

Parametrization in the moving sources model has been recently
used in most the experimental works devoted to analyzing energy spec-
tra and angular distributions of fast light particles. A source mo-
ving with some velocity, as a rule, along the beam direction is sug-
gested to be responsible for the nonequilibrium part of the spectrum.
The angular distribution of the decay particles in the gource system
is isotropic and their momentum distribution is approximated by the

Gaussian:
. - P)Z
ds” . 4F % (P-A)
ex, = EA
dedn =7 AL~ 28*% J. (23)
Here p and E are the momentum and energy of the fast particle in
the laboratory coordinate system, respectively; A4,B,P, are the model
parameters. This source caen also be presented &8s a moving hot area:

7/
-9 (EE)"
dé‘”";o;uz = 4522 e',tp{— £rE 2,( ) 6’6? (24)

The comnnection between the parameters of temperature (T) and the dis-
persion of momentum distribution in Eqs (21) and (22) is given by the

expression: 2
T= mB~. (25)



3B

The formulas similar to Eqs (23) and (24) can be obtained in the bom-
barding light particle breakup model /50/ as well as in the heavy ion
prompted 'fragnentation model /51/, in the framework of both the Permi-
jet model /26/ and the moving hot spot model /21/. The idea of & mo-
ving source does not contradict either the exciton models or the in-
complete fusion sum rule model. Therefore, such a parametrization can
be considered, in a way, a3 a model~independent approach which makes
it possgible to speak about a definite mechanism on the basis of the
obtained parameters comparing these parameters with predictions of
different models.

12. Common features of different models

In dynamicas of development of models (Fig.10), as in evolution
of 1life on the Earth (Fig.11), we see the similar picture. Time has
led to death of a number of models. The peripheral hot spot was never
supported by experimental data /17/; the Fermi-gas equilibration model
/17/ is not used because of complex mathematics and for lack of fit-
ting parameters. The present status of development of the models way
be called the epoch of pangolins. In some cases the physical mea-
ning of the parameters in use is not clear /6,27/; some models 719,23/
surprise ustynaivety of ideas laid in their basis; applicability of
almost all models to the described phenomena is poorly substantiated;
the energy and mass ranges,wherein the approximatims used are valid,are
not determined. The degree of experimental data description has become
a main criterion of applicability. The surprising variety of models
and approaches can be evidently explained just dy this fact. We shall
try here to establish a degree of relationship for different models
and a possibility of comparing the conclusions made in analyzing the
experimental data with the help of these models.

The excliton models, as the intranuclear cascade models, reduce
the whole process of equalibration in the composgite system to two-
body interactions. The convincing evidence of difference between the
model predictions and experimental data is of physical interest here
rather than the successful description. A show of specific proper-~
ties of the nuclear matter can be expected Just in such differences.

The hypothesis on the localized hot zone appearance and decay
is based on other ldeas. The action of multibody forces actively
involved in energy transfer in the nuclear matter is permitted here.

CLASSICAL ORBITING A MULTI STEP COMPOUN,
MODEL 1961 /S54/ 1981 /35/
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Fig.10. Evolution of nonequilibrium process models
%x— hot spot mcdels;

‘tt‘\- exoiton models;

- models in which high-energy particle emission is determined
by intrenuclear Permi motion of nucleons;
- mioroscopic models.

The parameters of the two groups of models cannot be compared. The
dependence of hot zone temperature on energy per nucleon above the
nucleon barrier of the incident ion is shown in Pig.12 with full
circles. The data was taken from the experimental works where the
parametrization of spectra in the moving sources model was carried
out. At energies up to 20MeV/nucleon only the works where the fusion
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channel was distinguished /52-54/ and at higher energies the works
where the analysis was made for the particle emission at large angles
/55/ were taken. Fig.12 shows also the calculation (golid line) of
temperatures in the hot spot model (Eq.(15)) with the assumption that
the number of target nucleons involved in the hot zone is equal to
the number of projectile ion nucleons. It is seen that the energy de-~
pendence is repeated rather well,

The parameter which is often compared with the nonequilibrium
system temperature figures in the expression for probability of se-
parate reaction chanmnel (EqJ19)) in the sum rule model /27/. The
open circles in Fig.12 present the temperatures obtained in the reac-
tiona of fragmentation and the reactions of deep inelastic scattering
in conatructing the Q_ _ systematics. The data was taken from review
/55/+. The emission of the fast fragments may be represented to be
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Pig.12, Parameter of temperature versus energy per nucleon
in the fragmentation reactions and deep inelastic processes (open
circles) as well as in nucleon spectrs in the channels of reaction lea{
ding to fusion (s0lid circles). Solid and dashed lines show the re-
sults of calculations (see text).

determined by the nucleon flux from one nucleus to another. When the
nuclei approach the potentiaml barrier between them in the contact
zone decreases down to the Ferml energy and the intensive nucleon ex-
change is initiated. The dispersion of momentum distribution in such
a flux will depend on relative velocities of the nuclei and at inci-
dent ion velocities less than the Fermi velocity the dispersion is
equal to

B = P /5,

where Po = m Yo

(26)

is the momentum of the nucleon moving with a veloci-
ty equal to the incident ion one. At large velocities the dispersion
reaches a constant value determined by the Fermi momentum ( F; )

/51/:
B = Fk //1/Ef . (21)

This dependence of dispersion on energy (dotted line in Pig.12) rep-

roduces well the data on the parameter T of deep inelastic processes,
predicts both the exsistance of a limiting value of T and the energy



35

at which this value is reached., Thus, there is a great deal in com-
mon between the FPermi-jet and sum rule models, the temperature para-
meters in the sum rule and hot spot models being distinctly different.
Here there are evidently no crossings with the parameters of the
exclton models,

II. WHAT CAN ANALYSIS OF INCLUSIVE SPECTRA YIELD?

1, _Nonequilibrium processes and inclusive spectra of neutrong

The disorepancies in neutron spectra obtained in interaction of
composite nuclei from predictions of the compound nucleus formation
model were observed for the first time back in 1961 /57/ when ab-
surd values for parameters of level density of the compound nuclei
were obtained in the anelysis of neutron evaporation spectra. Then
it was suggested that a strongly nonequilibrium process of "localized
heating" manifests d1itself at & sufficiently high energy of projeoti-
le iomns /57/.

Comparatively few works are devoted to investigation of the neu-~
tron spectra because of the definite experimental difficulties in de-
tecting neutrons. In work /58-60/ the dependence of nonequilibrium
neutron emission on atomic number of a target nucleus was studied
in reactions with light ions: 3He end "Hee The neutron spectra from
reactions initiated by different ions were systematically studied in
works /61-65/. In these investigations the energy and angular distri-
butions of neutrons were measured in the reactions with ions 3ﬂe
(B=40.9MeV), *He(Ex52.6MeV), OLi(E=39.7MeV) ana 12C(Ea53.0MeV). Tar-
gets were chosen 80 as to obtain the aame‘compound nucleus 5Zn. The
incident ion energies corresponded to the excitation energy of the

compound nucleus 65Zn, being about 54MeV. Such a choice of energies
and targets gives rise to about similar characteristics for the ener-
gy and angular distributions of neutrons the production mechanism of
which corresponds to evaporation from the compound nucleus. Some
discrepancies are possible due to different orbital moment& in the
entrance channel see Table 1).

Table 1.
Reaction Energy, Y"'v ler no One,
MoV mbarn % mbarn
3he+62y1 40.9 1660%40 12.8 5 340
e+t 52.0 1590%40 16.8 4 361
611499c0 39.7 216050 19.5 6 301
3HesbMny 59.0 2090%50 16.0 5 514
61,1499 90.0 3490%60 29.3 6 700

The additional measurements at high energles were performed for ions
3He(E=59MeV) and SLi(E=90MeV).

The features characteristic of nonequilibrium processes, the sig-
nificant yield of high-energy neutrons and the growth of the yield
in the small angle area, manifest themselves in the energy spectra
and angular distributions of neutrons for the reactions with ions
3He, 4He end “Li. The engular distributions of neutron yield in the-
ge reactions for different energies of neutrons are compared in
Fig.13. The contribution of the evaporation from the compound nucleus
is more significant for the reactions with the lithium ions than
for those with the helium isotopes. The angular distributions for
high~energy neutrons weakly change with incident ion energy, as seen
in Pig.14, where the distributions of the 15 and 25MeV neutrons are
presented for the reaction with the 3He ions at two different energi-
es. In the oage of the reactions with the 3He and "Li high-energy
ions in the experimental spectra obtained in the small angle range
one can see an intensive peak whose position coincides with the in-
cident ion velocity. This picture is characteristic of the breakup
and knockout reactions (Fig.15). On the one hand, the weak dependence
of neutron spectral characteristics on type of the incident ion is
obeserved, on the other hand, there are signa of the direct processes
of breakup and kmockout.

The reaction with the carbon ions shows quite another picture
of neutron distributions (Fig.16). All characteriatics of the angular
and energy distributions agree with the concept of evaporation from
the preformed compound nucleus.
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Later on we shall analyze the neutron spectra of the reactions
where disagreement with mechanism of evaporation from the compound
nucleus manifests itself distinctly, The analypis will be made with the
uge of the basic model concepts which are most frequently applied
in studying mechanism of the high-energy light particle formation.

2, Hybrid model of preequilibrium processes

The ALICE program was used to calculate the neutron spectra of
reaction under study /66/. The evaporation casoade of the equilibrium

part of the neutron spectra was calculated on the basis of the sta-
tistical model /67/ with allowance for the competiting channels with
proton and ¢f ~particle emission. The calculation was made in the S -
wave approximation, i.e. it wasg assumed that the part of energy whick
is connected with rotation of the nucleus does not take part in the
process of particle evaporation and, therefore, in the formula of le-
vel density the excitation energy was counted off from the mean energy
of nuclear rotation.

Only a part of angular momentum available in the entrance channel
leads to nuclear fusion. The necegsary condition of the fusion is pos-
gibility of approaching of the interacting nuclei to distances shorter
than a critical one /68,69/. Alternatively, the restrictions on the li-
miting momentum for the fusion reactions arise from instability of the
composite system /70/. The strong centrifugal forces lead to disinte-
gration of the system before the equilibrium is established. The least
values of the critical momenta ( f‘r ) from those obtained in the two
repregentations were uged in the calculations, the parameters being
taken from /71/.

The hybrid model was used to calculate the nonequilibrium parts
of the spectra.

Table 1 sumariges data used in the calculations: the parameters
of lcr s the initial number of excitons ( Mo ), the cross-section of
preequilibrium emission ( Gne ) and the total yield of equilibrium
neutrons obtained experimentally ( I'n. ). The statigtical errors
are only given for experimental data, the total error for the absolu-
te value of crosg-section being about 15%. The preequilibrium emissi-
on (Ope ) ylelds 15-20% of the total yield of the evaporation neut-
rons. The importance of the nonequilibrium processes grows with
increasing the incident particle emergy. There is no strong dependence
on the projectile ion type. The cross-sections of preequilibrium emis-
sion for the reactions with the strongly-coupled o -particle end the
"loose"nucleus of "Li are close.

Figs 17 and 18 give the experimental energy distributions of ne-
utrons from the reactions under study and their comparison with the
calculated data. In all cases the hybrid model reproduces adequately
the shape of neutron spectra and the absolute value of cross-gection,
A decrease in high-energy neutron yield is observed at low energies
of incident ions, whioch is especially noticeable for the reaction in-
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Pig.18. Energy spectra of neutrons from 3He+62Ni (E=5%MeV; solid
circles) and L1+5900 {E«90MeV; dotted circles) reactions. Solid 1i-
nes are the hybrid model calculations.

Fig.17. Energy spectra of neutrons from the helium and lithium
ion induced reactionss SHe+°2Hi(E«40.9MeV) (s0lid oircles)i¥Hes
+61N1(E-52.6 MeV) ( open oiroles); 1+5900(E-39.7llev) (dotted ciro].oa‘
Solid lines are the hybrid model caloulations.

duced by lithium ion. It can be connected with the peripheral proces- neutron gpectra with the ALICE program /66/. The formalism uged in
ses the geometry dependent version of the hybrid model takes into the program does not permit the angular distributions to be calcula-
account. The relative contribution of such processes decreases with ted, so to take into account the angular anisotropy the calculated
increasing the incident energy. spectrum was multiplied by a coefficient dependent on detecting

3. Parametrization of spectra in the moving sources model angle: 2

=

Here our purpose is to draw definite conclusions about the mecha- '4 (9) ! +/3 bt 9) (28)
pism of fast neutron emission basing on the obtained values for sour- where is the fitting parameter. The second component corresponded
ce velocity and for dispersion of momentum distribution. The neutron to the nonequilibrium neutron source moving along the beam direction
spectrum for each detecting angle was presented as a sum of two com- and had the form presented by Eq.(21). The source velocity (U ), the
ponents. The firat ome corresponded to evaporation neutrons and was dispersion of momentum distribution (B) and the cross-section of

written in the form obiained in caloulating the equilibrium parts of nonequilibrium neutron yield served as parameters here. By fitting
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the parameters we succeeded in describing edequately the energy and
angular distributions of neutrons only in the range of forward an-
gles (Fig.19). The obtained values of parameters are given in Table 2.
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Pig.19. Desmcription of angular distributions of neutrons from
6L1+5900 reaction (E=39,TMeV) in the moving mources model for meutron
energies of 10,20 and 30 MeV (A,B and C,respectively).

Table 2.

eaction
\ 3He"62//; 4He+“f/i ‘/.i *596 SHe’ ‘.ﬁf ‘Zi*”&o
E, MeV 40.9 52.6 - 39.7 59.0 90-60

n .6 1.6 1.6 1.9 2.

Yn » mbamr :660:40 159040 21603250 2090450 3490160
O . mbarn| {037 994 1350 1100 1342

A 0.09:0,06 0.20+0.08 0.15+0.05 0.11:0.04 0-??;!0-06
B* 0.096 0.161 0.176 0.11 0.3

vV, co/ns 3.96t0.18 3.45:0.28 2.86*0.51 4.99:0.38 5.0{+ 0.28
v , co/ns 4,31 4.42 2.69 5.52 4.81
u em/ns 3. 68 3.09 2.60 5.0% 4.9
v, ey 5.16:0.37 3.91:041 2.72:0.77 2.98:0.52 2.76:0.34
B, MeV/C o4 3432 60.4t3.2  503:31 50924.7 50.7:3.2
B, MeV/C 148 79 36 48 36

For the adequate description of the spectra in the whole range
of angles 1t is necessary to introduce one more gource which has a
wider momentum distribution and moves at & smallexr velooclty. The rep-
producibility of experimental data will be essentially improved if
the neutron sources are assumed to be distributed along directions
of their motion. The angular distribution dispersion in this case
will be about 10°. With allowance for the angular distribution of the
sources the values of fitting parameters (source velocities and momen-
tum distribution dispersions) do not change conaiderably /65/.

" Prom the total yield of evaporation neutrons ( Yk ) obtained by
approximation of the equilibrium part of the spectra it is possible
to determine the cross-section of fusion ( 6 ) dividing the yield
into the caloulated average number of neutrons ( m ). The absolute
values of fusion cross-section agree well with the calculated values

critical momentum for fusion reactions (see Table 1):

LR (/c‘r"//!)z. (29)
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The value of anisotropy parameter can be evaluated, with the following
relationship used:

. maR? ( E zof
A= (/ 337_—_/) 2T/ >» (30)

where A . aoH and 7 are the radius, moment of inertia and temperature
of the compound nucleus, reapectively, and.E;rot is the rotational
energy. As seen from Table 2, the coincidence of the calculated ani-
sotropy parameter_/sﬂ‘with that obtalned by fittingzjg s is quite
satisfactory, Thus, the characteristics of the soft part of neutron
spectra completely correspond to the concept of statistic mechanism
of neutron emission from the nucleus in thermodynamic equilibrium.

The velocity of the nonequilibrium neutron source is correlated
with the projectile ion velocity, being smaller than the latter. For com-
parison Table 2 gives the incident ion velocities onr the peak of the
Coulomb barrier ( \ﬁf ) and the ion velocities also on the peak of
this barrier but on the assumption that the part of the kinetic ener-
gy of motion required to separate a neutron has turned into excitation
energy (Ub: ). As seen from the table, the values of source velo-
cities are close to the velocities U.' and Uge . It indicates that
the processes of projectile ion breakup are possibly important,
but then the momentum distribution dispersion B should be independent
of ion energy and proportional to the square root of the binding
energy (BE) of the neutron in the projectile nucleus. Indeed, B does
not depend on incident ion energy, but in the reactions initiated
by & - particles (BE=20,5MeV) and by ions of lithium-6 (BE=3.TMeV) the-
se parameters are cloge. Table 2 presents the momentum distribution
dispersions (B* ) calculated on the basis of the simple breakup
model /49/. The good agreement with the fitting paraemeter B takes
place for the reactions with 3He ions, the discrepancies being obser-
ved in the case of the reactions with lithium and helium-4. The break-
up process can be accompanied also by the processes of neutron lnocke
out from the target nucleus. Then the distribution widths will be
determined by form of the neutron wave function in the target nucle-
us, It is impossible to draw any definite conclusion about the process
nature on the basis of the obtained parameters. Possibly we deal with
a set of different mechanisms of fast neutron production and the con-
tributions of all the mechanisms are comparable. The obtained para-

meters do not contradict the preequilibrium exciton models where the
incident ion is assumed to dissociate into the definite number of
excitons at the initial stage of the reaction and the nucleon emig-
sion 18 determined by the statistic mechanism, There is no contradic-
tion either with the Fermi-jet model /25,26/ or with the sum rule mo-
del /27,29/. The latter does not permit one to describe the angular
and energy distributions. However, it is seen from the concepts laid
in the model that the spectrum of emitted fragments can be paramet-
rized in the form of a fast-moving source. The sum rule model makes
it possible to reproduce the cross-section of nonequilibrium neutron

Yield for the reactions under study at reasonable values of parame-
ters.

4. Hot spot model

The high velooity of tgg ginequilibrium neutron gource does not
permit the drifting hot spotV92 224/ to be used, at least, to descri-
be the fast neutron yield at small angles. 4 local equilibrium isg
agsumed in the model fo exist in a zone embracing the projectile nu-
¢leons and a fraction of the target nucleons, so the hot zone veloci-
ty should be considerably less than the projectile ion velocity,

Data on calculating the neutron energy spectra with the help
of the isolated statistical hot aspot model /18,19/ for reactions initi
ated by ions of helium-4 (E=52.6MeV) and lithium-6 (E=39,7 and 90MeV)
are shown in Fig.20 and compared there with the experimental data.
It 1s assumed that there 1s no change in nuclear density in the hot
zone, the model parameter‘z being equal to 0.58 and 0.51 for reacti-
ong initieted by ions of lithium-6 and & -particles, respectively.
These values correspond to the number of hot zone nucleons, being
double the number of projectile ion nucleons. The hot zone temperatu-~
res (Eq.(15)) corresponding to the above parameters were 4.0 and
T.0MeV for the reactions induced by 39.7 and 90 MeV lithium ions,
respectively, and 6.5MeV for @A -particles induced reactions. The
calculations with the model reproduce adequately both the form of
the high-energy portion of neutron distributions end the change in
the form with projectile energy. The angular distributions of neutrons
according to the model are determined by refractive effects of
nuclear surface. In the framework of the modsl the reproduction of
the experimentally observed angular distributions of neutron failed.
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Fig.20. Energy spectra of neutrons from 4Ko+61lli(3-52.6uev; 80~
11d oircles), CL1459Co(E=39.T MeV; dotted oircles) amd SLi+*%Co
(E=90MeV; open circles). Solid lines are the ocalculations by using
the isolated statistical hot spot model with refraction at nuclear
surtace /18,19/. The contribution of neutron evaporation from a com-
pound nucleus is diown by dashed curves.

The yield anisotropy decreases as the emitted neutron energy grows,
which is the model consequence contradictory to experimental data.
The agreement of the model predictions with some characteristics
of experimental data does not serve as convincing evidence for the
fact that we deal just with the given mechanism of neutron emission.
The shape of the neutron spectra has no specific singularities and
in order to describe it a single perameter is enough.
It is of interest to analyze the large angle region in terms
of the hot spot. In this region the contribution of the direct pro-
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Pig.21. Temperature determined from the slope of the high-energy
portion of meutron spectra (E*15MeV) versus detection angles
(0) " SL14%%C0(B39.THV);(B)  4He+SIHL (Ra52.6 MeV);(C) Hes2my
(B=40.9MeV),

cesses of all kinds is small. Fig.21 shows the dependence of tempera-
ture determined from the slope of the high energy portion of the
spectra (E9 15 MeV) on deteoction angle. The temperature determined

- 1n such & way varies with the angle and at angles more than 90° rea-

ches a constant value. But the value of temperature in the large an-
gle region differs from the equilibrium value equal to 1.9 MeV in

the given case. At the obtuse angles the variation of temperature
with projectile mags agrees qualitatively with the predictions of

the central hot spot model /2/. The higher temperatures are obser-
ved in reactions induced by ions of mmaller masg. The values of tempe-
rature at the large angles are equal to 2.8, 3.5 and 4.0 MeV for bom~-
barding ilons: 6L1. e and 3He, respectively. For reactions initiated
by lithium-6 ione the A-particle and deuteron spectra were also
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Pig.22. Temperature dependences in spectra of neutrons (B), deu-
terons (C) and & ~particles (i) in 6L1+59co(1:-39.7uﬂ) reaction, Da-
shed lines correspond to the equilibriwn temperature (T=1,9MeV),
801id lines, to the nonequilibrium component (T=2,8MeV). The spectra
are obtained at deteotion angles of 120-140°,

measured /72/. Pig.22 presents the speotra of ¢, -particles, deuterons
and neutrons emitted in interaction of lithium-~6 ion incident on a
cobalt-59 target which were obtained at detection angles of 120-140°,
Two components with different temperatures 1.9 and 2.8 MeV are obser-
ved in the d-particle spectra, as in the neutron apectra. The deute~
ron spectra can be approximated by the Maxwell distribution with a
temperature of 2.8 MeV. The disintegration of the hot zone arising
due to central collisions with the target nucleus may manifest itself
at large angles. The coincidence of '"nonequilibrium" temperatures
for t\-particles, deuterons and neutrons can evidence the establish-
ment of local equilibrjum in this hot zone.

5. Brief conclusions

(1) The hybrid model adequately reproduces both the absolute values
of cross-sections and the shape of exit angle integrated neutron
spectra.

(2) The breakup and knockout processes or the mechanism of the
promptly emitted particles type may manifest themselves at small ang-
les. The contribution of such processes into the exit angle integra-
ted crosa-seétion can be small and then the nonequilibrium neutron
yield is determined by more complex processes. No definite conclusion
on the part played by direct processes can be drawn from the analysis
of inclusive spectra. )

(3)e fact that neutron energy spectra are reproduced by the hot spot
model with refraction on nuclear surface seems to reflect simply the
fact that the nonequilibrium neutron spectrum has an inexpressive sha-
pe and in order to reproduce it a single parameter is enough. The ne-
utron angular distributions cannot be described in terms of this mo-
del.

(4) The nonequilibrium component of the A -particle, deuteron and
neutron spectra remains algo at angles close to 180°. The parameters
of energy and angular distributions agree here with the central hot
spot model. However, the nonequilibrium component may well be des-
cribed also in terms of multistage compound processes leading to a
distribution symmetric about 90°.

ITI. NEUTRON SPECTRA IN CORRELATION MEASUREMENTS

1. Neutron emission in quasielastioc and deep inelastic proceasses

(2) Reactions at incident ion energy up to 10MeV/nucleon

The angular distributions of neuiron energy spectra and multipli-
pity were measured in a wide range of projectile ion masses from oxy-
gen to krypton /73-81/. The neutrons were usually detected in coin-
cidence with light and heavy fragments. Such measurements made it pos-
8ible to obtain information about the time scale of energy equilibra-
tion, distribution of excitation energy between fragments and proces-
ses of fragment deexcitation.

As the light fragment velocity is much higher than the basic mass
velocity, the neutrons are strongly focused in the direction of frag-
ment emission (¥ig.23,/77/). It makes it possible to separate neut-
rons emitted by each fragment. Data obtained in /73,76-79,81/ corres-
pond te the assumption that all neutrons are produced due to emission
from the fragments having left the nuclear and Coulomb field zone and
being in statistical equilibrium. The authors of /78,79,81/ revised
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Pig.23. Angular distributions of neutrons from 2OPes!®5Ho
(E=476 MeV) reaction /T7/. Arrow points the angle of light fragment
emission. Solid line is the caloulation for neutrons evaporating
from heavy fragment, dashed line, Ifrom light one.

the previous reports about discovery of the nonequilibrium processes
of neutron emission in reactions of the similar type /74,75,80/.
No high-energy particles which would fall out of evaporation spectra,
even for small angles of neutron emission, were detected in any expe-
riment /73,76,79,81/.

For reactions with sufficiently heavy ions the temperature deter-
mined from the slope of the high-energy portion of the gpectrum in
the frame of the emitter-nucleus has the same value for the light and
heavy fragments. It evidences that the excitation energy is shared
between the fragments in proportion to their mass, i.e. the composite
system reaches thermal equilibrium. Pig.24 showa the values of tempe-
ratures for the light and heavy fragments and the neutron multiplicity
ratioc as a function of kinetioc energy loss for the 56?3(3“476HQV)+1 655
reaction /77/. The values of temperatures and mean neutron multiplici-
ty agree with the calculations (solid lines in Pig.24) made assuming
that statistical equilibrium exsists within & wide range of variati-
on of process inelasticlity, There i1s & definite relationship between
time of nuclear interaction and kinetioc energy loss in collision.
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Pig.24. Parameter of temperature (A) for light (solid circles)
and heavy (open circles) fragments and ratio of average numbers of
neutrons emitted by heavy and light fragments (B) versus kinetic
energy loss in 541?e+ Ho reaction at an iron ion energy of 476 MeV
/77/+ 80l1id lines show the xesults of calculations with the assumption
about establishment of thermal equilibrium in the double nuclear systemj

On these grounds the conclusion was made that the equilibrium distribu-
tion of thermal excitation energy in the system is established for a
time less than 5.10"22g,

For reactions with lighter ioms, e.g. with oxygen /81/, the tem-
perature for the light fragment is 50% higher than that for the heavy
ones,l.e. in this case the energy is not shared between the fragments
in proportion to their mags. It is no wonder, since the level densi-
ty of such a light nucleus cannot be described in the framework of
the degenerated Permi-gas model and the pointed effect does not evi-
dence the absence of equilibrium in the system /81/. An uncer-
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tainty in temperature for light fragments makes it difficult to detect
the nonequilibrium effects.
(b) Reactions at incident ion energy higher than 10MeV/nucleon

As seen from the above, the detection of nonequilibrium neutrons
in quasielastic and deep inelastic processes 18 a complicated problem.
The neutron gpectrum having a highly inexpressive shape consists of
two components: evaporation from the moving light and heavy fragments.
The components have different energy and angular distributions and
represent a background for the nonequilibrium neutrons. Under such
conditiona errors in interpretating the experimental data are quite
possible.

One of the first reports about discovery of preequilibrium neut-
rons was published in /82/. The reaction of oxygen-16 interaction with
niobium-93 at an energy of 204 MeV was investigated. The measured angu-
lar and energy distributions of neutrons cannot be explained by evapwa-
tion from excited fragments. To describe the experimental data the au~
thors assumed the exsistance of & third source (T=1.5MeV) moving along
the beam direction with a velocity nearly equal to half an incident
ion velocity. The phenomenon of preequilibrium emission was studied
in congiderable detail in collisions of " Kr on 166Er at 11.9 MeV/
nucleon /83,B4/. The experimental data analysis showed the presence
of nonequilibrium neutrons emitted close to the light fragment direc-
tion in the case of quasielastic reactions and along the heavy frag-
ment direction for deep inelastioc reactions. The behaviour of the
obtained experimental data is reproduced in terms of a simple model
which assumes that about 10% of neutrons (independent of inelastici-
ty of process) are emitted at an early stage of reaction along the
bombarding ilon direction. The process is formally reduced to neutron
sources having a distribution in velocity (dispersion being 1.7cm/
ns) and in direction of motion (dispersion being 15°). The paramet-
rization used resembles the classical orbiting model /54/.

The works carried out 8o far do not c¢laim to study the mecha-
nisgm for nonequilibrium neutron emission end only state that such a
phenomenon takes place. The detailed and systematical investiga-
tions of the nonequilibrium emission behaviour depending on kinetic
energy loss during the reaction and on type of projectile ion are
required now. A

2, Nonequilibrium neutron emission in fugion reactions

(a) Nonequilibrium emission effect and model descriptions

There are two basic methods of distingulshing the channels of
reactiona resulting in fusion. The residual heavy nuclei moving with
velocities cloge to the center-of-masg velocity of the projectile
and target nuclei are detected by the first method /52,53/. The other
method is based on identification of concrete isotopes by X'—rays
of rotation band and separation of the eventa characteristic of fu-
sion processes only /54,85-94/. The excitation functions of neutron
emission channels /85-87,90-93/ as well as the energy and angular
distributions of neutrons /52-54, 88, 89, 94/ were measured in the
experimental works.

The hybrid model of preequilibrium emission reproduces the
excitation functions in & -particle induced reactions /87/. In the
lithium-6 induced reactions the agreement is achieved assuming that
the lithium breakup in the nuclear field with subsequent capture of
one of its fragments is an analog of incomplete fusion reaction
/85,86/. The description of the excitation function in neutron chan-
nels can also be rade on the basis of the simple model which assumes
that the neutron emission is a random process and that probabilities
of emission of a definite number of neutrons obey the Poisson dis-
tribution /95/. In the framework of the preequilibrium disintegration
model of excitonic type it is possible to describe the neutron energy
spectra in heavy ion induced reactions /54/. In this case the initi-
a8l number of excitons considered as s free parameter can exceed the
number of projectile nucleons.

The comparison with the promptly emitted particles model was
wnade in /54/. The model reproduces qualitatively the behaviour of
neutron spectra at small angles, but gives more abrupt angular depen-
dence. The model predicts that high-energy neutron emiassion occurs
only at forward angles, but a considerable number of high-energy
neutrons is experimentally observed at backward angles /52,54,91/.

The hot spot models have not been analyzed thoroughly. Compari-
son of some characteristics of experimental distributions indicates
that the hot zone concept as such does not contradict the experiment
/94/.

A low velocity of the source amounting to 0.2-0.4 of the ion
one on the peak of the Coulomb barrier was obtained in all works /52-
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54/ in the parametrization of meutron distributions in the moving sour-
ces models The low velocity can be explained in terms of the classi-
cal orbiting model /52,54/ in which the tangential component of ion
velocity plays a decisive part in  grazing collision. The calculati-
on of this velocity in the ion motion along the Rutherford trajectori-
es yields nearly doubled values and with the assumption about sticking
the value of velocity is somewhat lower than that obtained in para-
metrization. It evidences a possible influence of friciion for-

ces on preequilibrium emission /54/.
Analysis of neutron distributions for A-particle induced reacti-

ons in the two-phase deexcitation model leads to the average number
of excitons equal to 10 at the preequilibrium stage and the average
velocity of the excited complex amounting to 0.4 of the incident ion
velocity /89/. Comparison of these parameters with those of other
models 18 hindered.

It is seen from the foregoing that most of the models can give
moxe or less complete description of experimental data, pointing to
noncriticality of general rough features of the measured distributi-
ons to the model prediction. A more delicate and detailed analysis
is required here.

(b) Bombarding nucleus structure and preequilibrium processes

It is experimentally established that the nonequilibrium neutron
emission accompanies the fusion process between 120(E=152Mec) and .
15854 /94 /, manifests itself to a lesser degree in the interaction
ot 160(E=152MeV) with '2%sm /54 / and is absent in the fusion of
20Ne(E=175MeV) with 19°Nd /94/. It indicates a possible effect of
projectile structure, as the same compound nucleus 17°Yb forms in the
reactions at comparable excitation energies. The observed difference
wag explained in /90/ within the framework of the modified sum rule
model /29/. The authors of /91/ substituted aeg in the model by
the reaction energy for two-particle fragmentation, thus introducting
the ion structure in the model. The adequate description of a fracti-
on of preequilibrium emission has been obtainedin all the three
reactions.

However, the observed difference in the fusion processes can be
connected also with the difference in energy per nucleon (at the Cou-
lomb barrier) for bombarding ions. Investigations of fusion process
in reactions with nuclei similar in mass but different in structure

are decisive experiments in this case. The preequilibrium neutron
emission was studied in the fusion reactions of 2c and 130 (neutron
separation energies equal to 18,7 and 4.9 MeV, respectively) with
1586& and 1 Gd nuclei, The measurements showed no essential changes
in behaviour and fraction of preequilibrium emission in the reacti-~
ons /52/. The sum rule model (without any modifications) reproduces
the ratio of cross-sections in the reactions. The model involves the
parameter T (Eq.(19)) the sense of which is not quite clear, thus
glving carte blanche for gpeculations. It is possible that the "dis~
covery" of the projectile nuclear structure effect is explained by
this fact /91/.

The projectile ion veloclty rather than the nuclear structure
or the total incident energy seems to be a determinant in the preequi-
librium emission.

(c¢) Is the preequilibrium neutron emission a peripheral process?

The pogsibility of distinguishing the peripheral reaction is
based on the following concepts. The excitation of & compound nucleus
is removed at an early stage by evaporation of light particles, main~
1y neutrons. The light particles take away only a small fraction of
nuclear angular momentum, Then the nucleus changes in the ground sta-
te producing a cascade ofl‘-raya due to transitions between different
states of the rotation band. If the reaction proceeds in the gufficu-
ently narrow range of momenta,intensity of J -transitions is indepen-
dent of state spin, because the side feedings are absent. In the
reactions going at different momenta the intensity of f ~transitions
increages with decreasing the state spin.

Such a method was first used in /96/ to study the fusion reacti-
ons of 4N with 1797v at 95 MeV. The intensity of ¥ -transitions as
a function of state gpin is shown in Fig.25. The measurements were
made both in coincidence with high-energy d ~particles (A) and
without coincidence gelection (B). It is seen that the states
of rotation band with momenta 10-14 h are occupied first of all. The
date obteined distinctly indicate that production of nonequilibrium
& -partucles is a peripheral process.

The similar measurements were carried out in /88/, where the
channels of neutron emission in interaction of d-particles with
194Dy at 120 MeV were investigated. The measurement showed that for
all the reaction channels there was no noteble difference between the
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Fig.26. Intensity of )-transitions versus state spin for 165Dy
(A, Xn¥) reactions at x=10, 8 and 6 /88/. Energy of d -particles
was 120 MeV. Solid oirclesaremeasurements in coincidence with
neutrons (E 2.5 MeV) emitted at an angle of 145°%; open oircles,
measurements in coincidence with neutrons (Bh)6.6 MeV) emitted
at an angle of 35°,

and 165!1: produced in fusion of 141! with 15 Tb at 95 MeV'

intensities of | -transitions in coincidence with high-energy

(E> 6.8 MeV) neutrons emitted at small angles as well as with neut-

rons (E»2.5 MeV) emitted at forward angles and those obtained with-
out coincidence selection (Fig.26). For heavy ion induced reactions

the difference between the dependences of ¥ —transition intensity on
state spin in the channels with high-energy ¢k -particle and neutron

emigsion was pointed out in /97/. It proves that in the nonequilib-

rium neutron emission there is no preferred area of momenta and that
the emission is not a peripheral process.

The conclusion of /91/ about the peripheral nature of nonequilib-
rium emission is based only on the fact that the experimental depen-
dencies of T ~rays multiplicity on both incident energy and number
of emitted neutrons do not contradict the sum rule model. This con-
clusion rests only on the model and raises doubts. The J'-rays multi~
plicity reaches a saturation value with increasing the incident ion
energy, thus evidencing the exgistance of a critical angular momentum
for fusion /70/, but having no direct relations with preequilibrium
emission. The maxima of 3'aray multiplicity in light /89/ and hea-
vy /90/ ion induced reactions correspond to the calculated values
of critical angular momenta /71/. A decrease in multiplicity with
the incident ion energy can be due to both growth of the average num-~
ber of evaporation neutrons and increase in a fraction of nonequilib-
rium processes.The turn to assumption about the peripheral nature of
the preequilibrium emission in order to explain the obtained behavi-
our /91-93/ is not required.

BRIEF CONCLUSIONS

(a) The incident ion velocity rather than the total incident ener-
gy is a determinative parameter of the preequilibrium emission pro-
cesses, The nonequilibrium neutron emission manifests itself at
energies abovealOMeV/nucleon both in deep inelastic reactions and in
fugion reactions.

(b) The experimental works on preequilibrium emission in deep in-
elagtic reactions are at the stage of discovery of the effect. At
this point the detailed and systematic investigations with a higher

. accuracy and for a wider range of reactions are required.
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(c) The neutron spectra in fusion reactions are not characterized
by any specific ghape and, therefore, the description of some of their
features can be made within the framework of many rathexr simple mod-
els. Here one cannot limit oneself to the desoription of the general
characteristics, a more detalled analysis of distributions being
required.

(d) The structure of interacting nuclei does not affect gignifican-
tly the preequilibrium emission process. There is no preferred re-
gion of angular momenta in this process and the preequilibrium emis-
sion takes place also at small impact parameters. These model-in-
dependent experimental facts permit one to regard the model descrip-
tion of the process more critically.

CONCLUSION

The field of physics concerned with studying the mechanigmg of
light particle nonequilibrium emission and, ultimately, the dissipa-
tion of energy in nuclear collisions and the processes of equilib-
ration ‘in nuclear matter is now far from & harmonic gystem of ex~
perimental facts and theoretical generalizations. Here there
are, 8o far, only outlines and contours of posaible effects and
theories. The extensive search leads to a great deal of various mo-~
dels and ideas. On the one hand, it indicates an interest to the pro-
blem, on the other hand, makes the comparison of experimental data
difficult. A noncriticattty to validity of the basic model assumpti-
ons also affects the situation.

A wide range of processes from direct reaction to reactions
going through compound nucleus formation manifest themselves in inclu-
aive neutron spectra, espesially at small emigsion angles. Analyasis
of such gpectra 1s complicated and ambiguous in many cases. A more
unambiguous information about the preequilibrium emission can be
expected to be obtained from spectra of nucleons emitted at backw-
ard angles. And analysis of data on correlation measurements with
distinguishing the certain channels of reaction is, of course, sim-
pler and less dependent of the model predictions. But a more detai-
led, not superficial, analysis of pecularities of experimental dis-
tributions is also required at this point.

It i8 of interest to follow the change in bebhaviour of the preequi-
librium emission in passing to high energies of bomberding ions,

to follow how the ideas developed to describe reactions at 10-20 MeV/
nucleon transform in those used to interpret data at energies of seve-~
ral hundred MeV per nucleon and above.
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PARTIAL NEUTRON CROSS SECTIONS.
EXPERIMENT AND ANALYSIS

Yu.P. POPOV
Joint Institute for Nuclear Research,
Dubna, Union of Soviet Socialist Republics

Abstract

The peculiarities of interaction of resonance neutrons
with nuclei are discussed. The methods of high-~intensity
neutron spebtrcmetry and the results of studying different
decay channels of neutron resonances are reported briefly.
Special emphagis is put on the latest data on the study of
neutron reactions with charged particle emission and gamma-
ray spectra of decay. The regularities of the compound nu-
clei decay are discusgsed.

I. INTRODUCTION

During the half a century, which passed since the discovery
of & neutron by Chadwick in 1932, many basic experimental and theo-
retical investigations were performed. They led to the development
of neutron physics as & highly important branch of nuclear physics
and laid the scientific bagis of modern nuclear power.

Since a neutron has no electric charge and, congequently, no
Coulomb barrier opposing its penctration into a nucleus, it can be
used widely for exciting essentially all nuclei in the A -stability
valley, in particular, for inducing fission of heavy nuclei. The
emission of new neutrons in the procese of fission allowed us to
realize the chain nuclear reaction and then acquire tremendous
cmounts of nuclear power. In order to fulfil this most complicated
from the scientific and technological point of view task a lot of
special physical experiments had been carried out. They gave ne-
cegsary information about the mechanism of neutron-nucleus inter-
action and on the structure of high-excited states of nuclei being
congtituent parts of structural and fission materials employed in
nuclear reactors. At present more nuclear data are still required.
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Phe regularly published by the IABA collectioms of requests VIRENDA
are the evidence for that. These requirements can be satisfied by
direct measurements of certain physical parameters. But the present
status of modern experimental engineering does not always make it
possible. Therefore, some of them are calculated within the frame
of modern theoretical models of & nucleus and nuclear reactions.
However, each model allows us to make estimetes within a limited
accuracy, which does not always satisfy the needs of the industry.

Thus, there arises the need for new experimental data used to de-
velop the existing nuclear models. ;

The neutron spectrometry plays the most important role in pro-
viding orgenizations dealing with celculations and design of nu-
clear reactors with nuclear data. Below we shall discuss the latest
advances in neutron spectroscopy and some regularities of neutron
regonance decay.

2. NEUTRON RESONANCES AND COMPOUND STATES OF NUCLEIX

In slow neutron capture specific highly excited states of nu-
clei (compound states) with a width of about 1 eV are formed near
the neutron binding energy (Bn'V T < 10 MeV). The capture probabil-
ty of a neutron with the energy corresponding to these compound
states exceeds that in the neighbouring energy regions by several
orders of magnitude. That is the neutron resonance. The compound
states live rather long and decay following the exponential law with
& half-life of about 10714 - 10-16 s. By detecting the emission of
various particles which are the reaction products and their spectrd,
it is possible to draw conclusions regarding the partial probabili-
ties for the decay of the compound states through various channels.
The diagram in Fig. 1 shows the various channels for the decay of
neutron resonances and the relationship between the cross sections
and the positions of the excited nuclear statea. In this example
the capture of a s-wave neutron by the target nucleus A (with the
spin and parity 7 - 7/27) gives rise to the excitation in the A +
+ 1 nucleus of compound states with spins J¥ = 37, 4~ above B .
These levels may decay through the emission of a neutron (the in-
verse process), through that of x~rays, and ofd.—particlea. For
each process x there is & corregponding croass section 6-x‘

//
7
//
x10‘_-‘. e —
\
\
\
£ _W,E
2° ol
0* — 4
A-3 , AI ! 2*
. i
72 A 1n77l49n07 0‘

CA 1

Fig. 1. Production and decay of compound states.

The effective neutron~-nucleus cross section G't is a measure
of the interaction probability, given by

dN = NG .- dn (1)

where dN is the number of neutrons which have interacted in a layer
dn (nuclei per square centimeter) of matter, and ¥ is the number of
neutrons incident on this layer. Long life time of compound states
makes it possible to treat the nuclear reaction as 8 process which
occurs in two independent steps (the Bohr's hypothesis) when the me-
chanism of decay does not depend on the manner in which the state
wag formed, i.e. the reaction cross section can be written as

6,=6_-W, (2)

where 61=is the cross section for the production of the compound
nucleus, and wx = rx/r ; 18 the relative probability of decay
through emigsion of the particle x.

The total neutron cross section § " is the sum

6t'6s*63 +6§ + 6 +6p+... (3)
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of the partial cross sections corresponding to scattering, capture,
figsion and reactions involving the emission of aﬂ—particles, pro-
tons, etc.

Por most nuclei in the case of slow neutrons the cross sectioms
G’B and Gy are predominant. The cross sections & _ are characte-
ristic of light nuclei, and the fission cross sections 5'f so im-
portant for nuclear energetics are characteristic of heavy nuclei
(actinides). The crogs sections 6,(, are usually small but at pre-
sent are known for many nuclei {see below). They are important from
the point of view of helium storage in the construction materials
of the reactors, which reduces their reliability.

To describe the energy dependence of neutron cross sections
in the vicinity of the resonance the Breit-Wigner formula is usually

used
rn(EJ.rx
(E - B, )2 + F?/4

Here E is the resonance energy,,t is the neutron wavelength di-
vided by 2fi atE=E, [, (E ) is the neutron width at E = E
r x 18 the width of the corresponding reaction, I' is

the total width of the resonance, 85 is the statistical factor de~
pendent on spins of the initial (I) and final (J) states.

The shape of the resonance is noticeably affected by the type
of chemical combination and by the thermal motion of atoms in a
sample. The shape of the resonance in the reaction cross section is
not symmetric because of the factor J\r— 1/ vwhich gives rise to
the "1/0' law" in the limit E~»0, which is well known for the ab-
sorption of slow neutrons.

The theory as it exists today cannot predict the parameters
r n? ['x, E, for individual resonances. These parameters are deter-
mined experimentally, and their values have been compiled in an at-
las of neutron cross sections by the Brookhaven National Laboratory
/1 /. At the same time, it is the complex, many-particle nature of
compound states which leads to the definite behaviour established
by the statistical theory. The behaviour described by this theory
deals with the average values of the decay widths for decay by the
various channels, the distribution ¢f the partial and total widths,
and the distributions of intervals between resonances.

(4)

G, ® =FX X g

However, before discussing the achievements in the study of
partial neutron cross sections and comparing them with those pre-
dicted by modern theoretical models, let us review in short the
problems of the high-intensity neutron spectrometry. We are consgi-
dering the high-intensity spectrometry because it allows us to
study a greater number of the resonance parameters with the help of
the rare reaction measurements, as well as to measure the spectra
of secondary particles emitted after the neutron capture. It is ve-
ry important for the correct description of such complex states as
the compound ones of heavy nuclei.

3. GENERAL QUESTIONS OF HIGH-INTENSITY NEUTRON SPECTROMETRY,/Z//

Modern neutron spectrometry is capable of resolving individual
states of nuclei which are separated by a fraction of an electron~
volt at a total excitation energy of the order of 7 - 10 MeV. This
unique in nuclear physics resolution is achieved by comparatively
gimple means. The fact is that the excitation energy of a compound
nucleus E = B + En’ where B - 107 eV is the constant part, E
& 10 is the kinetic energy of the captured neutron, while the
spectrometry (usually, the time~of-flight one) is realized at the
energies of the order of this small addition, ‘

This relationship between the components of the excitation
energy (En<? Bn) which is possible only in the case of neutron cap-
ture, allows us to study in its pure form a distinct class of nu-
clear reactions which go through a compound—nucleus stage and to
gtudy the nature of these complex quasistationary states.

Over the past three decades experimental neutron spectrometry
has been improving continuously. It has passed a long way from a
simple chopper selectors in the first nuclear reactors to the modern
spectrometers installed at powerful pulsed accelerators of electrons,
protons and deutrons, pulsed reactors, high-flux steady-state reac-
tors, etc.

Neutron spectrometry is developing along the directions of in-
creasing resolution and intensity. The variety of research programs
is forcing improvements in both these major characteristics of neut-
ron spectrometers, However, the experimental general-purpose spect-
rometers usually cannot claeim record-high characteristics, there-
fore, many interesting and pioneering studies are being carried out
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at specislized apparatus. It should also be emphagized that a suc-
cegsful experiment requires matching the basic characteristics of
a neutron spectrometer with those of particle detectors, those of ]
the system which detects the event and those of the computer faci-"
1ities. Otherwise, the record-high characteristics may turn out to
be useless.

The modern status of the neutron source problem is considered
in detail in the recently published under the editorship of Dr. S. "
Cirjacks review "Neutron Sources for Basic Physics and Applications
/3/.

There are geveral ways to raise the intensity of neutron spect-
rometers.

(1) To increase directly the neutron flux density without changing
other characteristics of the spectrometer (raising the current or
energy of the accelerated‘barticles or using targets of fissionable
materials).

(2) To alter the characteristics of the spectrometer. In the time-
of-£light method this would mean increasing the length of the nsut-
ron pulse or moving cloger to the neutron source. In the latter case
it must be kept in mind that & limitation is imposed by the dimen-
gions of the accelamtor target (or of the moderator) and by those

of the sample (or of the detector).

(3) To use (in the time-of-flight method) & neutron booster-breeder.
This booster can be either a steady-state device (like that in Har-
well, England) or a pulsed one (like that used with the IBR (FNR)-3C
fast neutron reactor in Dubna). At neutron pulse lengths of a few
microseconds this approach can raise the neutron flux density by

one or two orders of magnitude.

{(4) To employ slowdown-time neutron spectrometry.

The Time-of-Flight Method

Neutron sources generally provide neutrons with & continuous
energy distribution, and special methods are required to single out
neutrons of a particular energy or to measure their energy. The
most universal of these methods is the time-of-flight method. Pulsed
operation of & neutron source is convenient for this method. We dey
note by L the distance (in meters) traversed by & neutron moving

from the source to the detector, by t (in microseconds), the time
of flight, and by A t, the uncertainty of this time which results
from the finite length of a neutron pulse agd other factors. Then,
from the nonrelativistic equations E =
rive the basic equations of the method:

and t = %F we can de-

E At !
L2 A% 21/2
En = 5228 (T) H ——E—— = 0.028 En - (5)
n .
The total cross section is usually determined es a function of
the'energyﬂ't (En) by measuring the transmission of neutrons by the
sample for various times of flight. The transmigsion T and the cross

section 6 ¢ are related by the simple equation

T = exp (-n 6 ) ' (6)

The IBR-30 fast-neutron reactor has been in operation for many
years by now at the Laboratory of Neutron Physics of the Joint In-
stitute for Nuclear Research. The average power of this reactor is
25 kW in all, and at five pulses per second it generates & pulsed
power of 60 MW matching that of the best steady-state research re-
actors. For experiments with resonance neutrons the reactor is ope-
rated in & hooster mode in combination with an electron injector-ac-
celerator. The accelerator target 1s placed in the active zone of
the reactor, and the neutron pulses produced at the target as & re~
sult of a photonuclear reaction are multiplied by the subcriticel
reactor by & factor of 200, In this mode the source has an average
intensity of 3x1014 neutron/s at a neutron pulse length of 4.5 us.
By way of comparison, note that the intensity of the operating elec-
tron accelerators usually does not exceed 1014 neutron/s. A pulsed
reactor with an injector is, therefore, one of the best choices for
high-intensity neutron spectrometry at & modest resolution.

Recently, in Dubna the experiments were started at a new more
powerful pulsed reactor IBR-2 with a peak power of about 2x109 W'/ﬁ/.

The Slowdown-Time Neutron Speciromeiry

This is an interesting method dﬁe to its physicel nature, as
well as due to the opportunities it presents and the simplicity of
its realization. The concept of the method arose in discussions of
a particular feature of the moderation process which results from
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the elastic scattering of neutrons in & heavy medium: the bunching

of the neutron velocities in a comparatively narrow interval around
an average value;’G/’. A crude explanation is that since the range
of the neutron between collisions depends only slightly on the neut-
ron velocity, the faster neutrons collide more frequently with the
moderator and lose energy more rapidly.

If a brief pulse of fast neutrons at a welocity v'o is in-
jected into a large volume of a moderator consisting of nuclei with
A > 1, the neutrons will collide elastically with the moderator nu-
clei, losing en average fraction of # 2/A of their energy in each
collision and will, accordingly, accumulate in a comparatively nar-
row velocity interval. As the moderation time increases, this in-
terval shifts downward along the velocity scale. By operating the
neutron detector (or devices which detect particles accompanying
the capture of a neutron by a nucleus of the test sample) for & nar-
row time interval A t shifted by a time t with respect to the time
of the neutron injection, it becomes possible to select approximate-
1y monoenergetic neutrons. The average velocity of these neutrons
is related to the moderation time t by

ted A Gry -y ) (7

where A is the neutron mean free path with respect to scattering,
and Y is the initial velocity of the neutrons. The product AA
which is ~ 6 m for lead, is an effective "flight distance", by ana-
logy with the time-of-flight method.

Thig idea was realized .in & slowdown-time spectrometer by a
group led by Shapiro et the Lebedev Physica Institute in Moscow /7/.
The neutron source with an average intensity of about 109 n/s was
a tritium target exposed to a pulsed beam of 300-keV deuterons, The
target was placed at the centre of a lead prism with dimensions
2x2x2,3 m, in which the neutrons were moderated (Fig. 2), The de~-
tector was inserted into a narrow channel in the prism. This method
admitted disadvantage is its low resolution ( ~ 30%), but it has
an undisputed advantage of high intensity. This method was widely
used to measure capture and fission cross sections over the energy
range from 1 eV to 30 keV. Recently this method was revived at the
Ronseller Polytechnic Institute‘/BA/, where a neutron source (a tar-
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Pig. 2. A layout of slowdown-time spectrometer of neutrons: 1 is
a tritium target; 2 and 3 are channels for samples and
detectors.

get of an electron accelerator) with en intensity 1000 times higher
was inserted into a lead cube. In this case the sensgitivity to the

measured cross gections for subbarrier fission and the (n, de ) and

(n, p) reactions amounted to & fraction of a microbarn.

Progress in High-Efficiency Detection Apperatus

The increase in the intensity of the neutron sources have been
accompanied by refinements in the apparatus used to detect the pro-
ducts of neutron-nuclei reactions. Ref.,’ﬁ/ presents a comprehensive
review of modern methods for detecting neutrons by means of scin-
tillators. Semiconductor detectors and spectrometers are being used
more widely'/10/C They are particularly promising in the spectro-
metry of ]’—raye from the radiative capture of neutrons. The good
energy resolution and high efficiency of JI—detection of germa-
nium semiconductor spectrometers, combined with the time-of-flight
procedure , have finally made it possible to study the properties
of the partial ) ~transitions for & broad range of individual neut-
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ron resonances, as well as to investigate some interesting agpects
of the neutron radiative capture mechanism /1 1/

Semiconductor charged-particle spectrometers are widely used
in measurements with thermal neutrons, which are available in ext-
remely high flux desities in edvenced research reactors. In studies
of the charged particles produced in reactions with resonance neut-
rons (where the flux densities are orders of magnitude lower than
those of thermal neutrons) semiconductor detectors and spectrometers
with a sensitive area no greater than 10 cm2 run into rough compe-
tition with modern ionization and proportional chambers. Although
ionization spectrometers have a resolution which is poorer by a fac-
tor of several units, their sensitive area (or their efficiency) is
larger by two or three orders of magnitude. Studies of the o{ -spec-

‘tra for individual resonances and gtudies of the average partial

cross sections in the (n, o ) and (n, ) «¥) reactions have become
possible only by combining special ionization chambers having a
large sengitive area with & high~intensity neutron spectrometer on
the basis of a linear electron accelerator with a pulsed booster-
breeder in the form of an IBR fast neutron pulsed reactor (see below

Figure 3 is e schematic diagram of such an ionization chamber
212/, with a target area of ~ 3x10° cm?. The collimation system of
the neutron beam and the shape of the target (sample) are chosen

Fig. 3. A schematic diagram of the high-efficiency ionization cham-
ber (2) and neutron collimator (1). 3 is a grid; 4, a col-
lector; 5, a sample.

so as to minimize the bombardment of the sensitive volume of the
ionizetion chamber with neutrons and J -rays from the source, while
the entire target is being eixposed. This approach has made it pose
sible to raise the resolution of the spectrometer by a factor of
several units and to extend the working range over the time of
flight in operation with &n intense neutron source and comparatively
short flight paths.,

At present the study of the regularities of d’-cascades formed
asgs a result of capture of thermel and resgonance neutrons arouses

.much interest. An apparatus for "-multiplicity spectrometry de-

veloped at the Kurchatov Institute of Atomic knergy in Moscow opens
up new possibilities in this field. This 18 a 4ar high-efficiency"
f ~-detector consisting of a great number of NaI (T1) crystals and
the corresponding electronic system for recording two-dimentional
information (the time.of flight end average multiplicity of § -quen-
ta per cascade of a given resonance)/ﬁB/C

New information about the regularities of the two-quanta decay
of compound nuclei (the (n, 24 ) reaction) cen be obtained now with
the help of the spectrometer of swmmary amplitudes of coincident
I’—quanta emitted in one cagcade, which has recently been put into
operation in the Laboratory of Neutron Physics in Dubna. The spect-
rometer consists of two Ge (Li) detectors with a volume of 7v 50 cm3
and equipped with electronics on the basis of a mini-computer. With
the help of the latter the times of flight, the emplitudes of pulses
in each detector and the code of their coincidence are recorded on
magnetic tape/54/c

4. MEASUREMENT AND ANALYSIS OF NEUTRON REACTION CROSS SECTIONS

Having considered gsome peculiarities of modern studies of neut-
rons we shall direct our attention to the results of measurements
of characteristics of neutron resonances obtained mainly with the
help of the high-intensity methods developed by neutron spectrosco-
py of nuclei,

The neutron cross sectiong are mainly measured with the time-
of-flight method. Figure 4 gives a schematic diagram of the appa-
ratus for the measurement of (a) total cross cections, (b) partial
cross sections: (n, ) ), (n, p), (n, f), (n,d‘ ), etc., depending
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Fig. 4. A scheme of neutron capture cross section measuremente by
the time-of-flight method: (a) transmission cross sections;
(b) reaction cross sections with compound-state decay pro-
duct detection.

on the type of the detector D. Here PS is the pulsed neutron source;
S ans S' are the investigated sampleg; NG is tle reutron guide, usu-
ally evacuated; K is the collimator; D is the detector which detects
either (a) the neutrons, or (b) the products of the reaction induced
by neutronsy NT is the neutron trap. The use of the second sample S'
makes it possible to study the self-absorption cross sections thus

giving additional = information about the neutron resonance para-

meters /15 £

The measurement of the number of detector counts vs the time of
flight allows us to- determine the positions of neutron resonances
along the energy scale of absorbed neutrons (E, in expression (4)).
The relationship of various neutron capture product yields (with ac-

count for the efficiency of their detection, etc.) makes it possible
to judge the relationship of the respective widtha of the reaction.
More detailed information on the bharacteristics of neutron reso-
nences one may derive from the analysis of gpectra of the reaction
products for each neutron resonance. But this requires powerful neu-
tron sources and high~efficiency spectrometers.

The main channels of the decay of neutron resonances of medium
and heavy nuclei are the neutron emission (scattering through a com-
pound nucleus) or z’-quanta emigsion, while for the tranguranium
elements it may also be the figsion into two fragments of close
masses. At the same time many nuclei may remove excitation by emit-
ting protons, alpha-particles or even 8Be nuclei. But the Coulomb
barrier significantly prevents the charged particles from emission
reducing the cross section by many orders of magnitude. As a con-
sequence, additional experimental difficulties arise limiting the
volume and quality of the information obtained. At the same time,
the cross sections of these “rare" channels of decay are of much
interest both for the nuclear physics and reactor engineering. For
example, the (n, p) and (n,aL') reactions are the source of hydro-
gen and helium nuclel storage in the construction materials of the
reactors and thus should be accounted for while selecting those ma-
terials,

The time of the lecture does not allow me to consider all the
types of reactions with neutrons. Therefore, I shall confine myself
to the measurement of the cross sections of the rarest "nonclassi-
cal" reactions. These studies have been commenced only recently and,
therefore, no information about them has entered the reviewgﬁS- 1@/
(see also ref./1/) containing a deteiled consideration of neutron
scattering reactions, radiation capture and fission.

Rich experimental information acquired with the help of neutron
spectroscopy has showed that the general regularities of neutron re-
actions are described correctly in the frame of the modern statisti-
cal theory. According to the theory, the width of various decay
channels may be written in the form:

Fx'zxipx (8)
where ]’i is the independent of energy reduced width, Px is the pe~
netrability factor determined by the probability of transmisgsion
through the Coulomb and centrifugal barriers of the nucleus in the
chanmnel x, The widths /'x experience gtrong fluctuations from re-
sonance to resonance according to the Porter-Thomas distribution,
i.e. the d{ 2-distribution with one degree of freedom (V = 1).
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The total width being the sum of independently fluctuating
partial widths experiences much weaker fluctuations. Therefore, in
the decay of the compound nucleus through the channel x to various
states of the final nucleus (f) the distribution. of widths can be
presented A8/ in the form of the ) 2-distribution with the effec-
tive number of the degrees of freedom

2 2 -1 :
Vers = (§ Px,) (fpr) (9

According to the statistical theory in the frame of the Blatt
and Weisskopf /ﬁ9(’approach the mean widths of verious decay chan~
nels may be estimated using the following formula:

J
D 3
Tt _é___.zx P, (8, 1) (10)
whexre DJ" is the average spacing between the resonences with spin J

and parity # , which amounts to several eV for heavy nuclei; 1 is
either the emitted particle orbital momentum or the § -quantum mul-
tipolarity. This simple expression for the estimation of the order
of magnitude of the mean width was proposed 30 years ago. However,
a comparison with the most recent experimental date shows that the
mean widths can be described congiderably more accurately by exp-~
reggion (10) and the like., But it is important to correctly calcu-
late the penetrability of the emitted particle taking into account
the effects absentv from the statistical model, for example, to ac-
count for the semitransparency of the nucleus for neutrons with the
help of the optical model.

In the experiment the average widths are determined from the
results of meagurements of widths of individual resonances. However,
the accuracy of such an averaging is not always high due to large
random fluctuations. Since the number of reliably studied resonances
for each isotope is limited by several dozens, the average width
fluctuating according to the Porter-Thomas distribution is deter-
mined with @n uncertainty of 20%. More exact data on average widths
can be obtained from the analysis of mean cross sections averaged
over hundred or thousand resonances.

A concept which proved extremely fruitful in neutron physics
is the strength function, i.e. the quantity changing little from
nucleus to nucleus (from the point of view of the statistical theo-

ry), which is defined by
s = SLx2 ‘
x " pep, . (11)
But in the cage of neutron widths (here the quantity S
< n> T)" which differs by a constant factor from that given by
exp.®(11) is used more often) the experimental data /1/revealed
the giant "dimention resonances" in the dependence of the strength
function on the atomic weight of the nucleus (Fig. 5). This effect
initiated the development of the optical model of the nucleus.
Now, let us transfer tJ the regults of measurements of the com-
paratively rare neutron reactions.
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Fig. 5. The neutron strength function as & function of the mass
number.

The (n, o ) Reaction

Such aspecta of the (n, & ) reaction as small cross sections,
large background from the competing (n, )f) reaction, and short
range of ¢f -particles in the target material impose specific re~
quirements on the method for studying this reaction. It is important
that the neutron spectrometer has a high intensity and that the bon-
bardment target has a large area. These considerations are particu-
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larly important in experiments with regonance neutrons, whose flux
densities are several orders of magnitude lower than those of ther-
mal neutrons in modern research reactors. As a result, while semi-
conductor detectors with an area of o1 cm2 are commonly used to
meagure the & -spectra in the (n, & ) reaction with thermal neutrons
for measurements with resonance neutrons it has proved extremely
useful to combine a "slow" (microsecond range) but high-intensity
time~of-flight neutron spectrometer, used with a fagt-neutron pulsed
reactor, with the highly efficient # —dctectors and spectrometers
(see, for exasmple, Fig. 3).

The first step was to search for the (n, & ) reaction among

the resonances of various nuclei. The time-of-flight method and high-

efficiency detectors were used to determine the of —yield and total
A ~widths of the neutron resonances,/ZO/ﬁ The secand step was to
carry out two-dimensional measurements for the nuclei and resonances
having the maximum ol -yield, i.e, the time of flight and the spect-
rum of the detected of -particles were determined for each time
channel. Thus, the partial o/ ~widths were determined for each reso-
nence /21 £

In addition to the researches onol -decay of individual neutron
resonances, recently advances have been made in the measurements of
the characteristics of the (m, ol ) reaction, averaged over many re-
sonances, with the use of "quasimonoenergetic" neutron beams passed
through nuclear filters /22/ , as well as of the time-of-flight me-
thod. These methods are ewployed when the energy resolution of the
neutron spectrometer is inadequate to 1esolve the individual reso-
nances /23, 12/. )

Now, we shall proceed to the analysis of the experimental data
available,

Average & —yidths. Pig. 6 shows ratios of the experimentally-
obtained average total of -widths to those calculated from eg. (10)
with the penetrability factor taken from the Kadmensky-Furman clus-
ter model /@4/ﬁ The errors result primarily from a limited number
of resonances over which the experimental of -widths are averaged.
We can conclude from Pig, 6 that the statistical theory satisfacto-
rily reproduces the average total &f -widthas for a broad range of
spherical nuclei with 58 € A € 150. Since the theoretical value of
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Fig. 6. A ratio of the experimental and theoretical values of the
average ol ~widths, plotted against the mass number of nlclei.

< r¢>c€vas calculated from (10), the ratio < /& > ®XP/</y X in
Pig. 6 is, within a factor, the strength function for o -particles
(see expression (11)). The fact that the strength function S4 re-
mains constant for spherical nuclei, as we see from this figure,
may be interpreted as an evidence of strong absorption of -par-
ticles in the nucleus (in other words, the correct model would be
that of a "black" nucleus, rather than that of a semitransparent
one, a3 in the case of neutrons). If this is the case, then it fol~
lows that the & -cluster states are highly fragmented (distributed)
among the levels of a compound nucleusg at nuclear excitation ener-
gles of ~ 10 MeV.

Distribution of ob -widths. Fig. 7 shows the integral distri-
bution of partial o0 -widths for trensitions to the ground state
in the 123'l‘e (n, £ )12°Sn reaction, The experimental errors were
accounted for in the determination of /.-to by taking values of
these errors from a Gaussian distribution with a half-width equal
to the meapurement error. The experimental curve (the solid one)
turns out to agree well with the Porter~Thomas distribution (the
daghed curve). A similar agreement can be demonstrated for other
nuclei.
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Fig. 7. Integrated distributions of the partisl o -widths for the

123Te (n, o ) reaction. The dashed curve is for theoretical
data, the solid one, for experimental data.
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Pig. 8. Distribution of the total A -widths.

We can also study the distributions of the total ‘el ~widths by
comparing them with a 2-distribution with the value of i ett cal-
culated from (9). Fig. 8 taken from the paper by Balabanov et al.
/25/ shows that the experimental distributions of the total «£ ~
widths (the hystograms) agree well with the theoretical ones (the

golid curves) for resonances of both spins in the case of the 14BSm

compound nucleus. The agreement is particularly good if we discard
the anomalous resonance at E = 184 eV (the dashed curve).

Measurements with thermal neutrons. Emsallem /26/ has recently
reported a detailed analysis of measurements of the (n, o ) reac-
tion with thermal neutrons. Comparison of the thermal cross sec-
tions with the results of calculating the contribution of the known
resonances to the thermal region showed that the calculations and
measured results for most nuclei were either in agreement or diffe-
red in a way which could be ascribed to bound states of "negative"
resonances with plausible o - and J’—widths. In three cases there
are discrepancies which require further investigation.

A dramatic situation has developed in a study of the (n, &£ )
reaction in the actinide region. The thermal croas section for the
238y {n, o ) reaction found by a group of physicists (Asghar et al.
/21/) in Grenoble yields & value for /¢ which is six orders of
magnitude larger than that calculated from the statistical theory
although the corresponding calculations in the region 59« A € 177
agree well with experiment (Fig. 6).

Wagemans et al. /28/‘recent1y undertoock a new attempt to search
for the (n, & ) reaction in the various isotopes of uranium. They
obtained negative results for the 2330 and 235U targets. For 238U
(n, &) they reported a cross section of 1.5 +0.5 pbn with thermal -
neutrons. This cross sectlon agrees well with that reported by As-
ghar et al. /27/ but the energies of the ol -particles attributed
to this reaction by the two groups differ by 0.5 MeV, which goes
far beyond the experimental errors. Some new experiments on this
problem are required, If such a high value of /X wae confirmed,
it would subatantially change our understanding of the o -decay of
heavy compound nuclei,

The (n, p) Reaction

The emission of protons in the reaction with slow neutrons is
a rather rare event, This is due to closeneas of the neutron binding
energy and the proton binding one in stable nuclei, and the energy
of the reaction Q (n, p) £ 1 MeV, i.e. the proton decay of neutron
resonances, is essentially suppressed by the Coulomb barrier. There-
fore, rather poor information about the proton chemnnel of the com-
pound nuclei decay is available.
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However, this information is of great interest, even if one.
simply proceeds on the analogy with the neutron channel of decay.
Though, actually, the pfoton channel is much reacher in information
than the neutron one, since one may detect the transitions not only
to the ground state, but also to the excited ones with various or-
bital momenta 1. This information is needed by the reactor engi-
neering in order to estimate the storage of hydrogen in the reactor
materials and to take into account the distortions of the crystal
lattice by the emitted protons.

In principle, to estimate the proton widths, one might use the
hypothegis proposed by Bethe in 1937 that the mean reduced widths
of various channels of decay with particle emission should be about
the same /29/, i.e. the compound nucleus was assumed to be insen- '
aitive to the kind of particle emitted, if the nuclear barrier tran-
sparency is accounted for. Unfortunately, the lack of the corres-
ponding experimental data does not allow us to verify that. For ex-
ample, only five resonances /30/ are measured for the "most inves-
tigated" 3°C1 (n, p) reaction. This gives < J 121> L) g 215, Wi-
der studies are needed to make definite conclusions. The similar
analysis of data on the (n, & ) reaction has shown /31/that < 2>/
L )’ > = 4.5 +2.5, even with the correction made for the opti-
cal effects in the neutron channel for a dozen and a half of sphe-
rical nuclei. Yet, it is not clear whether this is due the speci-
fic character of the of -~channel or due to the rough approximations
made by Bethe.

The most advantageous way of studying the protaon decay of com-
pound nuclei is the use of radioactive neutron-deficient target nu-
clei, It results in a considerable difference between the neutron
and proton binding energies, so that Q (n, p) is several MeV for a
wide number of target nuclei and, consequently, the penetrability
aemounts to 10"1 - 10-3, which is within the tolerance of the high~
efficiency neutron apparatus. A group of scientists of the Laue-Lan-
gevin Institute (Grenoble) in collaboration with the ISOLDA group
(CERN) /32 /and Nuclear Centre in Belgium /33/ is now carrying out
the program of such studies with thermal neutrons.

The study of the (n, p) reaction with resonance neutrons for
the radioactive target nuclei is initiated in the Laboratory of

Neutron Physics of the Joint Institute for Nuclear Research. The
first investigated reaction was 22Na (n, p)22Ne in the energy range
up to 1 keV /34/. As a result, the first neutron resonance was ob-
served in the 3Na compound nucleus at a neutron energy of 150 eV.
This resonance is responsible for a large value of the thermal cross
section (¥, (n, p) = 3°104 bn (see Fig. 9). .

The (n, p) reaction may appear a convenient tool for the study
of and the search for the neutron resonances in the radioactive
(neutron-deficient) nuclei, since the detection of protons reduces
the background conditions due to the gamma~ and beta-radiation of

the target.
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Fig. 9. The 22y, (n, p)2 He reaction croas section. The solid curve
is & fitting of the cross section according to the Breit-Wig~
ner formula,

The (n Reaction

This reaction ia the best studied channel of the decay of neut-
ron resonances, which gave rich information about the structure of
the excited nuclear states.
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Fig.10. Total radiative widths as a function of the mass number.

Total J’-widths;gpd capture cross sections. The J’-decay of
the compound nucleus goes through a large number (about a hundred)
intermediate states (see Fig. 1). Therefore, the total radiation
width /_)' tot 45 well averaged ( V ert ™ 100) and fluctuates little
from resonance to resonance /1/and changes smoothly from nucleus
tq nucleus (Fig. 10).

It makes it easier to estimate and describe theoretically the
cross sections of the (n, ]’) reaction. The neutron radiative cap-
ture cross sections averaged over many resonances in the range of
dozens and hundreds of keV are of undoubtful interest for the nu-
clear energetics, in particular, for the design of fast neutron re-
actors, as well as for the check of the hypothesis of nuclearsynthe-
sis and determination of the time of 1life of the Universe /35/. Be-
sides, the analysis of the dependences of averaged cross sections
on the neutron energy allows us to find the average parameters of
the interaction of neutrons with nuclei, i.e. the neutron strength
functions for the s-, p- and d-neutrons (the capture of neutrons with
orbital momenta.l = 0, 1, 2).and total radiative strength functions
/36/. Ret. / 37/ glves 8 detailed systematics of averaged cross sec-
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Fig.11. Averaged radiative neutron capture cross sections at 30 keV
(in mbn) as a function of the neutron number of the target
nucleus N. The circles stand for even-even isotopesj the dots,
for even-odd ones; the triangles, for odd-even ones. The Bo-
}id curves connect the isotopes of one element. The dashed
curve is fitted through the circles and triangles.

tions using, as an example, the radiative capture of the 30-keV neu-
trons. The dependences of the cross section ve the number of neut-
rons in the target nucleus (Fig. 11), the neutron binding energy and
parameters of the level density are analyzed. The possibility to
predict the cross sections for new, for example, radioactive nuclei
is also congsidered. The curve in Fig. 11 illustrates clearly the
influence on the averaged cross sections of the even-odd effect of
the number of neutrons and protons, as well as that of the magic

numbers of neutron shells (the influence of the proton ones is
weaker),

Partial { ~widths. The partial radiative widths of neutron re-
sonances in medium and heavy nuclei are well described in the first
approximation by the statistical theory. They fluctuate according




to the Porter-Thomas distribution and their strength functions
[ri .
Sg o= < EEE,+1>1 D (12)
7i '

are independent of the nature of final states. Here E is the ener-
gy of ¥ -transition into the i-th state, D is the avgi‘age spacing
between neutron resonances, l, is the multipolarity of the @ -tran-
sition. In the case of hard ) -iransitions (Ev.é Bn) from the com-
pound state into a comparatively simple one (the CS transitions)

the E1 multipolarity transitions prevail

Cs o~ Cs
Sy (E1) 73, (M1)

Por the initial soft transitions in the ¥ -decay of neutron re-
sonances into complicate highly excited states (the CC' transitions)
the part pleyed by the M1 transitions increases considerably

sp° (N2 sF o)

This result was recently obtained in Dubna /38/1n the experiment
on the study of secondary of ~particle apectra from the 143Nd (n,
I )14oCe reaction (see Fig. 1). This . . exotic to a certain
extent method, which was chosen because the analysis of spectra of
secondary ’( ~particles,allows us to reproduce unambiguously the
spectrum of primary ) -transitions of the CC'~type excluding total-
1y the background from X -quanta of different nature (see, for de-
tails, ref. /397 ).

The energy dependence S, (E1) was traced /40/ for the 144y,
compound nucleus in the wide range of energies 0.2 < Ey € 20 MeV,
which included the giant dipole resonance (GDR). In Fig. 12 the ex-
perimental points are obtained by analyzing cross seotions of the
following reactions: 144y (¥, n) at B § = 8~ 20 MeV, 143y (n, X)
with quasimonochromatic filtered neutrons at E y¥e 5« T MeV and
M3Ng (n, y4 ) @t E = 0.2 = 1.6 MeV. The Lorenz and Breit-Wigner
theoretical dependences describing well only the maeximum of the GDR
are denoted by 1 and 2, respectively. A more accurate account for
the polarization operator properties, as well as the dependence of
the GDR width vs temperature of the final state at E x < Bn al-
lowed the authors of ref./ 41/ to derive a different dependence
S‘ (E1) on Ey fitting the experimental data (curve 3) better. The

" a sl " P U S 1 "
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Pig.12, Experimental data on the radiative strength function for the

multipolarity E1 for 144Nd and attempts at thelr theoretical

description: 1 is the Lorenz curve; 2, the Breit-Wigner one;
3, the Kadmensky-Purman one.

curve 3, being normalized for the sum rule, i.e. over the total area
of the GDR, correctly describes not only the constancy of Sgc' (E1)
but also its absolute value.

~ In the case of the M1 J-transitions the new data on the
strength function for the CC' ) -transitions in the 14’4'Nd nucleus
have shown that

s7° ()2 550 (1) = 1078 Mev?

if the experimental data on the CS transitions for the nuclei in
the vicinity of A ~ 140 were averaged.

. The above-described peculiarities of the behaviour of the ra-
diative strength functions Sy (E1) and Sy (M1) are derived mainly
from the experimental data obtained in the study of the 1"'4’Nd nu-
cleus, only. This is explained both by the difficulty in obtaining
the experimental information of this kind and by a small number of
suitable nuclei. Therefore, the predictabllity of the new regulari-
ties was studied in ref. /42 /by calculating the 'average total ra-
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diative widths of neutron regonances for a wide range of spherical
compound nuclei and comparing them with the experimental values of-
ten obtained within an accuracy of ~ 10%. It was assumed that

f} ot _ /T (w1 o+ ly (M1) . So far as the absolute va-
lues of f';Ot for the nonmagic nuclei are de‘l;ermined mainly by the
CC' )y -transitions, a good agreement of the experimental and theo-
retical values (see Table 1) means that the proposed mechanism for
the description of compound-compound f—transitions yields both the
qualitative and quantitative results. Besides, the high degree of
agreement allows us to hope for the validity of the new description
in the wide range of spherical nuclei.

Table 1.

Compound nucleus 7833 1061’d 1241‘0 Mjlld 144}“1 “51{:1 usl-’d 196Pt 2001{5
<[y <P, Mev 390 33 145 48 124 £20 64 +8 80 43 54 45 759 120 £15 295 420
< Tytheord yoy 428 140 129 55 81 45 68 15 310
< [y theor 1) >

—L{mr—g—?— 0.47 0.54 0.46 0.49 0.4  0.44  0.40  0.41  0.27

<rx

Nongtatistical effects. The general features of the radiative
capture of slow neutrons are adequately described by the statisti-
cal theory. But in a number of nuclear regions the statistical re-
gularities are distorted by more simple mechanisms of neutron ra-
diative capture which start to play a noticeable part. They are: the
direct neutron capture ( the capture by & hard sphere), the channel
capture (the valent neutron model), the semidirect capture (the for-
mation of a doorway states). More often these phenomena are observed
for comparatively light (or near-magic) nuclei and in the vicinity
of neutron strength functions maxima where the single-particle com-
ponents of the wave functions play an important paert. Fig. 13 shows
the intervals of atomic weights where this or that mechanism of ra-
diative capture prevails. The values of the p-parameter characteriz-

ing the energy dependence of the average partial radiative width

for a given mechanism <r3’i )~E;,are also presented in the fi-
gure. ’
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Pig.13. Nonstatigtical effects in certain atomic weight regions.
n is the power of the gamma-ray energy: <[‘,i > ~ gl

v

One may find the review of experimental and theoretical studie
on nonstatistical effects in the (n, ) ) reaction in ref. /43/ and
in the Proceedings of the International Symposia on Neutron Capture
Gamma-Ray Spectroscopy and Related Topics /11, 35/.

Gemma-cascades. In the region of medium and heavy nuclei the
neutron radiative capture is accompanied by the emission of the ) -
quanta cascades., The mean number of ¥ -quanta per cascade may amownt
to 6 ~ 8. While the probability of the emission of the first 4 -qu-
antum in the cascade is investigated with the help of Ge (Li)} and
magnetic gamma-spectrometers (hard ) -transitions at 0.5 Bné Ey
% Bn) or by studying the (n, yo ) reaction (soft )Y -transitions,
E[ € 1.5 MeV), the probability of the emission of the subsequent
Y -quantea in the cascade has not been practically studied in the
experiment.

It is assumed that § -cascades in heavy nuclei must be treated
in the frame of the statistical theory es it is in the case of pri-
mary [ -transitions. However, one does not know to what extent that
description agrees with reality. Indirect data indicate the possibi-
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1ity of a considerable deviation from theoretical predictions. For
example, the analysis of fluctuations (from resonance to resonance)
of the population of low-lying statea formed as a result of § -cas-
cades made in the Laboratory of Neutron Physics has shown‘/44/’that
in the heavy nuclei region (A » 150) the experimentally observed
fluctuations are regularly higher than those predicted by the sta-
tistical theory. According to these results, it seems that the de-
excitation of compound nuclei in this region does not go through
all the intermediate states allowed by the statistical theory, but
mostly through some special ones, for example, through those having
a large component of the single-particle 4S-atate/’4$1 The presence
of enhanced two-quanta cascade going through the special states was
confirmed by the first measurements of the 164Dy (n,zjr ) reaction
by the method of summary amplitude spectrometry of coincident pulses
/14/ (see mbove). As an illustration, Pig. 14 presents the energy
spectrum of intensity distribution of two-quante ) ~transitions

(I ) with the total energy of 5607 keV, i.e. of those populating
the excited state at Eex = 108.2 keV. The calculation in the frame
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Pig.14. A spectrum of two-quanta ] ~transition intensity distribu-
tion for Dy populating the level Eex = 108.2 keV,

of the statistical theory of the probability of such J’—transitions
averaged over the intervel of 500 keV gives & amooth curve with the
maximum in the middle of the specfrum and I™®* o 0,05, Thus, one may
conclude that the statistical theory fails to describe even quenti-
tavely the average parameters of the two-quanta ) -cascades of the
decay of neutron resonances in heavy nuclei.

5. CONCLUSIONS

We have considered some aspects of the modern experimental neut-
ron spectroscopy , methods for measuring and analysing various neut-
ron cross sections and compared the experimental data with those cal-
culated according to the theoretical models. This comparison indi-
cates that the modern statistical theory can at first approximation
describe and predict averaged neutron cross sections and mean para-
meters of neutron interaction with medium and heavy nuclei, in case
these theoretical model parameters are up-dated and normalized to a
large set of experimental data.

For example, the optical potential parameters of neutron inter-
action with nuclei are chosen on the basis of comparing the calcu-
lated neutron strength functions with the available experimental va-
lues (see Fig. 5). Theoretical penetrability coefficients of nuclear
barrier for alpha-particles are up-dated by comparing the predicted
and experimental values of average of -particle widths /31, 45/(see
Fig. 6). The same holds true in the case of theoretical description
of the radiative widths. The experimental up-dating of the energetic
dependence of radiative strength functions for ) -transitions of the
multipolarity E1 (as well as the new theoretical description of the
GDR forms) and normalizing of Sy (M1) to the experimental date make
it possible to increase the precision of calculation ofI}FOt several
times.

At the same time it should be noted that in the region of ra-
ther light and near-magic nuclei, in addition to the statistical be-
haviour, one must take into account simpler mechanisms of neutron in-~
teraction with nuclei (see Fig. 13). The capabilities of the statis-
tical models are also limited when describing X -decay of neutron
resonances in heavy nuclei (e.g., when one-particle 4S-ptate is lo-
cated close to the neutron binding energy). It appears to take place
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in the processes where not only initial compound states but also in-
termediate ones with a considerabla admixture of simple components of
the wave function play an essential part, as it has been indicated
when analysing intensities of two-quanta gamma-cascades in 165Dy.

We hope that these examples end notes might render help by ana~
lyzing possibilities of the neutron spectroscopy and statistical the-
ory in describing average parameters of neutron resonances, partial
neutron cross sections and obtaining evaluated nuclear data.
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MASS-SPECTROMETRIC STUDY OF THE
NEUTRON FISSION OF HEAVY NUCLEI

A.I. MUMINOV
INP AS Uzbek SSR,
Tashkent, Union of Soviet Socialist Republics

Abstract

"The mass separator of unmoderated nuclear fission products installed on the
horizontal channel of the VVR-SM reactor at the Institute of Nuclear Physics
of the UZSSR Academy of Sciences is described.

separator for investigation of fission fragment ylelds, beta-decay of the

Possibilities of the mass

fission products, gamma-spectrometry of the fission fragments, and radiation

damage phenomena are discussed.

Development of the world society is directly dependent on
the sources of power supply, The current methods for electricity pro-
duction have been based on our knowledge in the field of physics.
But while application of the nuclear fusion reaction for energy
production is a problem to be solved in the future, practical uti-
lization of the energy from the fission of heavy nuclei began as
far back as June 27, 1954 after the 5000 kif-nuclear power plant
(NPP) had been put into operation in Obninsk,

Later NPPs with higher power outputs, such as Sibirskeye,
Beloyarskaya, Novo-Voronezhskeya, Melekeskaya, were consiructed in
the USSR, The industrial complex for production of nuclear reac-
tors for NPP was put into operation. In 1960 there were 20 LPPs
in the world, with a power output of 1 mln ki, in 1975, 130 NPPs
with a total power output of 80 mln kW, which was about 5% of all
electricity production, In 1980 the NPP power output reached 200
mln kW, By the year 2000 NPPs will produce aebout half of all world
electric power,

The experimental and theoretical basis of the reactor building
is the reactor physics., Thios branch of science covers the proceg-
ses of nuclear fisagion, diffusion, neutron moderation and absorpti-
on, and y-raediation,
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Though e great number of experimental and theoxretical works
on nuclear fission have been carried out there exists no unified
theory of this nuclear process. Improvement of the technique of
experimental investigationa, particularly during the last years,
made it possible to obtain importent data which permit the relati-
on between all stages of the fission process to be determined,

Distribution of nuclear fission fragments and products by
nuclear masses, charges and kinetic energies are among the impor-
tant nuclear data and are of great importance for development of
the nuclear fission theory and modern nuclear energy industry.

In the nuclear physics the mass, energy and charge distribu-
tions of fission fragments make it posaible to estimate the reli-
ability of diffexrent modeigméxplaining the fission process.

In the nuclear technology the data on the mass yields of fis-
sion products (FP) are among the main constants used in designing
and operation of the reactors, Using the data on FP yield in the
thermal and resonance neutron one can estimate the contributions
of individual nuclides to pollution of the environment and to poi-~
soning of the fuel elements,

The analysis of the literature data on low~energy fission of
uranium-23% and plutonium~-239 shows that the features of the mass
distributions of FP have not been described accurately enough,
particularly in the resonance neutron fission, the atructure fea-
tures are not fully clarified, This is due to the fact that direct
measurement of the experimental data on FP is a rather complica-
ted work,

The recently developed method of deflection of ummoderated FP
in the successive homogeneous electric and megnetic fields permits
the mass number of FP to be unambiguously determined and detailed
measurements of the mass, energy and charge distributions.to be ma-~
de, thus essentially widening the information neceasery for stu-
dying the fiassion process,

The inveatigations of the fisgsion process characteristics
were carried out by the radiochemical, instrumentcl ond mags-spec-
trometry methods, The best attained accuracy of measurement of the
fisaion fragment masses, using these methods was 2-3 amu, the best
accuracy of determination of the mnss yields was about 5%. These

accuracies are not sufficient for determination of relatively small
factors affecting the fission process, Therefore, the works on imp-
rovement of the existing methods and development of new ones for
studying the characteristics of the fission process become very
actual,

In the BDR Evald et al, have built the mass geparator with
the successive electric and magnetic fields ., This separator was
provided with double focusing (by aengles and velocities)., They
obtained a resolution M/aM=150 instead of the rated one, U/all=1800,
which limited the applicetion of this instrument,

Armbruster et al, designed the parabolic mass~gpectrometer
"Loengrin' for separation of figsion products, which was installed
in the high-flux reactor in Grenoble, This apparatus permits a re-
golution M/A M=1200 for fission products to be reached,

In the USA the mass-gpectrometer "Hayawata' for fission pro-
ducts was designed and put into operation., Its mass resolution is
0,5 amu, This apparatus uses the combination of the time-~of-flight
method and deflections of fission products in the homogeneous mag-
netic field,

We designed and manufactured the mass~spectrometer of unmode-
rated nuclear fission products, consisting of the successive elec~
tric and mognetic fields. The apparatus has been set on the hori-
zontal channel of the reactor at the Inatitute of Nuclear Physics
(INP) of the UzSSR Academy of Sciences,

In all the works on measurements of the mass yields by the
radiochemical, instrumental and mass-spectrometric methods the
main attention was given to obtaining better measurement accuracy,
geaxrch for new isotopes with low yields and interpretation of odd-
even and shell effects, An extensive experimental material on
these matters was systematizedby Amiel and Feldatein, On the masa-
separator "Loengrin" which was put into operation in 1974 mass,
energy and charge distributions of products from fission of 235U
nuclei by thermal neutrons were measured, The measurements showed a
good agreement with Amiel's systematics neerly for all mass num-~
bers of fission products of the light group. The nuclear charges of
primary fission products of the light group have been determined and
odd-even proton (22%) ond neutron (8%) effeots been found. For the
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first time the influence of the coupling effect on the fission
product yields at low kinetic energies has been observed.

On the mass-separator "IHyawata'" the yields of products
from 235U fission by thermal neutrons were measured with an er-
ror of about 1%, The fission product yield data obtained by the
present are thought to be the most reliable,

One more direction of experimental activity was determined
from the theoretical assumption made by Willex, according to which
the relative probability of the asymmetric and symmetric fission
depends on the spin state of the compound nucleus, The experiment
confirmed such a difference for the cases of the low-energy fis-
sion of 233y, 23% ana 23%pu in opite of the difficulties associ-
ated with low intensity of the monochromatic sources of neutrons.

The radiochemical measurements of the relative 9uo and 1150d
yields carried out by Riger et al. in 3U fission by thermal
and resonance neutrons showed that the asymme tric~symmetric fissi-
on ratio is higher for the resonance neutron fission case, In
snother work .the similar measurements were made for 239Pu and 241Pu
fission and the ratios of asymmetric fission yields to symmetiric
ones were compared, The authors of this work assume that in the
nuclear figaion by slow neutrons the compound nucleus in the ot
and 17 states is formed since the 239Pu nucleus spin is 1=1/2%,

It i3 agsumed that in the thermal neutron fission the compound nu-
cleus is formed predominantly in the ot state while in the 0,297 eV
neutron fission the compound nucleus is in the 1* state,

Therefore, the dependence of some characteristics of the fig-
sion process (mass yields, total kinetic energies, neutron and Y -
quantum yields) on the spin state of the fissioniug nucleus can
be considered to be experimentally proved. It should be noted that
the accuracy of the mass number determination was of several
atomic units, This accuracy is insufficient for determining the
causes affecting the characteristica of the fission process from
the spin states depending on the mass number,

In the present-day form the theory of the nuclear fission at
low exoitation energies considers the fission process aa consig-
ting of three, coupled, nucleus states separated in time:

I ~ prefission or compound states;

IT-region of the second minimum in the potential surface

of the nucleus;
IlI-state at the point of the nucleus collapse,

The available data on different distributions in the fiasion
are well described by the model of equilibrium at the collapse po-
int, .

The following distributions have been obtained in terms of
this model, which are in good agreement with the experiment:

a) asymmetry trend depending on the mass of the fissioning
nucleus;

b) distribution of the excitation energy betwecen the pair
of fragments and, hence, the neutron yicld in the dependence of
the fragmeht mess;

c) mass distributions of the fragments from fission of the
nuclei from 212Po to 258Fm; -

d) kinetic energies of fragments for various fissioning
systems;

e) distributions. of the widths of the mass and energy distri-
butions;

£) fine structure in the fission fragment mass yields;

g) charge distribution of the fission fragments;

h) ocdd-even effects in the mass yields.

This indicates that the main features of the fission proceas
are described correctly by this model,

The model, however, does not take into account the influence
of the total angular moment of the fiasioning nuzleus though it
is this moment that is the only mechanical quantity that ia invol—v
ved in the three stages of the fission process. This allowance
might be made by the dependence of the potential energy of contac-
ting fragments on the total spin,

1, The Mngs Separator of Unmoderated Nucleax Fission Products

To enable a wide range of works on fission of nuclei to be
carried out the mass~separator of unmoderated nuclear fission pro-
ducts was designed and constructed, It has been installed on the
horizontal channel of the VVR-SM at INP? of the UsSSR Academy of
Sciences, This gpparatus permits separation of nuclear fission
prodcts to be mode with the help of the electrostatic field by
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the ratio of the kinetic energy I 1o ihe ion charge e and then,
using the magnetic field, by the ratio of the mess M to the

ion charge e, In the apparatus the double (by angle and velocity)
focusing of the fission fragment beam is provided, The lon optics
of the mass separator permits the resolution at the half of the
peak height (lli/e)/(411/e)=1300 to be reached,

Fig.1 shows the block diagrem of the mass separator, Target 1
of fissioning matter is focused in the mass separator, Fission frapg-
ments pass through diaphragm 4 collimating the beam and arrive at
electrostatic analyzer 12 whose real field ia formed by plates 13
of the cylindric oondenser., Fisaion product separation in the elec-
tric field of the cylindric condenser with a definite ratio of the
kinetic energy to the ion charge, & /e, ocours in accordance with
the formula

A A
%= Far ey Vo

vhere 2} and €, are the radii of the cwrvature of the working sur
face of the condenser's inner and outer plates, respectively, V is
the voltage on the condenser's plates, The high voltage V is appli-
ed from a stabilized two-polar source which permits the voltiage

to be continuously adjusted from 5 to T7C k¥ of earh polarity

at a stability of *0,01%, The high voltage is measured via the pre-
cision voltage divider by means of the P348 dc bridge of class

0,002, '

Behind diaphragm 9 which has an edjustable width of the slit
for transmitting a desired range of the value A (E/e) o semicon~
ductor detector is set, this permits the spectrum of kinetic energi-
es and ion charges to be obtained. The fission products with sepao-
rated valuca E/e phsn then through chamber 15 installed in the gap
of the electromagnet which establishes the sector homogeneous mag-
netic field., There the fiseion products ere separated relative to
the mass ! and to the ion charge e according to the formula

/ﬂbéé = 2¢i én (,e‘//éf) £55€>

whera . is the radius of ion deflection in the magnetic field, B
i the magnetic inductance, The electromagnet is supplied with po-
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Pig.1. Block-diagram of the mass seporator of wmoderated nuclear
fiasion products

1 = ion gource; 2 ~ inlet arm; 3 - neutron bcam collimator; 4 =beamn
collimating diaplragm; 5,6 - screen diaphragms; 7 - diaphragm preven~
ting ion scattering on the walls;8-ion guide;9,10-diaphragms deter-
mining ion velocity sopread;ii-detection chamber;i2-electrogtatic
analyzer;i3-deflecting platcs;14-electromagnetic poles;15-magnetic
deflection chamber;16~outlet oxm;17-movable part of the shield;
18-fixed part of the shield;19~track detector;20-semiconductor dete-
ctors;21-beam shutier;22-high-voltage stabilized rcctifier;23-cle-
ctromagnet poviexr supply;24-magnetic inductance meter;25-oscillog-
raph;26-frequency meter;27-preamplificr;28-~-spectirometric amplifier;
29-amplitude analyzer AI-4096.

wer from the current source permitting to provide a long-term cur-
rent stability of 10,02%. The magnetic inductance is measured by
the nuclear magnetic resonance on hydrogen by means of thetl)-1-1
magnetic inductance meter having a measurement accuracy of 0,01%
and 43-34 frequency meter with a measurement accurecy of 0,001%,

After they have paased the homogeneous mngnetic field, the
fission products with the equal ratio M/e are focused in the mass
separator where detection chomber 11 is set,



£}

Main parameters of the mass separator

Electrostatic liagnetic
analyzer analyzer
lean deflection radius 274.2 cm 173.4 cm
deflection angle 19°71 40°
digtance between the : :
poles 3.0 cm 7.0 cm

The total length of the fission fragments travel from the tar-
get to the detection plane is 11,4 m, flight time is ahout 1 ps,
energy dispersion ia 103,2 cm, mass dispersion is 86-88 cm,

The mass resolution at the 0,5 peak height, 800-900 for al/E=2,56
and 1100=-1300 for sB/E=1.0%. The error of the measurement of masses
is i0.0G%, of energies %0,02%, of yields *(2-3)%, The vacuum in

the system, in two hours after beginning of evacuation, is (2-3).
10,

2. Detection of the Primary Nuclear Fission Products
in the Mass Separator

. Since the time of fission fragments f£light from the target to
the detection chamber is about 1ps thefiasion fragments are recor-
ded before JG -decays, In the focal plane of the mass separatoxr
the semiconductor detectors may be set and by diaphragming a spece
trum line with a definite ratio /e may be separated. A system
consisting of a charge-sensitive preamplifier and AM-4096 amplitude
analyzer wos brovided for recording and spectrometric analysis of
the amplitudes of pulses from the semiconductor detectors, A pulse
from the pulse generator with a precise amplitude is applied to
the common input, which ensures a reliable control of the electron
instrumentation astability, The system operation is checked with
the help of the spectrometric of -~source with half-widths of indi-
vidual lines of 15 keV and the number of lines is 5, Selection of
the semiconductor detectors and their energy calibration were car-
ried out by the method proposed by Schmitt,

Fig,2 shows the amplitude spectrum of the fission products
from 23%y nuclei, measured after the electrostatic analyzer, and
Fig,3 presents the amplitude spectrum of the fission products of
one line M/e after the magnet,
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Fig.2, The amplitude spectrum of the products of the
235U nuclei fission, measured by the semiconductor
detector after the electroastatic analyzer. The

figures at the peaks are the ion charge values.
.E/e = 3,208 HeV/e&e,
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Fig,3. The amplitude spectrum of the fission products

of one line /e, measured by the semiconductor
detector after the magnet,
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If the mass separator is used in the mode of the mass apeciro-
graph then in the focal plane of the inatrument the glasa track de~
tectors are instelled, which permit 6~7 lines of the spectrum of
fission products of the lheavy group (Fig.4) or 10-12 lines of that
of light group (Fig.5) to be recorded simultaneously, The detection
chamber is connected with the mass separator via the vacuum valve
which permits the gloss detectors insexrted into cassettes to be
replaced without breaking the vacuum.

For calibration of the mass separator and determination of
spatial position of the M/e lines, in the focal plane a photoplate
with the size equel to that of the glass track detector was set
ingtead of this detector for recording heavy charged particlea.

N. 200 180 28 258 1542 1256 g5
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Fig.4., A section of the l/e spectrum of the fisaion
products of the heavy group, measured by one
glass detector.
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Plg.5. A section of the M/e spectrum of the fission pro-
ducts of the light group measured by one glass
detector.

The mess separator wes calibrated and the main characteristics we-
re checked by ol ~particles from 238I’u. The & ~particle source

was set instead of the target. At the constant deflecting voltage
V=59,53 kV on the electrostatic condenser and at several values
of the magnetic field the /e lines of « ~particles were obtained
in different parts of the photdplate. After developing the photo~
plote was examined through the microscope. Fig,6 presents the spec—~
trum of « ~particles recorded by one of the photoplates. Then,
using these data, the calibration curve was built, which further
was used for determination of the M/e linea of the fission pro-
ducts,

For the energy calibration of the massg separator the spectrum

of ol =particles from 238Pu wag recorded after the electrostatic
analyzer,
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Fig.6. The spectrum of ol ~particlea from 238Pu recorded by
nuclear photoemulsion at various magnetic inductances,

After exposure the glass track detectors were treated with
the 5% solution of the hydrofluoric acid at room temperature for
45 min, The tracea from the fission fragment impacts have a trun-
cated cone form, with a depth of 15-20 jmm and a diameter of 10-15% um
on the glass surface. They are easily seen at the microscope
magnification by 100-150 times and are well distinguished against
the background, To reduce the background defects, the glass was
preliminary treated with the 5% solution of the hydrofluoric acid
before exposure, In pogt-irradiation treatment with the acid the
background defects had diameters significantly larger and were
easily distinguished from the fission fragment traces.

Application of the track technique permits the prolonged mea~
surements to be performed avoiding the danger of overlapping of the

background from other types of rndiation, A great set of particles
may be passed to one line for reduction of the statistic error, The
track detectors keep the information for practically infinite time,

3. Mass Distributions of Products from Pission of 239Pu and
©27y Juclei by Thermal Neutrons at Fixed Values of the Ki-
netic Energy of the Heavy Fragment

The characteristics of the process of 239Pu nuclei fission by
neutrons were studied in less detail as compared to the 235U case
and no studies were carried out in the mass-dpectrometers with the
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Pig.7. The relative mass yields of the products
from the 9Pu nuclei fission by thermal
nsutrons at the fixed values of the kine~
tic energy of the heavy fragment.

guccesslive electric and magnetic fields, Therefore, for a more de~
tailed study of the fine structure in the mass distributions we mea-
gsured the mass distributions of the heavy group of fission products
from 239Pu at fixed kinetic energies 65,5 s 67.5 » 70,0 ’
72 s 75,0 and 78.0 HeV which are close to the most probable
ones for the mass numbers A=130-145. The similar measurements were
also made for 235U. Figs 7 and 8 present the individual mass yields
of 239Pu and 235U nuclei fission by thermal neutrons at six kinetic
energy values, It is clearly seen that the yield of the fission pro-
ducts with A=139 is anomalously low with increase in the excitation
energy (for £, < 70 MeV) in the 23%py finaion case, A low yielad
for A=136 is observed in the case of 35U fission when E, < 72,5lieV,
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Fig.8. The relative maas ields of the pro-
ducta from the 2 g nuclei fission by
a

the neutrons the fixed values
o¥ ¥ﬂ21 kiretic energy of the heavy
fregment,

It follows from the mass distributions of the fiasion products
thot the fine structure cannot be accounted for by only odd-even
effects, Its origin is more complicated, Smooth change of fimaion
fragments results in sharp changes in the trend of the curve showing
dependence of the relative ylelds on the mass number,

4, Mass Distributions of Products from Fission 235U and 239Pu
Nuclei by Thermal Neutrons at Fixed Values of the Total Ki-
netic Energy
¥ig.9 shows the mass distributions of the fission products of
the heavy groug at flxed values of the total kinetic energy (TKE) in
the case of U and Pu nuclei fission by the thermal neutrons,
These mass distributions have a fine structure, too.
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Fig.9, The mass distributions of the products from
2350 and 239Pu fission by thermal neutrons at

the fixed values of the total kinetic energy

(TKE)(a) 190 MeV;() 185MeVilc) 180Me Vi) 175HeV;
(e) 1701e V) 165MeV §8) 160KeV,

The exiastence of the structure in the mass distributions obta-
ined at the fixed values of TKE indicates that formation of some
fragment pairs is less beneficial energetically. With allowance for
the neutron emission in the 5U fisaion case such @ pair is A=136
and A=100, Attention should be paid to onget of the small peaks in
the region of the mass numbers A=140 in the 25°U fission and A=143
in the 239Pu case al high TKE velues (Fig.9). The reason for this
may be that the fissioning system has an oblate ellipsoid form at
the discontinuity point,
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5. The Method for Comparative Study of the Yields of the Pro-
Huclei Figsion b

ducts from the Pu y Thermal and Resonance

Neutrons

For measuring the yields of the products from the 239Pu nuclei
fission a target was installed on the inlet arm, The target was
prepared of 50 g/cm2 of 98% enriched 239Pu evaporated in the 1 mm
thick aliminium backing., Two subsequent sectors of the spectrum were
measured with overlapping equal M,E and e by the lines, At the end
of the inlet arm of mass separator 1 (Fig.10) cadmium cup 3 with
a thickness of 1 mm was set for absgsorption of scattered neutrons,
In the cup bottom there was a (15x40)—mm2 rectangular hole opening
in front of 239Pu target 2., The flux passing through the hole in
the cadmium cup induced fission of 9Pu nuclei, The fission pro~
ducts passed through the electric and magnetic fields of the mass
separator by the vacuum line and were recorded by the glass track
detectors, \then the fragmemnts from the 39Pu nuclei fission by re-
sonance neutrons were measured the rectangular hole was closed by
0,3-mm thick samarium filter 4 through which neutrons with ener-
gies higher than 0,29 eV passed., To obtain a set of approximately
equal number of counts the time of measurement of one spectrum
gsector must be increased by 12 times as compared with the time of
measurement without the filter,

— neutr'ons

fragments =~

i to mass separator I
{ of fission =~

1

Fig.10, The experimental setup for measurement of the maas
distributions of the products from the nuclear fis-
sion by thermal and resonance neutrons,

The seme sector of the apectrum was measured four times at
different times, After interpretation and treatment of each sector
the equal ones were summed and the total errors of the yields of
fission products with A=138-174 were calculated.

In determination of the cadmium ratio the rectangular hole was

vclosed with the 1-mm thick cadmium filter, The comparison of the

measured spectra with and without the filter showed that the cadmi-
um ratio is equal to 75.

6. Moos Distributions of the Products from the 222Pu Nuclei
PFigsion by Thermal and Resonance Neutrons

The effect of the dependence of the nuclear fission products

-ylelds on the spin state of the compound nucleus was expected for

more deformed nuclei. Por determination of the character of this
dependence the sector of the spectrum M,E and e in the range of the
mass numbers A=138~148 was chosen at the fixed values of the kine-
tic energy E,=66,0 , 68,5 » T1.5 » 75.5 MeV (Fig.11).
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Pig.11, The relative yield of the 239Pu nuclei fission products,
normalized by the total yield at the fixed values of the
kinetic energy of the heavy fragment,



At high values of the kinetic energy no change in the relative The correctiomsassotiated with the spin state of the compound nucle-

yields from thermal and resonance neutron fission is observed, \With us play the similar role. At a kinetic energy of 75 MeV the defor-
a decrease in the kinetic energy the difference between the relative » mation parameter ia/:} =0,5, In this case the spin correction is
yields begins to increase, Vhen Ek=68.5 MeV a pgreat difference is : not of an essential importance and, therefore, no difference in
observed for A=142,144 and 146, which decreases when Ek=66.0 MeV, the yields for two spin states ias observed,

The observed change in the relative yields of the thermal and rego-

nance fission products may be explained taking into account the Thus, the measurements of the relative yields of products from
ghell corrections, For this purpose it is necessary to calculate the Pu nuclear fission by thermal and oversamarium neutrons sho-

wed that the rotation correction must be introduced into the formula
of the potential energy of the fissioning system.

the parameters of the fission fragment deformation at various kine-
tic energies, The deformation of the fragments at the above ki-
netic energies is f3 =0,5-0.8, From the map of the shell corrections CONCLUSION
(Fig,2) it is seen that for the above ranges the corrections to the
potential energy change significantly with changing deformation pa-
rameter, The contour lines in Fig.12 are shown with an energy dif-
ference of 1 MeV. The region of neutron-shell coxrelation variations
is to the right of the region H., There the contour lines are rather intensity obtained are sufficient for these investigations in most
dense so that any small change in the deformation parameter lcads cases,
to change in the shell corrections either to higher or lower values. 1

The masa separator described above representa a many-purposec
instrunent which permits investigationa of an extenasive range of
problems in the nuclear physics and interaction of fast multichar-
ged ions with the substance to be carried out. The resolution and

Investigation of the fission fragment yields nt definite
values of i, Ek and Z*,

The mass geparator makes it possible to meapure distribution
of fragments over H/z® and simultancously determine (< O0,5%) EK/Z“

with a high precision within a time of the order of 1p& after the
fission act, Mé.king, uge of the semiconductor surface~barrier de=-
tectors and carrying out the analysis of pulse amplitudes obtained
from these detectors, we f£ind the values of mass M, effective char-
ze z* anda kinetic energy L, for the fragments separated by the
mass spectrometer., Since after the fission act some fregments are
foxrmed in the stable state (screened fission fragments) and have
known valucs of M and 2, the coupling of the charge of the nucle~
O us 2 and 2% (at given M and E, ) can be determined and, thus, 2 of
\\1"./" /ﬁ/ the rest of the fragments found, i,e, the complete identification
54 62 70 78 86 94 102 of the fission fragments can be accomplished before the begimning
Number' of neutrons of the /b ~decay and emigsion of delayed neutrons, Therefore, one
can find correspondence in pairs between additional fragments
Fig.12, The shell corrections calculated depending on the (ZL" z‘ =92) and, using the conservation laws, determine the rest
defomationﬁuiizdf:;n::::er of neutrons of the of the characteristics of the fissioning syatem (fragment masses

deformation (B)

o
N

o
o
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prior to promptneutron emission, number of prompt neutronsz, total
figsion and excitation energies in separation of the compound nuc-
leus into an appropriate pair of fragments), which must be knovm
for determination of the behavior of the deformed compound nucle-.
us at the saddle and discontinuity points,

Ho other instrument being epplied at the present for gstudying
figsion (ion chambers, time~of-flight, semiconductor detectors,
radiochemical technique) allows zo many date simultaneously and
with such a precision to be obtained at the early stages of the fis-
sion process as the mass separator of the given type,

Being important theoretically, these data are also of great
interest for construction of reactors and other nuclear devices.

2, /3- decoy of the fission fragments.

Study of the nuclear (> -decay yields much important informa-
tion on the processes occuring in the nuclei and is of fundamental
importance in nuclear physics, Investigation of thejﬁ ~decoy of
such anomalous nuclei (with a large neutron excess as compared to
the stable nuclei of the same 2Z) located far from the stability
valley will undoubtedly give a great deal of new data on intra-
nuclear processes and regularities of these processes.

In addition, the data on cheins of the /3 ~decay of fission
fragments, providing information about intermediate fission pro-
ducts and their lifetimes, are neceassary in reactor deasigning and
in radiochemistry,

3. Y-spectrometry of the fission fragments,

The ¥ ~spectrometry of the fission fragments permits us to dbtain
the data on the energy levels of the nuclei containing e larger
number of neutrons as compared with the stable nuclei of the same 2,
Comparison  of these data with the systems of levels of the atable
nuclei nllows us to get the deta on change in the nuclei levels with
change in the number of neutrons at a constant Z and, therefore, to
obtain new date on nuclear forces, Of great interest is the pre-
sence of nucleor isomers among the fragments,

These data are also essential in view of extensive applicati-
on of the radioisotope technique with use of fission products and
in precision calculations of protection against nuclear radiation,

4, Emission of delayed neutronsa,

After emission of prompt neutrons from the fission fregments,
in the cases when thejé ~decay is hindered but the neutron emigsion
is energetically feasible, some fragments emit neutrons which are
called "delayed neutrons", Thege neutrons play a great part in
controlling the chain reaction in the reactors., But at the present
far fram gll isotopes-~fission fragments enmitting delayed neutrons
with the short life~times are knowm,

5. Inveastigation of energy losses of the fission framments with
known M,Z* and E, ond change in their charges in passing
through the substance.,

This problem is of g greatest  interest both from the view-
point of practice and theory, since a far greater portion of the
nuclear fission energy which can be used in the nuclear devices
is determined by the kinetic energy of the fragments and by mecha=~
nism of energy transfer to the surrounding substances, The theore~
tical interpretations of this process, developed so far do not cover

‘the variety of phenomena associated with this process, To a signi-

ficant degree such a gituation is due to unsufficient emount and
accuracy of the experimental results, The separator offers the uni-
que possibilities for a detailed and versatile investigation of
this process,

6, Investigation of radiation damages of substances, caused
by fission fragments,

At the present investigations of the character of damage in
the substances from the fiassion fragments are carried out using the
electron microscopy of fragment tracks in these subatances, Pre-
liminary separation of bombarding fragments with definite values of
mass, charge and energy permits us todarify the mechaniasm of theae
damages, which is very importaent for all nuclear devices, since
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these damages are mostly responsible for the lifetimes of the main
structural components in the core,
As the solid~state track detectors are widely applied in vari-

ous fields of science and technlogy, investigation of their proper~ .’

ties are of gréat importance, The mass separator was used for
investigating the recording efficiency and spectrometric charac-~
teristics of gome plastic detectors and potash mica. A new effect
of dependence of the track linear dimensions in the mica on the
mica crystal orientation relative to the fraogment beam has been
found, The recording efficiency of the crystal track detectors
depends essentinlly on this orientation, As a result of the ine
veatigations performed a new mechanism of smoothing rediation dama-
ges in the crystals, induced by fisgion fragments, waa developed.

7. Investigation of substance sputtering and secondary ion
emigsion induced by fission fragments,

This problem is close to the foregoing one and is not less im-
portant for the operating longevity of different nuclear devices.
The experiments with non-separated fragment beams showed a very lar-
ge number of sputtered atoma per fragment (up to 10 atoms/frag-
ment), The investigation of this process on separated beams of frapg-
ments will make it possible to get a better undersitanding of its
mechanism,

8., Study of the secondary electron emigaion induced by fisaion
fragments.

This problem is not only of theoretical but also of practical
intcrest for understanding the processes occuring in the thermo-
electron nuclear-to-electric enexrgy converters and for designing
the fission fragment detectors. At present & method 1s being deve-
loped for investigation of this process on the mass separator using
the chamnel electron multipliers.

9. Interaction of fission fragments with the semiconductors.,

This interaction comprises the investigation of the amplitude
defect.

HEAVY NUCLIDE FAST FISSION CROSS SECTIONS

V.I. SHPAKOV
V.G. Khlopin Radium Institute,
Leningrad, Union of Soviet Socialist Republics

Abstract

Methods of actinide neutron fission cross section measurewents in different
neutron energy ranges are described. The uncertainty analysis for each method
235

U fissfon

cross section used as standard reference data in relative measurements are

is made. The ways for obtaining more accurate values of the

discussed.

Introduction

Continuous development and improvement of nuclear energetic
plants arouses constant increase of requests for nuclear data con-
cerning both their accuracy and nomenclature, It is reflected in
the IAEA directive papers, resolutions of international conferen-
ces and specialist meetings, in the World Requegt List WRENDA.

Some of the most important nuclear data are figsion cross sec~
tions which are required at various gtages in reactors design and
operation, identified as

i) conceptual design studies,

i) Detailed design of the chosen concept,
iii) Selection of efficient operating strategies,
iv) Determining the characteristics of the operating reactors,

v) Fuel tramsport, reprocessing and waste disposal and the

activity of irradiated materiels.

The most accurate fission cross section data are required to

calculate the effective multiplication Keff’ the breeding ratio,
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the fuel enrichment, the reactivity variation with burn-up and po-
wer, thermal power distribution, control requirements as well as tb
predict the generation of higher actinide isotopes, such as 2420m
and 244Cm, which are a major source of neutrons in irradiated fuel,
and reducing them by incineration.

The highest accuracy requirements are for the primary actini-

des 235U, 238U and 239Pu (together with 233U end 232Th for the tho-
rium fuel cycle) which arise primarily for the prediction of Keff
and breeding. Typicel requirements for the fission cross section
accuracy are: thermal energy region + 1%, 100 eV to 10 MeV + 2%.
The requirements for higher plutonium isotopes 24°Pu and 241Pu are
less stiringent than those for 239Pu.

The cross sections for the secondary actinides 242’243Pu and
some isotopes of Am, Cm, Bk, Cf are required with an accuracy of
+ 10% to + 20%.

At the same time some actinide isotopes are used for the neut-
ron field metrology. The required cross section accuracy in this
case should be hetter than 2%.

The 2350 is to be distinguished especially as its fission cross
section is the most important international standard widely used as
& reference value in relative measurements either of fission cross
sections or of nuclear reactions. On account of the standard res-
ponsibility for numerous nuclear data the requirements for its accu-
racy are extremely high. According to Usachev's request the required
accuracy emounts to 1.1, 1.4 end 2% for the 0.1 to 0.8 EeV, 0.8 to
4.5 KeV and higher than 4.5 MeV nmeutron energy regions respectively.

lethods of the Tission Cross-Scction HMeasurements

The majority of fission cross-section data have been obtained
by measurements relative to the 235U fission cross section standard,
These measurements, being the most simple ones, include the stan-
dard uncertainty as a systematic error and are sensitive to neutron
scattering effects because 235U has a non threshold cross-section.

To measure the 2350 cross section itself and those for some
important nuclides like 238U, 237Np. 239Pu ebsolute and absolutelike
techniques have been applied. In these measurements both the neutron
flux and the fission event counts are determined separately. These
measurements may be divided into two groups:

1) Absolute measurements

1i) So called “Shape measurementa",

In the former ones the neutron flux and the fission cross sec-
tions are determined absolutely. In the latter ones the shape of
cross section energy dependence curve is measured using the known
energy dependence of neutron flux monitor efficiency, which is nor-
malized then to an absolute cross section value at some neutron ener-
gy point. The measurements of both groups should be united in consi-
deration as they are similar in principal features and are performed
employing the same technique.

Both absolute and shape measurements were performed in most ca-
ses in a wide range of neutron energies using either monoenergetic
or white spectrum neutron sources, the latter ones being more effi-
cient due to a possibility to carry out the measurements simultaneo-
usly for the whole energy range. In these cases neutron flux monit-

ora with smooth and flat energy dependence are to be applied.
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Similar methods have been used in all measurements to detect
fission events which were either the 2-%x multiplate ionization or
gas scintillation chambers fvith the exception of measurements /1/,
where the silicon surface-barrier detector has been used). Both me-
thodical problems and uncertainty origins were common therefore for
all measurements. They will be gonsidered later.

On the contrary, a visible variety appears when one considers
the neutron flux determination. The most usable methods of absolute
and shape measurements which have been carried out during the last
10 years may be incorporated into two groups:

i) Heasurements using “blaeck neutron counters" as neutron flux

monitors.

ii) leasurements relative to the (n,p)-scattering cross section.

Herewith the so called absolute measurements were not really
absolute ones as the 1H(n,n)1H-scattering cross-section standard

was used to determine either the neutron flux or the neutron moni-

tor efficiency.

Measurements Using Black Neutron Counters

The 2350 induced fission cross-section measurements have been
carried out at the Argonne National Laboratory (ANL) /2,34 and at
the National Bureau of Standards (NBS) /4/, USA, employing the so~
called black neutron counter (BNC) es a neutroﬁ flux monitor, pro-
posed and designed by Poenitz /5/. This counter was a cylindrical
plastic or liquid scintillator, containing hydrogen. There was an
entrance hole in the base of the cylinder going nearly to the cy-
linder center. The counter could operate only with a well collima-
ted neutton beam which should be completely situated within the

entrance hole. In this case neutrons reflected after collisions
from the bottom of the hole have practically always been captured
by the walls of the hole. Neutrons were registered by recoil proton
counting. As a consequence the neutron counting efficiency aechieved
the value of nearly 100% in some neutron energy range defined by
the counter dimensions. But the enlargening of the counter dimensi-
ons led to an essential increase of the counter background which
could be especielly crucial for the high energy neutron counting.
The black neutron counter is not therefore a universal device for
a large neutron energy range and application of specific counters
for different energy regions is desirable.. However, the validity
of BNC at neutron energy higher than 8 - 10 KeV is doubtful.

The BNC counting efficiency cen be accurately calculeted using
the Monte-Carlo computer code /6/, proposed by Poenitz. The experi-
mental checking of efficiency calculation based on associafed par-
ticle technique has shown an agreement within 1.5%. The energy de-
pendence of BNC counting efficiency for the 40 cm long counter wiith
a diameter of 13 cm is shown in Fig. 1.
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Pig. 1. Dnerpy dependence of the black necutron counter
efficiency.
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Pig. 2. Black neutron countcr response.

The BNC pulse-height spectrum (Fig. 2) had a low energy tail,
continued to zero emergy. To calculate the total number of counts
an extrapolation to zero energy is required. This procedure, being
rather critical, was an origin of systematic uncertainty.

The measurements at the AWL were performed using the 3 LeV
Van-de-Graaf accelerator for 85 keV to 3,5 MeV - neutrons (shape
measureuents) /2/ and for 200 keV to 8.2 HeV -~ neutrons (absolute

y 13/

measurements « The measurements at the NBS were performed also
using Van-de-Graaf accelerator as a neutron source for 200 keV to
1.2 MeV - neutrons (aebsolute measurements) /4/.

The 2D(d,n)3He reaction has been used to produce neutrons with
energy higher than 4.5 eV and the 7Li(p,n)7Be reaction has been
used for lower energy. To minimize the detector background pulse
operation of the accelerators with the pulse duration of about se-
veral ns, as well as both pulse-height and time-of-flight selection
have been used. The achematic drawings of the experimental setiups

are presented in Fig. 3.
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Pig. 3. Schematiec drawinge of the experimental setups
at the messurewents with black neutron counters.

The counting rate in the BNC for the same neutron flux was abo-

ut 10°

times higher than that in the fission events detector. To
achieve sufficient statistics both detectors had to be places at es-
sentially different distances from the neutron source. Horeover, the
fission chambers in measurements /2, 3/ were put in conditions of
"open geometry" i. e. were exposed to the non-collimated neutron be-
am. These circumstances caused en increase of both neutron scatte-
ring effects and the neutron beam anisotropy and es a result an in-
crease of the irradiation geometry uncertainty. A paraffin loaded
with 1,005 facility was used at the WBS /4 to form the neutron be-
am to a cone with a half-angle of 4.3° end with angular uniformity

better than 1%.



The neutron flux monitors were located in all cases inside mas-
sive shields made of borated polyethilene and lead. Precise collima-
tors were installed in front of detectors to fix the solid angle
subtended by the detector and to insure that all the neutron flux
was incident on the entrance hole of the detector. '

The main effects affecting the measurement results were as
followa:

i) Neutron detector backg;ound conaisted ° of both constant,
ambient background and that (mainly Gammas) connected with the neut-
ron beam. The latter one has been determined by cutting down the
collimator hole with a paraeffin and lead plug.

ii) Pission chamber background produced mainly by scattered neu-
trons and by those of the second energy group with decreased energy
arised when the 7Li(p,n)7Be was used to produce neutrons. These back-
ground components, being excluded in the neutron counter by the time-
of-flight, could not be separated in the fisgion chamber due to a
small flight base,

iii) Neutron flux distortion and attenuation occured due to
neutron interaction with the entrance part of the collimator, neu-
tron scattering from the inner surface of the collimator into the
neutron counter, scattering and absorption of neutrons in the fis-
sion chamber, in air, and in the case of open geometry /2, 3/ due
to acattering in structural materials in the vicinity of the fissi-
on chamber. Besides, back scattering effect from the shield into
the counter for neutrons which passed primarily the counter without
interaction was to be taken into account. Corrections for all ef-
fects mentioned have been calculated using cross-section data of

the ENDF-B/IV librery. Besides, the correction for neutron inter-

action with the collimator has been determined in /4 experimental-
ly by mea@suring with 4 collimators of different diameters.

iv) Total number of neutron counis was determined in work %4
by YMonte~Carlo fit of the pulse-height spectra {o the Poisson dist-
ribution (Fig. 2). The way to determine either the low energy tail
or the total number of counts in papers /2, 3/ has not been descri-
bed.

v) Geometrical factors have been determined from the targed
and co}limator entrance diameter ratios. Nevertheless, it seems
that some effects connected with the beam collimation, long distan-
ce beiween the detectors and open geometry could cause some additio-
nal errors and lead to a more complex dependence of the geometrical
factar on the setup geometry.

vi) BNC counting efficiency was calculated using lonte-Carlo
computer code /6/ based on the counter geometry, the H(n,n)H reacti-
on differential cross section, scintillator light yield, teking in-
to account neutron interaction with carbon nuclei and Poisson dis-
tribution of photo electron emisaion.

vii) Efficiency of the fission events counting was determined
taking into account counting losses due to discrimination and fis-
sion fragment absorption in target deposits in a way which is simi-
lar to that used in all the fission cross section meusurements. .

The measurements employing the BMNC,as it can be seen,contain
a large number of both corrections and systemaitic unceriainty ori-
gins. It should be noted that the measurements /3/ are the repeti-
tion of those in work /2/ by the same authors using practically the
same Setup. However, the results of both measurements essentially
disagree, the reasons of disagreement being not analyzed by the aut-

hors and unclear.



Typical values of both corrections and uncertainties of the Scientific Laboratory (LASL) /1/, at the mps /%> 10/, USA, and at

measurements are given in Teble 1. the Nuclear Research Center, Karlsruhe (KFK) /1, 12/ , FRG. The
schematic drawings of the experimental setups are presented in
Table 1
Typical values of corrections and systematic uncertainties at measurements using Flg. 4.
black neutron counter neutron flux
f£light detector
Torrection Uncertaint : sollimator tube KFK
Effeoct in % el neutron = £ [7 } ;
bean % 4 Z Protom-recoil
1.Heutron counter background 0.2 - 1.0 0.1 — 4 telescope
2. Pission chamber ambient background 0.1 0.1 //< ///
3. Pission chamber background due to the 2-nd neutron group and 4 A;/
the neutron peak tail 3 -13 0.2 - 1.0 . collimato;\ { radiator
4. Reutron scattering in the entrance part of the collimntor 1.5 0.2 576 m e 0.7m ! foils
5. Neutron scattering from the walls of the collimator into 0.25 mmo §3 pon
the counter 0.1 - 1.5 0.05 - 0.3 * Pt (conical)
6. Neutron scattering in the fission chamber 1-2 0.2 - 0.5 eollimated prrtical shield silicon LASL
7. Heutron ebsorption in the fission chamber 1-2.5 0.2 ~ 0.3 neutron proton proton-recoil
bean detector g B
8. Neutron scattering in air 5 - 12 0.5 - 1.2 detegtor.
9. Reutron back scattering from the shield into the counter 0.1 - 1.5 0.2 - 0.5 —
10. Reutron acattiering in the vicinity of the fission target _0.7
11. Totol proton count determination 0.1 silicon ;ppel‘t\"‘°
fisaion or
12. .2
2. Dead time ] detector recoil
13. Geometrical factor 0.5 protons .
14. Neutron counter efficlency 3.5 - 1.5 1-2 235u foi) -
15. ¥ission event: counting efriciency 0.1 - 0.5 0.1 - 0,2 radiator foil
neutron | thin wird supports lead shadow shield
coullimsator
LLL
i 1 1 > Proton-recoil
Measurements Relative to the IH(n,n) H-Scattering Cross Section detector
In these measurements the neutron flux was determined by coun~ collimuted neutm}' - \giggzor
beem
ting of recoil protona produced by neutron interaction with a hydro- . -
containing/ polyethilene \reooil
gen containing thin radiator. The measurement method has some advan- }’:;’;1“ D ;‘:ﬁ““r protons
: N 183 em lo
tages which are simplicity, low sensitivity to a gamma background, hg)
high counting rates, efficiency in wide neutron energy range. This meutron %t‘w sm—+<= 60 em ) -
cam . IS
—_— , WA . J 202
method is therefore the most applicable one for measurements using —_—t :: Hydrogen-rilied
.
proportional
the white spectrum neutron sources. W//Za 0.8 mm 55
gounter

The measurements employing such method have been performed at
Fig. 4. Schematie drawings of the flux monitors at the
the Lawrence Livermore Laboratory (LLL) /8/, at the Los Alamos measurcmenta relative to the 1H(n,n)1H oeroas sectian.
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The measurements /8, 9/ were performed using a linear accele-~
rator of electrons with uranium and lead targets as &4 neutron sour-
ce. Recoil protons were detected by silicon surface berrier detec-
tors protected from the accelerator gamma flaches by massive lead
cylinder. A proton synchrotron with uranium targets was used in the

measurements /m,

12/. To detect recoil protons a telescope of gas
scintillation counters was employed. In this case the detector
shield was not installed due to decrease of both the gamma flash
ond the detector sensitivity to gemmes which provided significantly
lower neuton flux attenuation. In the measurements "/ both the
hydrogen radiator and the fission target were irradiated back to
back. A silicon surface barries detector was used to detect recoil

protons. In the measurements /9, 10/

performed at low neutron ener-
gy (up to 1200 keV) recoil protons were counted by a gas proportio-
nel counter. Hydrogen containing gas filled counter was used as a
proton radiator.

In spite of the variety of other detector systems or experimen-

tal geometrical configurations the majority of aystematic uncertein-

ties are similar for all measurements mentioned. They are as follows:

i) Neutron monitor background consists of time independent
background, background from the 1zc(n,a.)—reaction on carbon and, in
cage of gilicon detectors from reactions on silicon in which charged
particles are produced. The total background value is less than that
in the case of BNC.

ii) Fission chamber background at measurements with white
neutron spectra is mainly connected with slowed down neutrons.

i1ii) Neutron flux attenuation is caused by scattering in fis-

sion targets and chamber windows as well as in the proton detector

shield. It i3 less than that in case of the BNC, due to better beam
collimation, long flight distances and near disposition of the de-
tectors.

iv) In the measurements /1, 8, 9/ the recoil protons were col-
limateéed and their pulse-height spectra did not continue to zero

/10, 11, 12/ the extrapolation of spect-

energy. In the other worke
ra to zero energy was desirable, the correction value being notice-
able.

v) Yo geometrical factor was teken into account as it was pos-
sible to consider both detectors to be in the same neutron flux due
to well collimated Beams and long flight distances.

vi) Heutron monitor efficiency is calculated starting from the
proton detection efficiency, the quantity of hydrogen in the radia-
tor, the H(n,n)H scattering cross section and its anguler dependen-
ce (which is known with the accuracy not better than 3% /13/).

vii) The time shift of neutron monitor discriminator depended
on proton pulse height. This is an origin of the most significant
uncertainty which led to the error in the energy scale.

viii) The energy calibration accuracy for both detectors defi-
ned not only the energy scale accuracy, but in cese of the measure-
ments with white neutron spectra could lead to the error of the
crogs-gection value itself,

ix) The problems of determination of the fission events coun-
ting efficiency were the same as those in case of measurements with
the BNC. ‘

Typical values of both corrections and uncerteinties are pre-

sented in Table 2.
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Table 2
Typical values of corrections and systematic uncertainties at measurementa relative

to the 1B(n,n)1H cross section

Effect Correction Uncertainty
in & in %
1. Heutron detector background 1-5 0.2 - 0.5
2. Pission chamber background 0.1 0.1
3. Neutron flux attennation 1 0.1
4. Determination of total proton counts 0.5 - 5.0 0.2 - 1,0
5. Angular distribution of recoil prdtona 2.5 0.2
6. Neutron detector time shift 0.4
7. Bonergy scale of boih the neutron and the fission
detectors 0.5
8. Dend time 1.7 0.1
9. Pission events counting efficiency 0.1 -~ 0.5 Oel1 - 0.2

Essentinl disagreement of data can be seen when one compares
the measurement results obtained by this method even in case of me-

asurements using the same setup /8, 9/.

The Time Correlated Associaeted Particle lMethod

An absolute method of fission cross section measurements has
been developed at the V.G. Khlopin Radium Institute, USSR and inde-
pendently at the Research Center Bruye-le-Chatel, France /14, 15/,
which is called now the time correlated associated particle method
(TCAPH). Later on this method has been employed in the joint measu-
rement programme of the Khlopin Radium Institute (KRI) and of the
Technical University of Dresden, GDR (TUD) /1%/, Recently the TCAPM
has been used at the ¥BS, USA 717/ and at the Institute of Nuclear
Physics, China /18/.

The TCAPM allows to carry out fission cross-section measure-
ments only at some fixed spot points of neutron energy but enables
to exclude a significant part of the measurement uncertainty and

hence to improve the measurement accuracy.

100 ym Si-SB easociated
detestor [ particle
(APD) 3 counts
He-sone
diaphragm coincident
(D) fission
event
5 countse
. 0
°°111m't°z coincidence
— " sircuit
125 keV
deuteron
beam fission
pulse targets (FT)
fission
chamber

neytron
cone

Fig, 5. Ssheme of setup at measurements by the TCAPM
with 2.6~MeV neutrons.

The basic idea of the TCAPM is illustrated in Fig. 5. The
2D(d,n)3IIe and 3T(d,n)4He reactions are used as a source of neut-
rons., The 3He or 4He particles associated with the neutrons are de-
tected by the associated particle detector (APD) within the cone fi-
xed by the entrance diephragm (D). The neutron cone corresponding to

the associated particle cone irradiates the fission target (FT). The

fission events are registered in coincidence with the associated
particles (AP). Provided the two main geometrical comnstirains are
met:

i) the fission terget is large enough to make the base of the
neutron cone to lie completely inside the target,

ii) the fission target nonuniformity is negligible, the indu-
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ced fission cross section can be determined from the formula:
N
c
Csf A A
ap
where Nc ig the number of the coincidences, Hapis the number of as-
sociated particles and n is the number of fissionnble nuclei per

cm2 .
The TCAPL! has the following advantages:
- no geometrical factors are to be taken into account,
- determinationsof either neutron flux or total associated par-
ticle counts are not necessary,
- fission events induced by background neutrons (scattered neutrons
or neutrons from other reactions) are excluded,
~ the AP-counting background can be essentially reduced by a proper
choice of AP energy window near the peak.
Although this method seems to be & simple one its practical re-
alization is often connected with considerable difficulties due to
a high background of charged particles other than associated ones in
the AP-channel which are both scattered deuterons and charged par-
ticles produced in (4,p), (d4,d), (n,p), {n,et) accompanying reactions.
Specific AP-channels sre to be designed therefore for measurements

at every neutron energy point. The AP-channels for 14 to 15 HeV,

8.5 HeV and 2.6 YeV-neutrons are described below.

&) Yeasurements with 14 to 15 NMeV-neutrons

These measurements, being the most simple ones in methodical
agpect, have been performed at all five laboratories mentioned above
/16, 17, 18, 19/ Neutron generators and electrostatic accelerators

with the 100 to 500 keV deuteron beam energy have been used as a

neutron source employing the 3T(d,n)4He reaction. Fisgion targets
were placed at the angles from 15 to 90° with reapect to the deute-
ron beam. Associated alphas were counted at the corresponding angles
in the rear hemisphere.

The energy of alphas wvas essentially higher than that of scat-
tered deuterons due to high Q-value of the T(d,n)-reaction. Scattie-
red deuterons then could be completely cut off with a protective
filter across the alpha particle detector. The AP-channel background
components were due to J-rays, protons and tritons produced by the
2D(d,p)3‘1‘ reaction occuring due to deuteron implantation into the
tritium targets.

To reduce all thg background components the 1OQfm thick scin-
tillating plastic was applied as an AP-detector in the measurements
/16, 19/ which was protected from both light and scattered deute-
rons by the 100 mg per em? thick aluminium foil. TFig. 6 shows an

. ..’1‘"'.“ tivation
[s] 100 200 300

1 A " U S i . 1 a1

channels '
Fig. 6. Pulse~height spestrum in AP~shannel at messurements
by the TCAPM with 14,7-KeV neutrons.
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example of the pulse-height spectrum in the AP-channel. It cen be
seen that the background under the of-particle peak does not exceed
0.1 - 0.2%.

Silicon surface-barrier detectors have been used to detect the

AP in the ueasurements 7, 20/.

b) lleasurements with 8.5 MeV-neutrons

These measurements have been performed within the joint measu-
rement programme of the KRI, USSR and the TUD, GDR at the tandem-
generator of the Central Institute of Nuclear Research, Rossen-

doxrf, GDR, with 9.5 MeV deuteron beam, the 2D(d,n)3He reaction

being used.
neutron
eone
' " fission y ?
chamber: n
== R .
9.5 keV-~ He cone
deuteron beam
neutro 19’3",
target AE

R
AE - E telcscope

Pig. 7. Experimerntal setup at measurcments by the TCAEM
with 8,5-MeV neutrons.

In this cese either neutrons or associated 3He-particles were
flying onward due to the big tramsfer velocity brought in by the
deuteron momentum. Both the AP-detector and the fission targets
were to be situated in the front hemisphere at the angless of 45

89 and 75° with respect to the deuteron beam and the 1 - 2 mg per cu?

thick targets of deuterated polyethilene were used to produce neut-
rons. The AP-channel background components were due to both scatte-
red deuterons with energy up to 9 leV, and ol-particles with energy
of 3 to 5 MeV produced by the 120(d¢x) reaction on the target car-
bon.

Fig. 8 shows a typical charged particle pulse-height spectrum
in the AP-channel measured with a thin silicon detector at deute-
ron energy of about 8 MeV. To separate associated 3He particles
from alphas a AE - E telescope consisting of two thin (121um and
40’Jm) completely depleted silicon detectors was used. In this way
o -particle background in AE - E,. energy window was decreased to
1.5.- 2% of total 3He counts. In Fig. 8 a contour map of the iwo-
dimensional AE - Er spectrum is shown. A fast two-channel analy-

/21/

ser was used as a particle identifier for the associated 3He

particles.
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Fig. 8. Pulse~height spectrum in fF-channel in the case
of 8,5-1leV neutrons.



90

E 200
(ch)

100

o 200 ’ 400 600
Er {ch)

‘Fig. 9, AP-contour map &t the messurcments
by the TCAPM with 8.5-MeV ncutrons.

c¢) Measurements with 2.6 MeV-neutrons

These measurements have been also performed as a joint work
programme of the KRI and TUD/16’ 22, 23/ using a neutron generator
with 120 keV deuteron beam and the 2D(d,n)BHe reaction as a neutron
source. Fiasion targets and AP-detector were inatalled et the ang-
les of 72 and 90° with respect to the deuteron beam. The scheme of
the experimental setup is shown in Fig. 5.

The surface-barrier detector with 100 pm~depth of depleted
zone was used to detect 3He-particle5, being protected from scatte~
red deuterons by 230’4g per cm2 thick aluminium filter. Efficient
separation of the 3He-particles from scattered deuterons due to
their low energy (ebout 800 keV) strongly depended on careful se-
lection of the filter foils either by thickness (1 5/43 per cm2) or
by quality and uniformity. When the foil characteristics required
had been provided, the scattered deuterons contribution was negli-
gible. The main components of the AP-channel background were due

to protons and tritons produced in the 2D(d,p)3T gide reaction,

¥ E (lev)
6000 | 15
q T P 1 -
4000} 1
: 3
He 4
2000 | : ~ 1,
0 100 200 channels

Fig. 10.. AP-pulse~height spectrum at the measu-~
renments by the TCAFM with 2.6-leV neutrons.

whose contributions were dependent on the detector spectrometric
quality. The pulse-height spectrum of the AP-channel is showm in
Fig. 10. The proton and triton background under the 3He peak did

not exceed the value of 2.5%.

Corrections and Uncertainty Origins of the TCAPH

The following corrections are to be introduced into the raw

data obtained by the TCAPM:

- for background in the AP-channel

- for random coincidence background

~ for neutron flux attenuation

- for fission events counting efficiency.

i) The background in the AP-amplitude window was determined
by both measurements without neutron targets and cutting-off of
the AP-cone with a thin foil. In the case of measurements with
2.6 leV-neutrons the foil thickness was chosen io ensure complete
3He-particle absorption and minimel energy losses for protons and
tritons to determine proton and triton background. In the case of

measurements with 8.5 MeV-neutrons the background was determined



by replacement of deuterated polyethilene target with a cenventio~
nal polyethilene foil.

ii) Due to neutron beam collimation the number of coincidences
was 20 - 30 times less than the total number of fission which re-
sulted in a rather high level of random coincidences. To define ac-
curately the correction for this effect an electronic setup vas
used which provided for the simulteneous registration of both total
coincidences and rendom ones wiih the same circuit. Another way to
determine this correction was to enalyze AP -~ fission time distri-
bution spectira.

iii) The neutron flux attenuation was calculated by a method
based on the inverse problem of the radiation transfer theory /24/.
The set of transfer equatios was solved by the Honte~Carlo method
for real experimental conditions taeking into account all the struc-
tural meterials and gaseous mixture filling the chambers.

iv) Parallel plate pulse current ionization chambers were
used in all the measurements for fission events detection. The de~
tection efficiency was defined by two factors which are a fission
fragment absoxrption in the fissile layers and counting losses due
to discrimination in the counting chamnel. These problems are com-
mon for all the fission cross-section measurements as was mentioned
above. The fission fragment absorption can be in principle suffi-
ciently exactly calculated as a function of the fissile layer thic-
kness, the neutron energy, the fission fragment renge and of the
fission product anisotropy (for example /25/), The counting losses
due to discrimination usually are determined by exirapolation of
the fragment pulse-height spectrum to zero energy. However, the fia-

gion fragment ranges which are now insufficiently known and depend

on the deposit chemical composition (which is usually difficult to
determine in turn) can be an origin of essential uncertainty of re-
sults. Besides, the extrapolation procedure also is not doubtless.
The best way, therefore, to improve the accuracy of resulis iz a
direct experimental determination of fission counting efficiency,
which is now in progress.

All the corrections considered are origins of the systematic
uncertainties. Besides, enother two circumstances are to be taken
inte account which are the target deposit uniformii{y and location
of thé neutron cone completely within the fission target. The tar-
get uniformity provided by careful target preparation, was checked
for high «~activity samples by scanning with a detector with a small
entrance diaphragm and for low ol-activity samples by an ellipsometry
or by an electron X-ray microprobe analysis.

The Boulomb multiple scattering of associated particles leads
to0 broadening of the neutron cone due to a possibility to detect in
the AP-cone scattered particles associated with neutrons flying out-

gide the neutron cone. It may be especially crucial for the measure-

ments with 2.6 MeV-neutrons where scattering probability increase
due to lowenergy of the 3He-pa.rticles. However, the systematic er-
ror, connected with this process will be negligible if the topo-
graphy of the neutron cone is known and its long-time stability

is ensured. In all the measurements the cone profile was mapped
and its stability controlled for each AP-counting system by meens
of a 2 mm diameter plastic scintillator in coincidence with the
AP-detector. Fig. 11 shows the neutron cone profile in cese of me-

agsurements with 2.6 MeV-neutrons.
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Pig. 11. Neutron cone profile at the measu-
rements by the TCAPK with 2.6-leV
neutrons.

Typical values of both corrections and partiel measurement un-

certainties are presented in Table 3.

Table 3
Typical values of corrections and uncertainties of the ICAFN

Correction Uncertainty

Effect in % ing
1, Coincidence statistics 0.7 - 1.0
2. Random coincidences 3-10 0.3 - 0.5

0.1 - 3 0.01 -~ 0.3
1.5 - 2.5 0.1 - 0.4

3. Background in AP-~channel
4
5

Neutron flux attemuation

Iy

Pission counting efficiency
a) Extrapolotion to zero energy 0.5 = 2.5 0.1 = 0.5
b) Pission fragment absorption in target

deposgite 0.2 ~ 1.5 Q - 0.3

Analysis of Fission Cross-Section Measurement Resulis

It is impossible to consider fission croas section data for
all nuclides within one paper. As an example the data for the 2350
will be analysed. This fission cross section 1s responsible for da-
ta accuracy of numerous relative measurements and is measured with

the beat accuracy.
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Pig. 12 shows the results of the 235U fission cross-gection
measurements performed during the last 7 years in comparison with
the evaluation of the EHDP-B/IV and ENDF-B/V files. Essential dis-
crepancies of experimental data either in magnitude or in shape can
be seen. It is evident that these discrepancies can not be removed
by renormalisation of shape measurements data. Fig. 13 shows the
resulgs of different evaluations performed during several last
years.

The most significent disagreement of experimental results
exists in the 13 to 20 leV energy ronge vhere different data disag-~
ree by more than 107%. The new results obtained in recent absolute
measurements for 14.1 - 14.7 MeV-neutrons by the TCAPE /16, 20/
which agree within the limits of the 1% accuracy (Fig. 14) allow
to reduce the cross-section uncertainty in the 13 to 16 MeV energy
region and to claim the required accuracy for 14 - 15 HeV neutrons
to be achieved. Excellent agreement of the five independent measu-

rements characterizes the TCAPH as the most accurate and reliable one.

The existing data at neutron energies higher than 16 lieV are
so discrepant that it is difficult to expect an evaluation accura-
cy better than 6% in this energy range.

Discrepancies of data in the neutron energy region from 5 to
13 KeV reach 5 -~ 6%. The shape measurements /8, 9, 12/ show diffe-
rent shape of the energy dependence. Significant disagreement of
different evaluations also can be seen. The result of absolute mea-
surement by the TCAFL /22/ within the limits of 1.5% coincides with
both Kon'shin evaluation /28/ and those of the ENDF-B/V and the
JENDL-2 files. It ia obvious that accessible accuracy of evaluations
can not be better than 3 - 4%.

~=—— LHDF/B-V
= = = Poecnitz /28/

~—-— Kon'shin /26/

© 090 pypL - 82

S —
++4 gpmL -2
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Fig. 14. Resulto of ihe 235U fission crose-section moasurementis
by the TCAIN with 14.0 - 14.7-LoV neutrons.




The data disagreement in the 1 to 5 HeV energy range exceeds
10% and difference in shape occurs as well. Although eveluations of
different files amgree rather well, the results of both measurements
by the TCAPM /23/and the recent shape measurements /3. 6, 10, 27/
which are in good agreement are 5% lower. It shows that existing
evaluations may be doubtful. To elaborate more realistic evaluation
the weights of gome experimental results are to be revised. Conci-

dering the available data it appears that it would be difficult for

an evaluation to achieve an accuracy 1 - 2%.

Conclusion

It is obvious that the available experimental data for the
2350 do not yet reach the required accuracy except the 14 lieV point.
What concerns other nuclides the data accurasies are much worse.
Apparently the shape measurements techniques include some experi-
mental discrepancies origins, which can not be identified now.
There is essentially no value in producing more shape measurements
using established technique, as additional ones will contribute
little towards the reduction of the uncertainties.

According to recommendations of the IAEA consultant's meeting
on the 2350 fast fission cross section held at Smolenice, CzSSR in
Harch 1983, the only foreseeable way of improving the accuracy of
the cross-sections is to perform:

i) accurate mono-energetic measurements using the TCAPM at as
many energies as possible with the focus on discrepant regions,

ii) essentially improved shape measurements which can be used

to determine the cross-sections between the spot point data.
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PULSED-BEAM ELECTROSTATIC ACCELERATORS AT THE
LV. KURCHATOV INSTITUTE OF ATOMIC ENERGY.
INVESTIGATIONS OF

FISSION ISOMERS PERFORMED AT THESE DEVICES

G.A. OTROSHCHENKO
1.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

Abstract

Main principles to produce pulsed ion beams at the elect-
rostatic accelerators in the I.V.Kurchatov Institute of Atomic
Energy are briefly described. The parameters obtained for the
ion current pulses are given. Some results of fission isomer
investigations performed with pulsed beams of ions are shortly
discusged.

At the moment the electrostatic accelerators are widely-applied
devices. They are used in medicine, biology, metal science, in muany
branches of industry and last but not the least in their traditional
field, i.e. the experimental nuclear physics.

High stability in the energy of the accelerated partciles (of
the order of few hundredths of per cent), relatively high value of
the current of the beam, up to hundred microamperes and more, the
possibility to obtain the beam cross-over on the target of the order
of tenth of millimeter, and even significantly less in special cases,
the possibility to build accelerators (including the machines of the
taendem type) to obtain the ions with energies in the range from hun-
dreds of keV up to tens of HeV, along with comparatively simple con-
struction of these machines, all these factors make them rather a
cheap instrument of high qualitative value in numerous investigations
in pure science or applications.

The high intensity of the accelerated particle beams makes it
possible to perform the investigations with the use of secondary par-
ticles from nuclear reactions, induced by the primary beam in diffe~
rent targets. This fact widens considerably the possibilities of the
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use of such accelerators. Thus, the use of tritium or lithium tar-
gets, bombarded with accelerated protons, or deuterium or tritium
targets, bombarded with deutrons, gives us a possibility to perform
the researches with neutrons in a wide region of neutron energies:
from few tens of keV up to few MeV and more (17 MeV in the case of
the T (4, n)BHe reaction). The neutron energy depends on the energy
yield in the reaction, the primary beam energy, as well as on the
angle between the primary beam direction and the detector position,
as seen from the target. The neutron energy spread, or the energy
resolution, depends on the energy spread in the primary beam, the
solid angle of the neutron detector, the energy losses of the pri-
mary beam in the target, the energy yield and the kinematics of the
reaction in use.

A considerable amount of experimental works in nuclear and neut-
ron physics was done at the electrostatic accelerators with the use
of primary and secondary beams of particles.

Since various methods were developed for these accelerators to
obtain the pulsed beama, that is the beawms the intensity of which
changes with time according to a known law, the number of problems
solved by usaing the electrostatic accelerators became significantly
larger. These methods gave the possibility to investigate the time
characteristics of the reactions and their products, which in some
cases are more decigive (the half-lives of the reaction products, for
example), the energy values, which characterize the reaction products
(the energy and momentum measurements by the time-of-flight method),
measurements of different time correlationsa in the processes under
investigation,

The simpleat way to obtain the beam with the time-modulated in-
tensity is the use of electrostatic deflection of the accelerated
beam. An electrostatic field, which is periodical in time, exists
in the region of the deflecting system (Fig. 1). Thus, the transverse
beam is periodically deflected from the straight trajectory in the
absence of the field. The end of the beam moves over a diaphragn.
Wihen the beam passes through a hole in the diaphragm, the total cu-
rent of particles from the accelerator hits the detector or the tar-
get. The rest of the time the beam is absent.

deam

detector diaphragm  daeflector
I'igs. 1. The scheme of a usimple deflecting systeu.

The use of a sine-shaped deflection field acting in a single

. plane permits the beam to go through the hole in the diaphragm twice

for a period. The beam current hitting the detector or the target is
shown achematically in Fig. 2, where At is the time when the beam

moves through the hole in the diaphragm, and T ig the period of the

deflecting field.

-

current
£
Y

§ e
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T

lime

Pig. 2. The modulation of the beam intensity with time,

It i3 clear that the magnitude of A t is one of the principal
characteristics of the method: it is the time resoclution of the ex-
periment, i.e. the accuracy in the determination of a time moment. It
dependes on the diameter of the hole and the velocity at which the
end of the beam moves across the diaphragm. This velocity, in turn,
depends on the amplitude and frequency of the deflecting field, as
well as on the distance between the deflector and the diaphragm.
Thus, the reducing of D, the hole diameter, the increasing of V, the
amplitude, and W , the frequency of the deflecting voltage feeding
the deflector and the increasing of the distance L between the def-~
lector and diaphragm lead to the reduction of A t, i.e. the tiue
resolution increases according to:

At = k- (1)
VwL
where k is & constant coefficient,

By changing the values in the right way, it is possible to make
the value of A t as small as it is needed. But there is another sig-
nificant value which also chracterizes the system under considera-
tion. It is the coefficient of use of the beam current. As soon as
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the beam goes across the hole in the diaphragm twice per period, the
total current I hits the detector (or the target) for the time 2 Ata
whereas the rest of the time the beam is absent, It results in the

average value of the beam current hitting the detector according to:

<i>=1 242 (2)
T
that is the coefficient of use of the beam current equals to:
<17

Z=——=2-—“—t=4gra)At (3)
I 1

or, if (1) is used for A %,
1= 47 K ~2- (4)
VL

It is seen from (4) that the changes in D, V and L, which improve
the time resolution of an experiment, simultaneously decrease the
coefficient of use of the beam current. This, naturally, decreases
the counting rate of the investigated reactions, Thus, the need ari-
ses to increase the time of experiment to obtain a satisfactory sta-
tistical accuracy of the measurements. The increasing of the fre-
quency T , of course, has no influence on the coefficient of use
of the beam current. But such a change in the frequency reduces the
value of T hence reducing the time between two successive pulses of
current, i.e. the time during which it is possible to measure the
time characteristics of the process under inveastigation.

For example, if the half-lives of reaction products are inves- -

tigated, the high value of the repetition rate for the beam pulses
could result in counting the events caused by many successive pulses
of the beam, thus making the analysis of the data obtained more com-
plicated or even completely impossible.

0f course, the situation can be improved, to some extent, if
the deflector is fed by the voltage of a special shape, for example,
by rectanguler pulses, but the main features of the method are just
the same. These shortcomings put certain limits for the use of such
a simple method. Wevertheless, in a number of cases when the average
counting rate of the reactions under investigation is high enough to
obtain the sufficient accuracy at a required time resolution, the
method is widely used.

distance

| .
l(-'-T. ...:L“ time

Pig. 3. 'fhe phase trajectories of the grouping ions.

Namely, such a method was used, for example, at the I.V.Kurcha-
tov IAE in the USSR during the experiments with the fission isomer
in the reaction 24Mam (n, ¥ )24 n [1].

VWider experimental possibilities are given by another method,
which is successfully used at present time. This wethod is known as
a method of clystron-like grouping of particles in the beam. The main
idea of the method is to change the velocity of ions leaving the ion
source at different moments of time and having comparatively low
energy (usually of the order of few tens of keV) s0 as to slow down
the ions which left the source earlier and to speed up those which
left it later., Then, at a definite distance from the place where the
velocities were changed the ions will come together. This can be de-
monstrated by the diagram in Fig. 3. Here, the horizontal axis re-
presents the time, the vertical one represents the distance. The
point O is for the ion source, the point B, for the buncher, i.e.
the device, which changes the energy (or the velocity) of ions.

The straight lines indicate the path of an ion as a function of time.
In the region between O and B all the lines are parallel, because the
ions which left the source at different moments of time have the same
energy and, hence, the same velocity. After B, i.e. after the bunchery
the straight lines are changed for different ones. It corresponds to
the fact that now the ions have different velocities. For the ions,
which went through the buncher earlier, the inclination of the tra-
jectory is larger than that before the buncher., It means that the ve-~
locity of such ions is less than that after leaving the source. The
later the ion goes through the buncher, the less is the inclination

of the trajectory. The latest ions have inclinations of trajectories
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less than those before the buncher, i.e. their velocities have in-
creased. After thet the cycle of the velocity change is repeated. At
the level 4 all the trajectories come together at a single point.

A1l the ions will be at a distance 1 between B and A at the same time
moment tb and the grouping of the ions will take place. In this case
the distance 1 is called a “grouping length". It is rather easy to
obtain the value of an ion after the buncher. Let us consider the
ion which has passed through the buncher at the moment t. At the mo-
nent tb the ion must be at a distance 1 from the buncher, that is:

v (1) = 1/ (ty - t) (5)

How great is the energy change of the ion in the buncher? The ion
energy before the buncher equals to:
m 2
Wo =7 Vo (6)
where m is the ion mass, q is the ion charge, v, is the ion velocity
before the buncher. After the buncher the ion energy must be equal to:

2
1
v, (8) = B v? () = B —d NG)!
b 2 2 (t, - t)
Thus, the energy change of the ion nust ge:
1 m _2
AV (t) = qV, (t) - qV =2 —= W Dy (8)
4 1 Yo ™35 (t, - t) 2 ©
or: 5 ’tz
qav (1) =82 «Qﬂ-‘?)—r—q = qV |—2——% - 1] (9)
2 Ol (ty - %) (t, - t)

where 't o = 1/v0 is the tiwme during which the ion of the initial ve-
locity moves over the grouping length distance.

Hence, to change the energy in the right way, the ion must meet
an additional to that of tge ion source potentiel in the buncher:

AV (£) =V | ——2—% -1 (10)
° Lty - %)
b )

if Vo is the ion beam potentiel before the buncher. The ratio of the
changing with time buncher potential to the constant in time ion
source potential ia:

2
To

- )¢

Av (t) _
v, (vb

-1 (11)

aVvrt)

Vo

— L— L

N AN A,
r

Fig. 4. The ideal time-modulated energy of the ions.

The graph of this function is repregented in Fig. 4. The buncher usu-
ally consists of two coaxial cylinders with the potential A V (t)
between them, the ion beam moving along the axis of the system.

Naturally, this is an idealized case.

To create the potential of the (11) shape one must overcome
definite technical difficulties, because such e& ghape includes an
infinite series of harmonics and each harmonic requires a noticeable
amount of power due to inevitable energy losses. At the same time
the capacity of the power supply, especially in case the power sup-
ply is mounted at the terminal of the accelerator, is always limited.
That is why the grouping potential is, as & rule, of the sine-shaped
form. In this case the grouping occurs only for the time intervals
when the potential changes with time in accordance with ratio (11)
(the solid part of the curve in Fig. 5). The deflecting system pre-
cludes the rest of the beam from going into the accelerator tube of

grouping potivlial
~
A Y
rd
L
‘\
s

Fig. 5. The sine-shaped grouping potential.

the machine. It is clear that in this case the coefficient of the
use of the beam current is also less than unity but it could be much
greater than that of the first method.

Let us supply the grouping gap with the potential:

V(t)= V, sinwt (12)



Then the total energy of the ion which has passed through the gap at
the moment ti will be:

v (4;) =V, + qaV (%) = qv, (1 + %“-’- sint t,) (13)

o]

Let us denote the ratio of the amplitude of the grouping potential to
the beam potential as KX :

a{ = Vov /vO
Then we have: PR
3
qV (t) = q-V (1 +d sinw t ) (14) Figz. 6. The time of ion arrival at the grouping distance as a func-
2 tion of the uwoment the ion crosses the grouping gap.
As soon as gV (t )y =2 v2 (t ), and av, -2 o+ expression (14) gives
the velocity of the ifn af-ter the grouping gap as: Let us aspume that the vacuum aend the focusing of the beam are
2 _ 1/2 good enough for the charge not to be changed. Then
vi{t,) =v. (1 +4d sinwt.) (15)
i o i Iy atg|= 1, }as,| (20)
If the grouping length is equal to 1, the corresponding time is equal and we have:
to: ’
1 1 at 1
= - ot -1/2 : i :
Tet vy Ty, (A sy (16) _5'=\ l a2

| dtg/dt |

dt
g

and the moment of the ion arrival at the point of grouping: From equation (17) we fln ds

=t +T .=t +T  (1+4 sinwt,)"1/2 (17) at
& * & . ° i & =9 - _4_'_'Co_w cos(,()t;.L (1 +4 s:i.nl.()ti)"B/2 (22)
The dependence of t & on ti for different values of the parameter o dti 2

is shown in Fig. 6. The dependence for o = O (the lack of the group-

and therefore:
ing potential) is shown by the straight line, which goes from the

point t_.at the axis t_ at the engle of J /4. An ideal case (expr. Ig 1
o & = T =372 (23)
(11)) is shown by the dotted line, If the current before the group- Ii l 1 -2 1w 0 u)ti (1 +d sinu)ti) l
ing gap equals Ii' the full charge which has passed through the gap 2Vo
for the time dti is equal to: Let us denote:
1w
I; |at,l (18) ¥ = - (24)
At the grouping length the same ions give the current I _ during the then
time dtg, i.e., the full charge in this case will be equal to: I 1
1, jat | (19) —£- = (25)
99 g 1% : I; l1 -~ FeoswWt; (1 +4& sinwt;) ZEN
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At the given parameters & and J the denominator in (25) has a wi-

nimal value if;

2 { [ L
sin (wtj) = - @:—2 and cos (w ti) ‘= W‘fi&- ’&)(26)

that is
327 < (wty) <20 (27)

as it is seen in Fig. 5 (or curve 1 in Fig. 6). If the parameter A
increases, the value of the denominator decreases, and with

0(=VE——£?)Q——:M.wheref=X(6+3 =7 )

the denominator in (25) turns to zero (curve 2 in Fig. 6).

If the parameter o increases still more, two points ti appear,
in which the denominator turns to zero. This situation is the over-
grouping of the beam (curve 3 in Fig. 6). As soon as the initial
beam has the definite ion energy spread, tLe rarameter )’: (1uJ)/(2%)
has the spread, too. It means that it is not possible to choose the
parameter ’ 50 as to satisfy equation (28) for ell the ions. Usual-
ly, the value of the parameter A corresponds to an average energy
of the ion in the beam. The ions with the energy exceeding the ave-

(28)

rage value will be undergrouped, the ions with the energy lower than
the average value, overgrouped (the full situation is shown in Fig. 6)
and the beam pulse will be of finite width in time. There are some
other reasons due to which the beam pulse turns to be of finite width.
The ions in the beam move at different distances from the buncher
axig, so the grouping potential differently affects different ions
moving across the gap at the same time moment. The space-charge in-
fluence (the Coulomb repulsion) will also preclude the complete grou-
ping.

In practice, the time width of the pulse of the order of one
ns with the coefficient of the use of the beam current in the region
of 20 - 25 per cent is usually obtained. Some special measures taken
with decrease in the value of the coefficient of the use of the beam
permit us to obtain the beam pulses with time width of tenths of ns.
Among those are: an increase of the frequency of the grouping poten-
tial, the usual value of which is of the order of ten and wore lilz,

an increase of the initial (before the buncher) energy of ions, which
in its turn requires the increased amplitude of the grouping poten-
tial with the usual value of few kV, Sometimes, to obtain the uni-
form conditions for the ions, travelling at different distances from
the system exis, the grouping gap is provided with grids, which nske
the field between the electrodes more uniform. But the insertion of
the gridg results in additional losses of the current. The increase
of the grouping frequency leads to decrease of the tiwme interval bet-
ween the successive pulses. To keep this time interval sufficiently
large requireé the use of a deflecting system to skip a few succes-
give pulses. To be short, in each case one has to find a compromise
solution of the problem in order to meet the experimental require-
ments best.

One more significent circumstance should be noted. As soon as
the method of the clystron-type grouping is based on an artificial
change of the ion energy, it leads to an increase of the energy
spread for the lons constituting the beam pulse. The value of the
energy spread by the order of magnitude coincides with that of the
grouping potential amplitude and can reach the magnitude of one or
two keV. This value is noticeably higher than that for the ions go-
ing from the ion source. In a large amount of experiments thig value
does not exceed the limits of the energy resolution required. Hever-
theless, another problem arises. This problem is concerned with the
beam focusing. The whole accelerating path long from the ion source
to the outlet of the accelerating system comprises, in fact, a com-
plicated multi-element optical system, which focusing propertics are,
in general, strongly dependant on the ion energy. The very grouping
gap itself represents an electrostatic lens, the focal length of
which changes with time, The energy of the ions coming into accele-
ration changes with time, too. Therefore, the installation of the
system of the clystron-type grouping puts special requirements to the
focusing properties of different elements of the ion-optical system
of the accelerator. lowever, under the reasonable approach to the
choice of the parameters and construction of the system the arisging
problems can be solved. It is enough to say that the method of the
clystron-type grouping is more often used in practice, Such a method
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was realized at one of the electrostatic accelerators in the I.V.Kur-
chatov IAl [2]. The main pulse features of this accelerator are as
follows: the pulse duration equals 1.5 ns, the repetition rate of

the pulses of the accelergtor terget is 2 lillz, the average current
under these conditions is 8 wicroamperes. This accelerator was used
in the following experiments: partial cross-section measurements for
inelastic neutron scattering on 238U [3 , the fission isomer yield

in the reaction 236y (n, n')236me [4], the measurements of the
cross—-section ratio for the radiative capture and fission of 235y [5],
etc,

In the description of the two methods for obtaining the pulsed
beams the works devoted to the fission isomers investigations and
performed with pulsed beams have been mentioned. I would like to say
a few words about the problem.

Fission isomers represent the nuclei of the heavy elements,
which are steying in special excited states. The main feature of
these states is that the life-time of such a state is unexpectedly
large, i.e. from tenths of ns up to hundredths of s, along with a
rather high excitation energy (somewhat 2.5 - 3.5 lleV over the ground
state). Radiative transitions for these nuclei seem to be strongly
forbidden, the neutron emission is precluded by the energy relations
(the binding energy of the neutron is of the order of § KeV). There-
fore, these nuclei exhibit the fission activity with the life-times
in the said interval. The fiasion activity represents nearly unique
feature of the fission isomer, due to which these isomers are recog-
nized experimentally. At the moment the widely-accepted point of view
is that the fission isomers are a sequence of the existence of the
second stable state of the nucleus at a rather large deformation.
Therefore, the fission isomers are often called shape isomers. This
hypothesis permits us to explain (in many cases only qualitatively)
many features of the phenomemon but such an explanation could not be
regarded as an experimental verification of the hypothesis. In par-
ticular, it is one of the reasons why the attempts to obtain such an
obvious experimental evidence as a large deformation in guch states
are made up to now. In some cases the experiments are aimed at check-
ing some sequences of the accepted hypothesis.

242Am as a shape isomer,

The concept of the fission isomer of
along with the analysis of the experimental data on the prompt fis-
sion cross-section in the 41Am (n, f’) reaction as a function of the
neutron energy brings about a conclusion that the ratio between the
crogs-gsections for the fission isomer production and for the prompt
fission must be a weak function of the neutron energy. The single
factor which is strongly dependent on the energy is the penetrability
of the potential barrier between the two stable states: at the equi-
librium deformation and at that corresponding to the shape of the
fisgion isomer. But this factor influences both the channels under
consideration.

The experimental data obtained partly at the Joint Institute for

HNuclear Regearch in Dubna [6] and partly at the Institute of Atomic

" Energy in lioscow {1} are shown in Fig. 7. It is seen, the ratio of

the yields for two channels regarded slowly changes with the energy
in the region from one to five MeV. But as soon as the neutron ener-
£y goes below 1 MeV the situation changes rapidly and in the appro-
ximately O,5-HeV energy interval the ratio changes by the order of

<
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magnitude for the benefit of the isomer production. It is known from
the enalysia of the fission cross-section that the fission barrier
{(the barrier between both stable states in this case) lies in the re-
gion of 1 HeV of the neutron energy. Therefore, the experimental data
shown in IFig. 7 give us a reason to suppose the isomer production
channel does not go through the barrier, wheras the prowmpt fission
does. In such a case the isomeric state is couplied with the equili-
brium ground state deformation of the nucleus.

Ref. [7] reported the excitation function for the production of
the 238
It was noted, the isomeric yield in this reaction is by the order of
magnitude higher than the usual value in reactions with the radiative

U fission isomer in the inelastic neutron scattering reaction.

capture of neutron. Besides, it was noted the cross-section of the
isomer production seems to have a local maximum near the reaction
threshold.

The existence of such a maximum is hard to understand in the
fraie of the shape hypothesis. It is not clear either how to explain
the amplification of the isomer yield in the (n, n') reaction.

To obtain additional experimental data the work E4] was done to
investigate the yield of the fission isowmer of the 23 U in the in-
elastic neutron scattering reaction us a function of the neutron ene-
rgy. The data obtained are shown in Fig. 8. As it is seen, the cross-
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section for the U isomer production in the (n, n') reaction again

has a local maxiwun just near the reaction threshold. Begides, the
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cross-gection has the value near 200 microbarns, which is by the or-
der of magnitude higher than usual velues for the (n, J' ) reaction
(tens of microbarns).

If one supposes the fission isomers are coupled with the equi-
librium deformation of the nucleus and the spin values play -a sig-
nificant role in the isomer production, rather simple evaluation
shows that the local maximum and amplification of the cross-section
value can easily be explained. The local maximum is due to the right
without intermediate radiative transitions population of the isoweric
state in the (n, n') reaction. The cross-section for this process
decreases rapidly with the neutron energy. The cross-section for the
population of the isomeric state through the intermediate radiative
transitions increases more slowly. The sum of both means of isoine—
ric state population gives the curve with the local maximun near the
reaction threshold. The amplification of the isomer yield in the
(n, n') reaction as compared with the case of the (n, I* ) reaction
is simply due to the fact that the inelastic scattering process can
transfer to the residual nucleus the spin value higher than the ra-
diative capture process does.

The smooth curves in Pig. 8 show the values of cross-sections
of the isoner production for two spin values evaluated under a num-
ber of gimplifying suppositions.

Of course, one should not regard the experimental data shown in
Figs 7 and 8 as a final solution of the problem, but these data seem
to be a serious alternative to tiie hypothesis of the shape isomerism.
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THE NEUTRON ACTIVATION ANALYSIS USING
.NUCLEAR REACTORS

AA KIST
INP AS Uzbek SSR,
Tashkent, Union of Soviet Socialist Republics

Abstract’

A review on the activation analysis techniques used for both fundamental and
applied research at the Institute of Nuclear Physics of the UZSSR Academy of
Sciences {s presented,

The development of the present-day science and engineering
in nearly all the directions is, to this or that degree, con-
nected with the methods of studying wmatter composition and struc-
ture. This fact accounts for intensive development of modern ana-
lytical methods. In this regard, of special importance are nuclear-
physical and radioanalytical methods, This extensive group in-
cludes various methods based on interaction of nuclear radiation
with watter or those based on similarity of the stable elewments
beheviour and their radioactive nuclides. Gimilar instrumentation
and clogeness of theoretical bases permit so different wethods as
nuclear-activation, X-ray fluorescent, that of isotope dilution
and many others to be integrated into a complex under the condi-
tions of one laboratory. )

The radio-azctivation analysis has been being developed for
more than 40 vears. As far back as 20 years ago it was possible
to refer to it as to a "1aboratq?y oddity" but et present it is
a method which is used most extensively for various investipations.
The appearance of accessible and powerful nuclear reactors started
the development of neutron radio-activation analysis. In the 50es
this method was basically used to analyze microimpurities in pure
and semiconductor materials and rocks. Usually, the analytical
methods involved employing deep radiochemical separation and
purification in combination with primitive (from our point of view,
counting equipment utilizing gasgs-filled counters. The development
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of scintilletion gamma~spectrometry increased the enalysis effi-
ciency considerably and the number of cases when this method was
used in geologicel exploration grew larger. The appearance of ‘
high-resolution germunium-lithium, germanium and silicon-lithium
detectors of gamma-radiation became another important step in the
development of the method. At the same time the instrumental me-
thod sensitivity, its efficiency and multielement analyzing were
raised significantly, the radiochemical procedures were simplified.
It allowed us to increase the importance of the part played by
this method in analyzing biological and natural samples (in natu-

ral sciences), At the present moment they amount to 30);. Now the
radio~activation analysis is performed at large-scale nuclear
centres employing nuclear reactors, as well as in specially-made
enalytical nuclear reactors. Use is made of cyclotrons, betatrons
and other accelerators of charged particles, neutron generators,
igsotope sources of neutrons not only at the laboratories but im-
mediately at industrial installations and plants. The activation
analysis hasg become an indispensable component paert in a number
of engineering processes,

The basgis of the nuclear activation methods is the measure-
ment of induced radioactivity resulting from nuclear reactions
in bombardment of a sample by charged particles, neutrons or 8 -
quanta. Since the induced activity value and, hence, that of sen-
gitivity depend, apart from other reasons, on the cross—section
of the nuclear reaction and sensitivity of the activating radia-
tion,the neutron activation analysis by the (n, 8 ) reaction has
been uged most commonly for a number of problems. The reaction
crogs—-section is very high for a lot of elements (in nuclear re-
actors with neutron fluxes up to 1012 n/cm'zs"1).

In this case the induced activity is described by the eq.:
NfGG m(1—-e"1t) T

A= 0-2

M

where A is the number of decays per second; N is the Avogadro
number; £ is the neutron flux; 6 1is the activation eross-sec-

tiong e is the relative abundance of the activeted nuclide;
m is the mass of the element; A is the decay constant of the
analytical radionuclide; t is the activation time; T is the
“cooldovn" time; M is the atomic weight of the element.

As seen from the equation, the activity depends on the ac-
tivation cross-section of the neutron flux density, on the acti-
vation time and the "“cooldown" time.

It should be noted that the above-mentioned expression de—
scibes the activation process in the approximation sufficient
for the experiment designing but not for the exact measurements
or absolute (without a standard) method of analysis. To obtain a
more exact expression, one should take into account the effect of
secondary reactions (reactions on fast neutrons resulting in form-
ation of one nuclide from different stable nuclides), reactions
of the second order (those in which the nuclide formed undergoes
2 nuclear reaction once again and another nuclide is formed),
the burn-out effect (when at high activation cross—sections and
densgities of & neutron flux the loss of the natural initial
stable nuclide becomes appreciable), the self-shielding ef-
fect and other effects of the flux perturbation, the change of
the activation cross-section with the neutron energy variation,
the effects of neutron flux scintillations at short-time irra-
diation, etc.

Since in the exposure in a nuclear reactor dozens of radio-
active nuclides may be produced, the main problem to be solved by
an experimenter in developing analytical methods is the reliable
meagurement of the analytical nuclide activity against the back-
ground of a large number of impeding nuclides.

For this purpose various procedures are used. For example,
varying the time conditions of the analysis (the exposure and
“cooldown" time), one can obtain a reliable release of the acti~
vity of short-lived nuclides against the background of long-lived
ones or vice versa. The fact that the activation cross-section
changes with the neutron energy differently for different nuclides
permits us varying the neutron flux spectrum within the known 1li-
mits to change the relation of the activities of different nu-
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clides. For example, applying a cadmium layer around a sample
(other substances absorbing neutrons in a definite energy range
are also used), one can succeed in reducing the activation degree
of & number of nuclides (e.g., for 24Na by a factor of 20 -~ 40) if
the reaction proceeds mainly with thermal neutrons aend, thusg, in
increasing the gelectivity of determination of elements whose nu-
clides have resonance levels of activation in the range of epi-
thermal neutron energies. On the contrary, the exposure in the
thermal column of the reactor where thermal neutrons are predomi-
nant permits the influence of the epithermel-neutron reactions to
be reduced and the part played by the fast-neutron ones to be pra-
ctically reduced to zero.

The most commonly used method for increasing the analysis se-—
lectivity 1g the X—ray spectrometry. The difference in the X ~ray
energies makes it possible to determine from three to ten elements
in a sample by means of the X—spectrometric scintillation detec-
tors and from 40 up to 45 elements in one sample using high-reso-
lution J-spectrometric ones. '

Some more sophisticated instrument methoda are also used,
such as coincidence systems which reliably separate nuclides with
the decay of a cascade nature, those of anticoincidences which, on
the contrary, suppress the contribution of the cascade radiation,
ete.

The methods of wmagnetic beta-spectromeiry, those of detec—
tion of beta- and alpha-radietion, fission fragments, delayed
neutrons, etc., are less widely used in the neutron activation
analysis though in some cases they are extremely effective.

Though being extensively applied in various versions of the
activation analysis, these and other methods constitute the basis
of the instrumental version when decomposition of a sample
does not take place.

Provided that the prdcedures of the neutron activation ana-
lysis are insufficient, the radiochemical version is used. In this
case an element or & group of elements to be determined is sepa-
rated by purification from impeding emitters or by isolation of
the impeding nuclides themselves.,

For this purpose use is made of practically all the methods
of modern analytical and preparative chemistry: precipitation,
extraction, ion exchange, distillation, different veriants of ex-
traction chromatography, isotope exchange, the recoil effect (the
Scillard-Chalmers effect), electrochemical and many other methods.
In this connection one should mention the little-used possibili-
ties of thermochromatography (for example, in a chlorine flow)
when a sample is stripped and its components are separated in one
stage. This method is particularly convenient in a case of diffi-
cultly soluble samples of, for éxample, rocks and minerals. In
the radiochemical version use is often made of the so-called car-
riers or collectors which allow us to replace the manipulation of
ultramicroquantities of chemical elements with that of their weight
quantities and even to carry out nonquantitative isolation of ele-
ments 1f testing of the chemical yield has been provided for or
use is made of substoichiometric methods of separation.

Sometimes, in order to increase the gensitivity and to re-
move the impeding elements, the element or a group of elements
to be determined are preliminary concentrated.

This method may be considered to be an intermediate one bet-
ween the instrumental and radiochemical versions, since the che—
mical procedures are carried out with inective materials and can
be realized at common leboratories, including those situated far
from nuclear centres, while the measurements of activity have a&ll
the advantages of the instrumental analysis. In so doing, the ini-~
tial sample may be considerably greater than the dimensions of
the radiating channel or the radiation safety requirements allow.
The preliminary concentration is particularly convenient for the
analysis of liquid samples, when their storage and transportation
is difficult due to their considerable volumes and when the danger
of sample contamination or loss of individual elements as a re-—
sult of interaction with the walls of containers becomes of greatest
importance. The main disadvantage of this method is its dependence
on purity of reagents and materials used and the analysis final
sensitivity being higher than that of the instrumental analysis
and lower than that of the radiochemical one, which is determined
by the value of the "blank test" correction.
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The concentration of an element can be determined by calcu-
lation from the activation equation but this method is practical-
1y not used because it requires the measurement of the absolute
activity and because the parameters entering the equation may be
known with insufficient accuracy. More frequently the relative
method is used when the activity of a nuciide of a known amount
of the initial element (a standard, a reference) is compared with
that of a nuclide in the sample analyzed. In this case use is made
either of the standards prepared by covering suitable substrates
(a paper filter, quartz, etc.) with microvolumes of solutions of
the elements to be determined, or of standard comparison samples
made on the bagis of a material similar to that being investigated,
or of artificial mixtures of elements in concentrations close to
the compositiorn of the sample investigated (in this case the mix~
tures are fixed with an appropriate binder to give the stendard
a reproducible shape). It is 'possible to introduce the element

to be determined into the matrix being investigated (the method
of admixtures), to use some macrocomponent of the matrix as a
standard (the inner standard) or to employ only one standard for
one element with recalculation (conversion) to other elements
using ratios established earlier (a monitor, & monostandard).

The main edvantages of the activation enalysis and of its
vergions are the following:

-~ the high sensitivity. In some cases the detection limit

may Treach 1()'"13 - 10"14 g. It is clear that the maximum senpiti-
vity is realized in the radiochemical version;

- the use of samples of any weight. Under puitable conditions
(in the absence of highly neutron-absorbing nuclei) the analysis
can be made for samples weighing from decimal fractions of & mil-
ligram (e.g., in the analysis of almost inaccessible biostruc-
tures, in the local analysis and in the analysis of monomineral
fractions) to several kilograms and even dozens of kilogrems (this
case ig realized, for example, in the analysis of parts of bodies

or bodies of experimental animals or huwman beings "“in vivo");

- the analysis is practically independent of corrections
for the blank test (except for the analysis with preliminary con-
centration) since all the contaminations introduced into the
sample after its activation do not affect the analysis results
since they are nonradioactive;

-~ the high capacity. In the instrumental version hundreds
of samples can be analyzed deily. When the analysis is made for
short-lived nuclides, a high proximity of the analysig is also
attained;

- the analysia is independent of the valent state of the
element and kind of the compound it is contained in;

-~ the analysis is a multielement one. In most of the cases
several elements can be determined simultaneously and, if such
a problem is offered, up to 40 ~ 50 elements can be determined
in one sample;

-~ the posgibility of using automatization: the instrumental
analysis may be automated to some extent, which simplifies es-
sentially the technique. In this case the sample is automatical-~
ly transported for exposure and computers of various classes are
used for measuring and processing the information obtained.

The activation analysis has some specific disadvantages.
Among them are the possible production of one and the same nuclide
in different reaction channels, radiation processes during ir-
radiation, possible errors resulting from neutron absorption by
some nuclei, etc., which should be particularly teken into ac-
count, Ilowever, all these disadvantages are compensated for
enough by means of a number of special procedures.

Correctness of the activation analysis and its xreproducibility,
determined, in particular, by the value of recorded activity, are
usually 10-20%, which is quite sufficient for the most of com~
mon problems, but can be increased up to values of the order of
units (and in some cases even fractions) of relative percentage.

In general, the procedure of the activation annlysis may be
congidered as a seauence of the following operations:

~ design of the experiment including choice of the anglyti-
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cal nuclide and, hence, choice of the activation and “cooldovm"®
time , choice of the neutron spectrum, sample weight, estimation of
the probability of competing reactions or neutron absorption, cho-
ice of the sample and enalysis method (instrumental, radiochemical,
preliminary concentration) and choice of the detection system;

-~ selection of the sample, prepoaration of the sample to the
experiment, In the gimplest case {the sample is packed into the
polyethylene film, aluminium foil, quartz or polyethylene capsule,
Possible impurities in the packing material should be taken into
account, As all these materiels are contominated to some extent
with various elements, the sample is often repacked, i.e, with-~
drawn out of the active packing and inserted in a non~active one;

~ preparation of the standard. As has been mentioned above,
mogt frequently a known amount of the element in the solution form
is applied to and then dried on the suitable substirate or stan-
dard comparison samples are uged;

-~ packing the samples and standards into separate bags or
capsules and inserting them into a common block container or
common capsule;

~ drradiation of the pamplea and standards;

~ hold out of the irradiated samples;

- repacking of the samples (in the case of the analysis of a
high~-purity subatance, surface etching of the sample ) conduction
of radiochemical operations, if necessary;

- performance of the measurements;

~ procesgsing of the information and treatment of the result,

It should be token into account that the neutron activation
analygis is not only a method for determination of the total con-
centration of the element in the sample but can also be used for
solving some problems of the behavior and distribution of the ele-
ment in the substance.

For instance, it is possible to determine local concentrations
of the element breaking the object under investigation into small
fragments or scanning individual sections of the irradiated semple
in the definite range of gamma-ray energies by means of the colli-
mator. By scouring the material layers the concentration profiles

of the element can be determined, which is very important for atu-
dying the diffusion and alloying of semiconductors,

. The autoradiographic method can be used, under suitable con-
ditiona, for studies of the element distribution in flat samples,
Detection of fission fragments or alpha-particles during irradiati-
on by the solid-state detectors makes it possible to study dist-
ribution of boron and wranium with a high resolution,

Preliminary chemical treatment permits us to determine movuble
forms of elements in the plants, suitable for assimilation by the
plants, to study the composition of subcellular strucutres, nucleic
acids, proteins,etc, The fact that many pesticides contein such ele-
ments as chlorine, phosphorus, sulphur, zink, mercury, copper, bro-
mine and other elements, makes it posaible to detect the pesticides
after their isolation, Use of special methods for catching aerosols
and vapor-gaseous phase enables us to investigate air pollution
by fractions eand forms of the elements contained in the free air.
By the combinntion of electrophoresis, ultrafiltration, eclectro-
dialysis and other methods dissolved, undissolved parts, colloid,
complex, cation and anion forms of the elements cen be separated
from the waters., Other methods are also used to increase the infor-
mation content of the activation analysis /1 - 5/.

Owing to many its advantages this method is being widely ap-
plied now in various fields of science and engineering /3-6/.

In geochemistry the high sensitivity of the method and possi-
bility of detection of several elements simultaneously, when ap-
plying this method, are used, which permits many clements to be
detected in the rocks.The possibility of annlysing samples of small
vieights simplifies significantly selection and preparctiion of
monomineral fractions, Of great importance for geochemistry are
the local and autoradiographicel methods for investigation of dis-
tribution of the elements in rock microsections.

The high capacity of the method made it possible to apply it
successfully in the extractive and metallurgy industries. A number
of autometed machines for analysis of ores and technological pro-
ducts with the use of various versions of the activation analysis
are known, Simultaneous detection of several elements permits as-
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pociating elements to be detected, which enables more complex uti-
lization of raw materials to be made,

The activation analysis is also important for techaology of
inorganic materials. In 50es a significant part of investigations
on the activation analysis was devoted to the study of highly pure
germanium and silicon. It is not an exaggeration to say that prog-
ress in semiconductor engineering is due, to & significant degree,

to the high sensitivity of the radioactivation analysis. At present,

the activation analysis is used in investigations of more compli-

cated semiconductor materials, such as intermetallic compounds, etc.,

as well as in investigations of highly pure salts, studies of mate-
rials for reactor, laser and space engineering.

The high gensitivity and simultaneous determination of many
elements are successfully used in ecological investigations of en-
vironmental pollution, particularly, in the problems of historical
and background monitoring.

The same features as well as the possibility of analizing
small weights of the samples are used in biological and medical
investigations of variations in microelement concentration in the
tissues of human beings and animals during various diseases. It
is the activation analysis that attracted attention to posaible
part played by such elements as gold, rare-earth elements, scan-
dium and others in the living beings, by iodine in the eye tissues,
by mangenese for diabetes, etc.

Very important are the efforts to use the activation analysis
for the mass analysis for determining the rigk degree for some

diseases. The works on studying the element composition of the

nuclei acids, subcellular structures, histons, etc.

In the agriculture the neutron activation enalysis on the
nuclear reactor may prove to be useful in studying the physiology
of domestic animals and plants but, particulerly, in abundance of
microelements in the soil, including the forms (movable) suitable
for assimilation by plants.

We can also mention such an exotic region as criminal law,
where the neutron activation analysis with the use of the reactor
ig applied for determination of the contact of different objects
with gold, for proving the poisoning with some elements, e.g. ar-
senic, for the establishment of the fact that the firearms have
been used by the composition of the powder residue on the cheek
and hand of a man who has used the arma, for identification of
someone by the composition of someone's hair (note that such an
identification is not unambiguous) and some other problems,

The above examples are far from exhausting the variety of pos-
gible applications of the neutron activation analysis with the use
of the nuclear reactor.

The neutron activetion analysis can be realized using some
other sources. For example, in using the 2520f, Po~Be and other
ampulla sources the activation analysis can be realized in the
field and factory laboratories, in investigations of the gea ground,
chinks, etc, The neutron generator permits us to extend the number
of elements to be determined due to use of the fast neutron nu-
clear reactions. As has been mentioned, the neutron activation ana-
lysis can be realized on the cyclotrons, linear accelerators, be-
tatrons, microtrons, suberitical fuel assemblies and breeders, etc.
It is possible to determine the contents of the elements not only
in the samples but also in the flow and in natural depositions,

In the presence of the neutron source the purely activation
analysis can be supplemented by more particular methods, such as
the neutron radiation analysis (with the recording of prompt gam-
ma-rays), the delayed neutron method for determination of uranium,
track autoradiographical method for the determination of uranium,
boron, neutron absorption and scattering methods.

Finally, it should be pointed out that any laboratory possessing
a neutron source (nuclear reactor and quite ordinary counting equip-
nment: scintillation, proportional, gas-filled, semiconductor, etc,
radiation detectors and recording instrumentation: scaling devices,
discriminatora, single~ and multichammel analyzer, niay use sone
other nuclear-physical and radioanalyticel methods, in particular,
X-fluorescent one with excitation of the characteristic radiation by



radionuclide sources, X-ray tubes and various accelerators as well
as the isotope dilution method,

This complex of the methods permils most of the chemical elements

of the periodic system to be determined in various matrices and in
the widest range of concentrations, i.e. a varity of problems of
the present day science and engineering to be solved,

Yhe nuclear reactor can also be successfully used for producti-
on of isotopc sources for small cnalytic leboratoriea, Among these
gources of special importance, for some reasons, are antimony-

beryllium sources, These sources represent one or several capsules
containing 124Sb surrounded by beryllium, Under the influence of
124Sb gamme~rediation the ( ), A )} reaction proceeds; the necutrons
produced by this reaction can be used in the activation analysis,
and 4Sb sources can be produced, if necessary, in the research
reactor. )

For this purpose the aluminium block container of the standard
gize is filled with 200-250 g of melted metallic antimony., The
block container is welded up by argon welding and checked for tight-
nass, Then it is exposed to 5.101 n/bm"23"1 Tlux for sixty days and
left for "cooldovm" for decay of the most short-lived isotope, 122
The sample obtained with an activity of about 4.1013Bk is trans-
ported in a special container to the site, where the source is
submerged into a special 2x2x3m +¢ank filled with water, The 3-m
thick water layer is a sufficient radiation shieid. Under the wa-
ter the source is inserted into the berylliuwm cylinder 180 mm
in diameter and 80 mm high, As the source operates continuously
under the wvater,the beryllium block is shielded with o 1-mm thick
cover of sheet aluminiwa to avoid electrochemical corrosion. In
this wioy the neutron gource with a yield of about 1010n/z3"1 is
formed. The beryllium block is shielded with an assembly contai-
ning 10~-50 samples packed into the cylindric containera,

For a more complete use of neutrons the assembly cen be spur-
rounded with graphite. Such & source permits gold to be detected
with & detection 1imit less than 10~%%, indium, with that of 10~ %%,
The main disadvantages of the source are a strong gama-background
01124Sb, which makes transport and transfer operations quite dif-

Sb.

ficult, and the need for recharging the source with fresh block
containers with irradiated antimony due to a relatively short half-
life time of the nuclide,

The possibilities of the nuclear-activation asnalysis and its
neutron version are far from being exhausted by the examples brief-
ly enumerated above, The creation of special small-sized reactors
(first of all the homogeneous ones), breeders and other sources
could be of great importance for the development of this method.
The use of the atomic station reactors might be of special impor-
tance for the neutron activation analysis purposes, which is quite
possible and permissible from the point of view of the technologi-
cal process. It is attested to by the experience of atomic nuclear
power station operation gained in the USSR.
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ABSOLUTE MEASUREMENTS OF FISSION CROSS SECTIONS
AVERAGED OVER THE FISSION NEUTRON SPECTRUM

L.V. DRAPCHINSKY
V.G. Khlopin Radium Institute,
Leningrad, Union of Soviet Socialist Republics

Abstract

252

The absolute fissfon cross sections averaged over the Cf fi{ssfon neutron

spectrum are discussed. The calibrated 252Cf neutron source technique, the

tiwe correlated and associated particle methods and related uncertainties are

analyzed.

1. Introduction
1.1. Integral lleasurements

Working in the fleld of nuclear data measurements experi-
menter may meet with measurements of two kinds: differential
measurements and integral ones, In differential measurements
the dependence on a single variable of some kind is investi-
gated. In the case of fission cross section measurements the
dependence of fission cross section on the neutron energy is
a typical example, Strictly speaking all the measured values
are averaged ones to some extent. Neutron sources, even nomi-
nally monoenergetic onesg, produce neutrons over a range of
energy. Vhen neutron producing reactioné are used the neutrons
have some energy distribution due to various reasons including
finite sizes of the source and detector., If the measurement
is made at a certain angle with respect to the incident beam,
the angular averaging takes place for the same reason. If the

energy averaging is small, the measurement is called dif-

ferential., When the energy averaging is significant compared
to the energy range of the regponse function of the measured
value the measurement is called an integral one. In integral
measurements of fission cross sectioms the results are fip-

sion cross sections averaged over the neutron spectra
(oY)
6 = j 6,(€)- X(E)dE (1)
o
where: CKIE}-neutron spectrum, normalized to unity

o

[ % (E)olE = 4

o
6-{(E1'IY/(E} - the response function of the fission cross
gection.

f

The integral meaﬂurementg of such a type can be called
"gsimple" ones in contrast with more complex ones, which are
influenced by a variety of croes section data. These integral
measurements are difficult to interpret because there are a
large number of nuclides and reactions as well as averaging
over energy and angle, but the measurements can be very
precise when compared to differential date measurements /1/.
This assertion is especially true in the case of simple
integral measurements.

The simple integral measurements are carried out mainly
in benchmark neutron fields (BNF). BNF have been created in
a few laboratories in verious countries in the early seventies
for the reactor dosimetry purposes. Classification and

objectives of BHF are given in the documents of the IAEA
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Consultants! Leeting on integral cross section measurements

in standerd neutron fields at Vienna in November 1976 /2/.
The 2520f figgion neutron spectrum is the benchmark field

of the higheat category: the standard neutron field. It is of

particular importance because 1t does not depend on any cross

section data, and has a digtribution of the natural source.
The simplicity of realization is an important quality

of 2520f neutron srectrum when used as BNF, All you need is

an intense small size 252Cf source in a thir wall capsule,

suspended in a medium with low scattering in a large room

or outdoor. Such facilities are available for example at

the National Bureau of Standards (USA) /3/, Physikeligch -

Technische Bundesanstalt (FRG) /4/, Institute of Experimental

Physics (Hungary) /5/.

1.2. Relative and Absolute Integral Heasurements

The most part of fission spectrum averaged fission cross
section measurements is carried out using the relative method.
The measurements of this kind are called also the fission cross
sections ratio measurements., The targets of both nuclides under
study are irradiated in the same neutron flux., The result of
fission rates measurements is the fission cross section ratio.
When one of the nuclides used is a standard (mainly 235U) the

normalization of the results is possible.

The gimplicity of such measurements is of great importance:

there is no need in neutron flux determination. That is why the

cross section ratio measurements are the dominant measurements

in benchmark fields, where the absolute neutron flux determina-
tion is not a simple task. However, the fission cross section
ratio measurements have inherent disadvantages. First of all
the error of fission cross section includes the uncertainty of
the standard used., Secondly, the systematic errors are possible
due to the neutron scattering., These errors may be rather
significant when measuring fission cross sections in a wide
energy range of neutrons as it is in the case of fission
neutron gpectrum, The larger is a difference between fission
croass section of measured nuclide and fission cross sgection of

standard, the higher is the influence of the scattered neutrons.

The most informative are the absolute fission cross sec-
tion measurements in the 252Cf fission neutron spectrum. The
data obtained in such measurements are of high accuracy and
do not depend on any fission cross sections, Therefore these
integral data are of use when solving a number of problems,
Among them are: .

~ validation of energy - dependent cross section data and/or

2520f fission neutron spectrum data; '

~ normalization of fission cross section data obtained

in the differential measurements;

~ neutron flux calibration by absolute flux transfer

technique,

The first of the abovementioned applications is connected
with 2520f fission spectrum averaged fission cross sections cal-

culations on the basis of evaluated differential cross section
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data and various representations of 2520f fission neutron spect- fission rates ratio for the study field and the calibrated

rum, If fission cross section G(E) weakly depends on the 2520f fisgion neutron field is
energy in the energy range of fission neutrons, the calculated Ng _ 65 (nv)g
integral cross section is insensitive to the shape of neutron N (;c(y1uﬁc

spectrum, The comparison of calculated and measured fission The neutron Flux is obtained as

cross gections mekes it possible to cerry out the validation N é
= 5. 25,
of the differential data, The threshold cross sectiona are (h")s Nc G bTU)c (2)
c
rather sensitive to the shape of neutron spectrum., In this
The equation (2) involves only the ratio of spectrum
case the validation of the fission neutron spectrum is pos- 239
averaged cross sections, For the Pu detector this ratio is
sible provided the differential data on the cross section

near to unity, In addition the errors of the 239Pu fission cross
are reliable,

section tend to cancel from the ratio, Hence, the total error

Normalization of data of the differential measurements

of neutron flux calibration can be as small as 5 % /7/.
using absolutely measured integral cross sections is the most 252
In general other then Cf benchmark fields and integral
rational for nuclides, which cross sections are almost energy
detectors may be used in the flux transfer technique, It depends
independent in the energy range of fission neutrons, for

on the energy spectrum of the neutron ifield under study.
example, 239Pu. 2350, 233U. v

When neutron field is used in the experiment the neutron 9. Absolute Measurements of Fission Cross Section Averaged

flux calibration is required almost in all cases. A direct over the 2525, Fiseion Spectrum

determination of neutron flux is difficult es a rule if poesible

The absolute measurements of 2520f fission spectrum averaged
at all, The flux transfer technique developed by the National

fission cross sections are carried out in two ways: with Calibra-
Bureau of Standards (NBS) /6/ provides definite capabilities

ted 2520f Neutron Source (or Field) Technique and with Time
in these conditions.

Correlated Associated Particle Method (TCAPM) /10/,
Basically, the method makes it possible to transfer the

252
neutron flux from a calibrated °22Cf source to the neutron 2.1. Calibrated Cf Neutron Source Technique
field under study. Ae an integral detector a 27°Pu fission Technical features of this method have been elaborated in
chamber is used, The 239Pu figsion cross section is energy detail by a group of authors at NBS, when measuring the 2350

independent within + 6 % between 10 keV and 5 MeV /6/. The fission cross section for 2°2Cf fission neutrons /8/., The mea-



surements at the University of Michigan /9/ are strongly cor-
related with these of NBS and will not be considered here sepa-~
rately.

The idea of an experiment seems to be evident, Near-point
2520f source and a fissionable deposit are set on the definite
separation distance. The fission cross section of study nuclide
is derived from the fission rate, asch source strength and the
gource - fiesionable déposit separation distence,

Nevertheless practical realization of such an experiment
has a number of peculiarities, In the experimental arrangment
two double fission chambers were mounted in a ligh frame on op-
posite sides of 2520f gource, as shown in Fig, 1, This geometry
enables to compensate the influence of the source position er-
ror: for a 10 cm deposit separation a source displacement of
1 mm changes the sum of the two chamber regponses by less than
0.1 %. With such an experimental geometry the determination of
the source-deposit separation distance is substituted by the
determination of fissionable depoeit separation distance, This
can be done with much higher accuracy and without the source
in place, All the distance determinations were performed very
carefully with a theodolite and a depth micrometer fitted with
an electrical contact, The reproducibility of the theodolite
measurements is + 75J3uu The position of each fissioneble de-
posit was determined to an accuracy of + 45 ym, All these
position errors lead to an uncertainty in the 235U fission

cross section of + 0,6 %,

Cf @ource gg‘;:i: |
capsule chmbe: all |

e gr e e = > e wmam e ot w e am e e e

I e e I

aluminium
R teflon
= steel
1
¥
i
.
eource emission volume Pig.I.

Experimeptal arrangement of Cf gource -

and two NBS double fission chambers.
Cf source capsule

Iwo corrections were applied to the fission rate data:
(1) 0,75 % for the finite size of the fissionable deposit
(12.7 mm ~ diameter oxides on polished platinum discs 19,1 mm -
diameter and 0,13 mm thick); and (2) an average 0.1 % for com-
bined effects of small displacement of the exact midpoint
source position, and deposit mass difference,

To eliminate the influence of fission fragment momentum
the measurements were performed at two orientations: one shown

on the figure and the other with both chambers rotated by 180°,
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The experiment was run with a single 2350 deposit in each
fission chamber back-to-back with some other fissionable deposit.
In such a way the fission cross gection ratio measurement could
be carried out simultaneously with the 235U absolute fission
cross section measurement /11/, The deposits were matched in
pairs according to masses within several percent,

The corrections for the efficiency of fission detection
must be applied in the absolute measurements, The losses in
the fission events counting occur because of both the absorp-
tion of fragments in the deposit and the discrimination in
the counting channel, The first correction was introduced using
the simple expression ;R, where t 1is the areal density of
the deposit in mg/cm2 and R 1is the average range of the
fisaion fragment in the deposit, The correction for extrapola-
tion to zero pulse height was determined uwsing simultaneous
pulse counting by two counting channels, Their discrimination
levels were set at two different points in the valley region
of the pulse height distribution., The valley region was
assumed to be flat,

The mass assay of the fissionable deposits was based
mainly on the comparison with the standard deposits available
at NBS, The measured deposit and a stendard one (back-to-back)
were irradiated in the thermal beam at the NBS Research
Reactor, The fission rate ratio was wmeasured, The mass of
the NBS reference deposit for 2350 has been determined to
an accuracy of + 1.2 %, The absolute L-counting was also
used in combination with isotopic assay from mass spectrometry

and o{-decay constants from the literature,

The 2520f neutron source approaches an ideal point source
with a source emission volume of about 1.4 mn>, The (Cf0)2804
rellets are encapsulated in a steel and aluminium capsule of
~2 g and 0,34 cm3. The source was calibrated in the NBS Man-
ganous Sulfate Bath Facility against the internationally
compared Ra-~Be photoneutron standard source NBS-1,

Five corrections for neutron scattering

support structures,

gource capsule,

fission chamber,

platinum deposit backings,

total room return, must be determined.

The first four corrections were estimated by calculations,
The platinum backings scattering was determined also by the
measurements with a set of backings 0.13 to 0.41 mm thick,

Neutron scattering from the entire room was studied in
two ways:

- with'zsacf neutron source, moving it along the walls,
floor, ceiling with the fission chambers in their normal
position 188 cm above the floor;

~ by measuring fission rates ratios for the 2350 deposit
in its back-to-back position with the 278y at 10 and 20 cm
deposit separation,

The total room return background determined from these
measurements was about 2 %, For all of the croes section
measurements this room return background was greatly reduced
by placing a cylinder of cadmium (90 cm long by 69 cm-diameter)

around the source-detector assembly.
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Table 1

Error Components for NBES Ueasurements of St(2350, fcr)
(014" ~ in 1975 /8/, “New" =~ revision, May 1982 /14/)

Percent Error
Correction in Crose Section
Error Components

0d New 0ld New
Pisgionable Depoait Mass - - 1,3 0.7.
Cf Source Strength - - 1.2 0.9
Fiesion in Other JIsotopes 0.9987 | sawe 0.1 sane
Geometrical Measurements
Pissionable Deposit
Separation - - 0,6 same
Deposit Diameter 1.0075 | seme 0.1 seme
Source Position 1,001 samd 0,2 same
Undetected Pisgion
Fragments
Extrapolation to Zero
Pulse Height 1.009 same 0.5 same
Absorption in Pissionable
Deposit 1.0132 | same 0.3 same
Neutron Scattering
Room Return 0,9955 | same 0,2 samne
Source Capsule 0.9940'] 0,9922] o0.8* | 0.4
Pission Chamber 0,9888 | 0,9873 0.4 0.2
Support Structures 0.9945 | same 0.5 same
Deposit Backing (Pt) 0,987 0,990 0.8 0.2
TOTAL ERBRROR 2.4 1.61

* Later this value was changed to the newly deterwined one
0.9922 (2 0.3 %)} (aleo see text),

The corrections and error components for 235y fission
cross section measurement are listed in the Table 1. The cor-
rection sume for the three classes shown in the Table are
(40.8540,64) % for geomeirical measurement, (+2,2310.42) % for
undetected fiseion fragments and (-3.96:1.32) % for neutron

scattering,

The 2520f fission spectrum averaged 2350 fission eross
section was found to be (1.204+0,029) b.

Somewhat later, in 1976, the authors have performed the
direct neutron source anisotropy measurement, This resulted
in some change of correction for the source capsule scattering
and the appreciable decrease of the related uncertainty,
The total error of the 2350 fission cross section was reduced
to 42,25 % /13/.

By 1982 at the NBS several measures have been taken to

decrease the uncertainty of a number of standards, In particular
the error of the neutron source strength of NBS-1, the National
Standard Photoneutron Source has been reduced from +1,1 to

(2520f) values in

+0.8 % by comparison with the up-to-date v
8 series of experiments., A sustained program to improve the
mase scale of NBS fissionable isotope mess standards including
the relative measurements and interlaboratory comparisons has
led to an error assignment of +0.5 % to the isotopic mass of
the WBS 22y deposit mass standard, In conclusion, high-
precision Monte~Carlo calculations undertsken at the Los-
Alamos Laboratory gave more accurate values of corrections

for the neutron scattering by the fission chambers and the
deposit backings. Also the mncertainties of these corrections
were considerably reduced., All these steps resulted in the

small change in the value of the 235U fission cross section

and the more remarkable decrease of the uncertainty

Gy (U235, X, )= (4.246 2 0.020) b
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The new corrections and corresponding errors listed on the

17.05.82 shown in Table 1 /14/.
2.2, Time Correlated Associated Particle Method

Since 1972 the use is made of the Time Correlated Ag-
sociated Particle Method at the V. G, Khlopin Redium Institute,
Leningrad, USSR (RI), for the absolute measurements of fission
croas sections averaged over the 2520f fission spectrum
/10, 15, 16/,

The TCAPM use in the measurements of such a type has a
number of peculiarities as compared to the usual TCAPY reali-
zation in a case of the neutron producing reactions, such as,
for example, D (d, n)3He, 7(d, n)%He, In averagels p(2520f)
prompt nentrons are emitted in each 2520f fission event., One
can say disturbing in a small extent the fequence of events
that the fisgsion fragment associstes to the fission neutrons,
Two peculiarities are evident here, First, not one neutron
and one associated particle are time correlated, but ¥ neutrons
and two fission fragmenta., Second, there is no strong angle
correlation between the neutrons and the associated fission
fragments, Nevertheless, these features do not cause significant
difficulties, The 6 p(2520f) value is the world wide standard
and is known now to an accuracy of tenths of percent, That is
quite puitable for the fission cross section measurement, It is
of importence to note also, that ¥ neutrons may cause the only
fission event in the target of the nuclide under study because
the probability is too small for a single neutron to cauge the

fission event (less, than 10"6) in the real experimental

geometry, The second feature ~ the absence of a strong angle
correlation - mekes it impossible to restrict any definite
neutron cone corresponding to the registered 2520f figsion
fragments, This compels to take into account a geometrical
factor to deseribe the dimensions and the separation distance
between the figsionable layer and the 2520f neutron source,
Besides that the 2% -fission fragment detection is degirable
to eliminate completely the influence of the fission neutron
anisotropy on the results of the cross section measurements.

The main advaenteges of TCAPM as used for 2520f fission
spectrum averaged fission cross section measurements are as
follows:

~ there is no need of either neutron flux determination

or 100 % detection efficiency of 2520f fission fragments;

- the effects connected with scattered neutrons are

reduced to minimum (if resolution time of coincidences
ig small enough),

For the purpose of calculation the mosgt convenient expe-~
rimental geometry would be the one, where a near-point 2520f
source irradiates the target having a shape of some part of
the spherical surface. The fissionable nuclide is deposited on
the outer side of this surface, the 2520f source isg at the
center of the sphere, However, such a target is difficult
both to manufacture and to calibrate. That is why the other
geometry was chosgen: a flat round target of a fissionable
nuclide and a 2520f source of the epmallest possible dimension,
both deposited on thin backings fixed in the assembly by means
of thin pupports (Pig. 2, 3).



materials in the vicinity of both the target and the source

nuclide
measured

was minimized and did not exceed 1,5 g. The effect of neutron

scattering from more distant structural elements was suppressed

suclide measiye to a large degree due to the high time resolution of coinci-

. dence circuit (20 ns),

ggg;{u ; spring The fission events of both the source and the target as

well as coincidences between them were registered in the

measurements., The cross-section values were calculated using

—_

Pig.2. Exporimental geometry Pig.3. M";g;y for holding the formula: —_—
in the cross-section the Cf source and 6 — ___N_E__
meagurements for 2520,_ fissionable nuclide target. f‘ - N -9— G’h ’
fission-spectrum neutrons, *

where: Nc - number of coincidences;

The fimsion fragments of both 252p¢ gource and a study N{ - number of 252p¢ fission events;
nuclide were detected by ionization current pulse chamber, '3 - 2520f prompt neutrons average number;
The 2520f source-target separation distance was chosen as a (} ~ geometrical factor;
compromise in the following conditions. Small separation N - number of fissionable nuclei per 1 cm2.

distance causes the increase of correction for neutron scat- The geometrical factor G is defined by the solid angle

tering by backings (stainless steel 24 mm-diameter 0.25-0.35 mm subtended by the target, by the dependence of effective

thick). The increase of the separation distance decreases the layer thickness on the neutron angular distribution, and

geometrical factor and hence a figsion rate of the study by the neutron scattering, An exact calculation of the

nuclide. The 222¢f neutron source strenght is limited by the geometrical factor requires that

R 4 -1
time resolution of the registering chamnel (5-7¢10" 57'). (a) the fissionable layer radius, the seperation distance

From these reasons the separation distance was chosen 3 to between 2o2Cf layer and that of the fissionable

4 mm, The assembly design (Fig. 3) ensured fixing of the nuclide, and the thicknesses of the backing material

source relative to the fissionable layer with an accuracy have to be accurately determined, the layers of 252cf

of +10 microns. This gave a correct determination of and of the fissionable nuclide have to be strictly

1 the geometrical factor. The mass of structural parallel;
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(b) the layer of fissionable nuclide be uniform to

better than 1 %;

(c) the backing be as thin as possible and their surfaces

mirror-polished;

(d) the mass of structural materials be minimized in the

vicinity of the 222Cf source and target.

Inspite of the rather simple experimental geometry the
analytical geometry factor computation used in the early works
led to the expression containing the integrals (two of thenm
mult;dimentional). Beaides that a number of assumptions could
not be avoided /15/. In particular, the effects of neutron
multiple scattering and neutron spectrum attenuation were
neglected. Later on a new method to calculate finite geometry
effects was developed based on the inverse problem of the ir-
radiation transfer theory. The set of transfer equations was
solved by the Monte-Carlo method for real experimental condi-
tions taking into account all the structural deteils (electrodes,
chamber walls, supports), target backing and the gaseous mix-
ture filling the chamber,

Two corrections were applied to the number of coincidences.
The correction for the fission channel discrimination was deter-
mined from pulse-~height spectrum analysis. The correction for
fission fragments absorbed in the layer of fissionable nuclide
was introduced in the same way as at NBS using the expression
propoeed by White /12/,

For the last years absolute measurements of the fission

252

croes sections averaged over the Cf fission spectrum have

been carried out at RI for 10 nuclides from U to Am‘. The
nuclides of mess-gseparator purification were used in most
cases, The admixtures of other fissionable nuclides in the
targets did not exceed 0.1 %,

The use was made of two methods to Prepare the targets:

(a) high frequency sputtering on rotating cooled backings;

(b) thermal evaporation on rotating backing with calcu-

lated rotation axes displacement in relation to the
evaporated subatance,

The nonuniformity of areal density had been checked by
& -counting scanning, The mass assay was based on the ¢{-coun-
ting with a low geometry surface~barrier detector,

The results of the absolute measurements of the fission
crosgs gections averaged over the 2520f fission spectrum are
given in Table 2, The error componenta of data, associated
with detérmination of fission cross sections are listed
in Table 3, The data given are to be considered as an illustra-
tion of possibilities of the TCAPM when measuring fission
spectrum average fission cross sections. There are reasonsg
for these posamibilities to be considered far from being
exhausted. In principle, TCAPM is suitable for the measure—

ments to accuracies of about + 1 %,

* Most part of the weasurements was performed in the frame-
work of the International Atomic Energy Agency Research Contract
N 1718/RB and Research Agreement N 2791/CF
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Table 2

Results of Absolute Measurements of Plaaion Cross

Sections Averaged Over the 252“ Fission NHeutron

Spectrum, Carried out at RI

Nuclide

Pission Croes Section, barns

233y
24y
235
236,
238“
23Ty,
29,
240p,
242Pu
243,

1.852 + 0,026
1,204 + 0,014
1,230 + 0,017
0,612 + 0,008
0,341 & 0,006
1.429 + 0,023

1.814 4 0,026
1,310 + 0,037
1.082 + 0,017
1,145 + 0,023

Table 3
Errors of Data Associated with Determination of Pission Crose Sections for 25250
Piseion Spectrum Neutrons, £ (RI Measurewents)
Error Source 233y | 234y | 235y 236u 238u1) 237up 239Pu 240, {2425, 243, 0
’\—)— (2520f) 0,20 | 0,20 }0.20 [ 0.20 | 0,20 0,20 |0,20 10.20 [0.20 0,20
Geometrical Pactor 0.58 10,58 10,58 | 0.58 | 0,58 0.91 }10.58 ]0.58 j0.58 |0.58
l1ide Angle 0,30 0,30 [0.30 |0.30 }0.512) | 0.30 ]o0.30 0.30 jo.30 lo.&
tatistice 0.%6 10,08 0,35 0.53 | 0.55 0.45 0,35 [0.10 (0.61 [0.22
¥aso Deter- art of MNeasured
mination huclide ~Acti- 4)
ity 0,20 | - O 47| - 0,30 0.10 10.34 [0.12 J0.18 }0.18
1f-Life 0,28 10.41 |0,20 ]0.17 0.303) 0.47 (0,12 (0,15 [0.41 (0.54
tatietics 0,97 |0.80 |0.80 }1.01 ;1.1 0,95 |o0.62 |2,28 11,16 [1.42
trapolation to
eT0 se Height} 0,43 {0,20 |0.40 }0.30 | 0,37 0.41 |o0.58 0,20 10.40 |0.20
Humber of beorption in
Pissions er 0,09 10.10 10.46 {0.30 {0.25 0,28 10.18 0.1 - 0,10
1seion of Other
uclides 0,05 1 ~ - - 0,14 - 0,71 [1.48 | ~ 0,87
Total Pission Crosa Section
Error 1.43 1,15 11.35 [1.38 |1.60 1.60 |1.41 [2.82 1.60 [2.05
; Layer mass was determined in 2% -geometry
3 Extrapolation to gero pulse-height
3 g%'raction for sbsorption in layer and « -scattering
U Helf-life error is taken into account in determination of a part of the measured

nuclide of ~activity

3. Calculations of Fission Cross Sections Averaged Over 2520f

FPission Spectrum FProm Differential Data

The coumputation of fisgion cross sections averaged over

the 2520f fission spectrum is carried out usually on the basis
of evaluated fission cross section data from files, such sa
ENDF/B, INDL/A or others. The 2520f fission neutron spectrum
is represented mainly in the next two ways:
(1) Mexwell distribution
. _XT(E)FvVFE‘exp(-E/T) using T = 1,42 MeV;
(2) Segment-adjusted evaluated spectrum, suggested by
Grundl and Eisenhauer at NBS /17/.
X (E) = p(E)-H(E)
where; M(E) - reference Maxwell distribution
M(E) = 0.663VE exp(-1.5 E/2,13)
/u(E) - analytic correction factor,
Its values and the energy ranges over which they

are valid are given in Table 4 /17/.

Table 4

Energy Dependence of the )(E) Correction Factor

Energy Interval (MeV) M (E)
0.0 ~ 0,25 1 4 1,20B - 0,237
0.25 ~ 0.8 1 - 0,14E + 0.098
0.8 - 1.5 1 + 0.024E - 0,0332
1.5 =« 6.0 1 - 0,0006E + 0,0037
6,0 - 20 1.0exp[-0.03(E ~ 6.0)/1,0]
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Recently other 2520f fission neutron spectrum representa-
tions were used, For exanple Mannhart /18/ has tested various
versions of the spectrum calculations made by Madland and
Nix /19/ together with the results of the new spectrum measu-
rements, which BBttger and Klein /20/ and Poenitz /21/ have
performed recently.

In Table 5 the results are given of averaged fission
cross sections calculations carried out at RI. The differential
data on the fission cross sections are from ENDF/B-V and
INDL/A files, The 25204 pigpion neutron spectrum used in two
sbovementioned representations: Maxwell distribution at
T = 1,42 MeV, and the NBS segment-adjusted evalution., As it
is seen in Table 5 the calculation based on the NBES segment-
adjusted evaluation shows some lower cross section values
(on 1-1,5 %) as compared to the use of Maxwell distribution,
This difference is not significant taking into account that

only the statistical computation accuracy amounts to + 1 %,

Teble 5
Pission Cross Sections for 25202’ Pission Neutrons Calculated
on the Basis of Different Representations of 2520f Leutron Spectrum

and Differential Data Fission Croess Sections from Various Files
Erecton 235 236 2 237, 239 240. 241 242, 243
Spectrum Nuclear
Represerta~| Data File u U 38“ v Pu Pu Pu Pu Am
tion
Kaxwell ELDP/B-V 1.238 0.31 1.3481 1.783 1.205
Distribu-~
tion INDL/A 1.304] 1,771 | 1,335 | 1.572 | 1.130] 1.097
Tx1,42 KeV | Rev, 6
Grundl- EEDP/B-V 0.591 | 0.307 | 1.339} 1.776 1.118] 1,195
Eisenhauer
Segment- INDL/A 1.297] ¥.767 | 1.327 | 1.570 | 1.123] 1.0%
Adjusted Rev, 6
Evaluation

4. 2520f Averaged Fission Cross Section Requirements

In Table 6 the major part of the
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Cf fiesion spectrum

averaged fission cross section data is given. These abasolutely

measured data obtained at different times at five scientific

centers: Institut Voor Kernphysisch Onderzoek (Netherlanda) /22/,
NBS /8, 13, 14, 24, 29, 26/, RI /10, 16/, the University of
Michigan /9/ and Institute of Experimental Physics (Hungary)/23/.

The 235U cross section data of one and the same author make it

possible to gee the process of meking the cross section more

accurate as time goes on., One may notice the last cross sec~

tion values to be in the error bar limits of earlier results.

It is seen also that there is a discrepancy of data of various

authors for 238U and 237Np higher than the error limits as-

signed by suthors,

Table 6
Pission Cross Section Averaged Over the 25201’ Fission leutron Spectrum
(4bsolute Keasurementse)

Fuclide 231pe 233y 234y 235y 236y 238y
Croes 1.91040.029/16/] 1.204+0.014" 71, 20740.052/25/ [0.61240.008%  [0. 31040, 025/ 22/
Sectime, |1,97040,043 /23/] 1.89340,048/24/ 1,20440,029/8/ 0, B1340.017/23/
barns 1.2153+0,022/9/ 0.34440.006/16/

1.205+0.027/13/ 0.32640.0065/24/

1.26610.019/10/

1,24140.018/16/

1,21620,020/14/

237y, ©239p, 240p, 241, 242, 243,

1.26040,060/22/ | 1.80040.060/22/ 1.31040.037°) 1,616+0.030/24/ | 1.092+0,018/16/ 1.14510.023')
1.44240.023/10/ | 1.83140,027/16/ | 1.33740.082/24
1.36640,027/24/ | 1.82440,035/24/

*) RI Measurements
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The appreciable discrepancy (to 12 %) for the 238y figsion
cross section (Table 6) is observed when comparing with the
calculated croes sections (Table 5). The discrepancy for the
235y and 239py fission cross sections seems to be less.

The agreement of the calculated and experimental values
for the other nuclides is rather good. In this comparison one
must take into account that inspite of the intensive work on
the measurement and evaluation of the differential data on the
fission cross sections these data are less accurate than the
data obtained in integral cross section measurements.

25

The uncertainties of data even in the last 2Cf fission

spectrum measurements are far from required accuracy. Even

252

the error of the evaluated data on the Cf fission spectrum

/17/ in the various energy ranges is + 1.0 to 13 %. The uncer-
tainties of the 2520f fiseion neutron spectrum propagate

strongly in the calculated average fission cross sections

when €;f(E) is a threshold cross section (238U, 237np, 240p,

nuclides), As an example the 238U integral fission cross sec-

tion sensitivity to the T-parameter of the Maxwell ditribution
is shown in Table 7. Therefore the discrepances of calculated

and experimental data in Table § way be attributed to the

errors of the 252

Cf fission spectrum determination, However,
the discrepancy for the 239Pu indicates the underestimation
of the differential data on the cross section in the corres-
ponding files,

252

To increase the reliability of the Cf fission cross

section data the new absolute integral measurements seem to

Table 7

Dependence of 235U and 23811 Piseion Cross Sections
on T-parameter of Maxwell Distribution

Fiasion Cross Sections, bamme

T, UeV
235, 23BU
1,35 1.238 0,300
1.42 1,239 0,314
1.49 1,240 0,328

be of uge first and foremost for the most important nuclides:
the 235U, 2380, 237Np and 239Pu. This conclusion agrees with
the requests listed in the "World Request List for Nuclear
Data 81/82" /27/. There are requests for the absolute integral
croes section measurements there for the major nuclides inclu-

2360, 240Pu. An accuracy requested is higher than +2 %.

ding
A number of requests contains condition: a request should

be considered fulfilled, when at least three measurements with

different methods agree within the requested accuracy, Therefore

it is worth-while to make use of both calibrated 22Cf Neutron

Source Technique and TCAPM for the measurements and also to

make efforte for the future improvement of the experimental

technique,
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NEUTRON EMISSION AT SPONTANEOUS FISSION

M.V. BLINOV .
V.G. Khlopin Radium Institute,
Leningrad, Union of Soviet Socialist Republics

Id

Abstract

Integral and differential characteristics of the emis-
sion of spontesneous fission neutrons are congidered. There
is a discussion of the theoretical aspects and of the
experimental investigation of the probability of neutron
emiggion at different stages of the nuclear fission. Data
are presented on the energy distribution of californium-252
spontaneous fission neutrons.

INTRODUCTION

Spontaneous fission neutrons are the gource of infor-
mation about many characteristica of the fission process -
such as the total excitation energy at fission, the excita-
tion energy of the fragments and their deformation energy at
the moment of nucleus scission, viscosity of the nucleus
moving to the point of scigsion, viscosity of the fragments
at the establishing of the equilibrium form and a number of
other important characterigtics. Spontaneous fission neutron
sources play an important role in many practical tasks.

The average number and the energy spectrum of californium-252
spontaneous fission neutrons are international standards.

I will dwell only upon some of the aspects of the emission

of neutrons at sponteneous fission,

CHARACTERISTICS OF THE EMISSION OF SPONTANEOUS
PISSION NEUTRONS

The average number of neutrons at spontaneous fission,
that characterizeg the total excitation energy rises with
the increase of the mass of the nucleus undergoing the

fission from Y © 1 for uranium isotopes to‘§ = 4 for fermium
isotopes (fig. 1) /1/. 1t is worth mentioning that the sharp
increase of Y /M/ is slowed down in the region of Pm. It is
shown in fig. 2 how the average energy of neutrons E changes
with the averagé number of prompt neutrons 0] /2/. One can see
that the energy of the neutrons E increases with the increase
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Fig. 1., Dependence of the average number of spontaneous
fission neutron V on the mass of the fissile

nucleug A
(Mg-V)’ Z'ip_u‘m Mfgnzfﬂné&nqu

2.2F 11 I
20 »

1,8
1,6

T v 71

T

I

3

N

Fig., 2. Dependence of the average energy of neutrons E
on the average number of prompt neutrons b)
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of the average excitation energy. Terrell /3/ drew from the
gimplified evaporation model of Weigskopf the correlation
T = 0.78 + 0.621 (V + 1)V/2, In fig. 3 there are presented
the spectra of spontaneous fission neutrons of Pu-242,
Cn-244 and Cf-252 /2/. These spectra are close enough to

e

0 1t 2 3 4 567 8 ¢

En M

Fig. 3. Energy spectra of Pu-242, Cm~-244 and Cf-252
spontaneous figsion neutrons. Straight lines -
Maxwellion digtribution with the parameters T

equal 1.21 MeV, 1,37 MeV and 1.42 HeV
10 —

T

9

-\

{Neutrons/ lission), steradion
> b

4 A A
o 45* «r 139 180° 'f

Pig. 4. Angular distribution of Cf-252 spontaneous
fiasion neutrons

each other by their ghape. The dependence of the number of
neutrons on the angle in respect to the direction of
fragments® motion (fig. 4) /4/ is also of interest among

the other characteristics (for the sum of all the types of
figsion), This angular distribution is highly anisotropic

and gives an evidence that the neutrons for the most part

are emitted from the fragments. The dependehce of ¥ on the
mass of the fragment A is one of the main differential depen-
dences, Such a saw-toothed dependence /4/ is shown in fig. 5.
Several interpretations of such a strange behaviour of ¥ /A/
have been given and in the recent few years it has become
clear that at the moment of the spontaneous figsion of the
nucleus the fragments are cold enough; their deformation
energy then turns into the excitation energy, with the defor-
mation of the fragments depending on their rigidity. Froagments
with the filled shells (magic nuclei) are only slightly
deformeble and emit few neutrons, and fragments with the
unfilled ones are strongly deformed and emit many neutrons.
After a brief consideration of a number of some regularities
concerning the emission of spontaneous fission neutrons it
seems necessary to dwell upon the theoretical aspects of the
probability of neutron emigsion at different stages of fisaion

1 1 1 N

80 80 100 10 120 130 140 150 160
A

Fig. 5. Average number of the emitted neutrons in dependence
on the mass of a Cf-252 fragment
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and then procced to the experimental observations of the
character of the emission process.

PROBABILITY OF NEUTRON EMISSION AT DIFFERENT
STAGES OF THE PROCESS OF NUCLEAR FISSION

Let us consider different stages of nuclear fission
and imagine the excitation energy of the nucleus and of
fipsion fragments at these stages and the probability of
neutron emission. The stage of the descent of the nucleus
from the point of barrier penetrating to the point of
scission is & highly important one as here the mass, charge
distributions of fragments and the distributions of the
kinetic energies are formed. Having passed the barrier,
the nucleus continues to lengthen, its deformation
increases and the total potential energy P falls down
/P = Ecoul. + Esurf./' The difference A P turns into the
excitation energy and the pre~scission kinetic energy
/ P=E 4 E,/+ Then after the scission the Coulomb re-
pulsion causes increase of the kinetic energy E, = Eps + Ed
and the excitation energy increases due to the deformation
egergy E* = E;ntern. + Edeform.‘ The correlation between
Eintern. and Eps in determined by the dynemics of the des-
cent.*If the process is an adigbatic one, then AP = Epa
end E° = 0, if it is a nonadiabatic one, but slow enough,
then a statistical equilibrium is established between the
collective and the one-particle degrees of freedom. Let's
consider just this case. According to different estimations
for fission of californium-252 the value Eexcit. £ 10-20 MeV.
Let's take the time of descent from work /5/ to be equal
4 X 10"21. Then even for the energy 20 MeV, if we use a
simplified formula for the life-time:

1/3 B
Ts= _2A - exp a 10~2}
1/2

E . - B
excit, = Bn ( exc1ﬁ; n)

E

where A -~ the mass of the nucleus, Bn - energy of neutron
binding we obtain & very low probability of emission. But

if the stage under consideration passes quickly enough/quick
change of the form of nuclear potential/then the statistical
equilibrium in the system is abgent. Besides the probability
of one-particle excitations will depend on the time of the
stage, and in some cases one may expect transition of the
particles into the state of comtinuous spectrum. In the

work of Boneh and Frankel /6/ it has been obtained that on
the stage of descent of the fissioning nucleus towards the
point of scission emission of 0.3+2,1 neutrons per fission

is possible if the trensition time is 3:1.5 x 1072)
respectively /including peir interactions somewhat decreases
this probability/. The authors used in their calculations

the data on the speed of nucleus surface change that are
predicted by calculationsg of Nix /5/ on the liquid-drop
model, Ledergerber et al. /7/ have considered the problem

of dynamic excitation on the pame stage of the fission process
and noticed that excitations of this kind cen have a marked
probability. The most sharp changes of the nuclear potential
are expected on the next stage -~ at the moment of the nucleus
splitting, which increases the possibility of neutron ejection
in this case, Fuller /8/, when considering a one-dimentional
rectangular well in the center of which a hﬁmp is growing,
has shown that with the time of the neck rupture being of

the order of 1 x 10'2§ approximately 0.5 neutron per fission
may be emitted at the moment of scission, At the moment of
scission neutron emission can also take place due to the same
mechanism as the emigsion of light charged particlg but with
& much higher probability.

After the scission of the nucleus because of a strong
deformation of the fragments the forces arise that tend to
return the fragments to an equilibrium form. If the transient
time is of the order of 10-2§ or less, then as Rubchenya /9/
has estimated, noticeable probability of neutron emission

(approximately 0.5 neutron perfission) appears at such a
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quick change of the shape. The author predicts a dependence
of this probability on the mass of the fragment. Thus,
theoretical investigations show a possibility of fisgion
neutrons emission at nonequilibrium proceasses.

Let's consider the question of the neutron emisgsion
probability during the period of fragments acceleration
by the Coulomb field. The curve in fig, 6 shows the velocity
increase of the fragment /10/. It 1s seen that if about half
of the full velocity V, is gained at t = 1072L then 0.95 V,
is gained only at t = 10'12, In the seme figure the neutron
emission time is shown calculated by the statistical model
for different excitation energies. For EY = 20 MeV the
deficit in velocity of the fragment must be already taken
into account and for E* = 40 MeV V already equals 0.8 Voo

[ 20 40 &0 80 U, MaA

'0-12 N
¢ s o/,

Fig. 6. Comparison of the fragment's velocity gaining time
t and the neutron emission time T by the fragment,
excited to the energy U

If one could find a convincing proof of such a phenomenon
it would be possible to measure very short times of mneutron
emission /less then 10’22/. Another interesting question
concerning the gtage after scission of the nucleus is the
time necessary for egtablisghing of the equilibrium shape

of the fragments. Nix et al. /5/ have congidered the

influence of viscosity on this process /7/. For zero vis-
cogity the fragments oscillate near their centers all the
time, with all the excitation energy being concentrated in
the form of collective vibrational energy., For finite values
of vigcosgity the energy of collective motion dissipates
after the scission and the excitation energy is present in
the end in the form of internal energy. When viscogity is
low the fragments oscillate yet but with an emplitude that
decreases., With a higher than critical viscosity
/0.1 TP = 61023 MeVyfm>/ the fragments don't oscillate
any more but their lengthening decreases exponentially.,
This calculation is done for the fission of uranium-235
by thermal neutrons but the results seem to be very close
alpo for the case of spontaneous fission.

The last stage is concerned with the emigasion of
neutrons from heated equilibrium fragments moving at full
velocities, Study of the characteristics of the neutrons
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emitted at this stage has already given and in the future
will present more interesting information about the
thermodynamic properties of highly heated nuclei, The point
is that in nuclear reactions at high energy of the incoming
particles direct processes play a great role and it is hard
to determine the excitation energy of the compound nucleus.
In this case it 1s expected to receive a possibility to
check the statistical theory of particles emission for
certain excitation energies of the uniformly heated nucleus.
Thus neutron emission is possible at different stages
of the fission process, yet the theoretical calculation of

separate emission pfobabilities is a complicated task because

the fission dynamics as a whole isn't clear, neither many
other characteristics such as viscosity of the nucleus
during descent period, viscosity of the fragments, emission
time of neutrons at differentexcitation energies, etc.

The task of the experimental investigations is the
search for neutron emigsion at different stages of fission,
determination of probabilities and characteristics of thease
neutronsg go that to obtain from this information the know-
ledge about different characteristics of the fission process
and properties of the emigsion of neutrons from the excited
fragmenta.

EXPERIMENTAL STUDY OF THE MECHANISM AND PROPERTIES
OF SPONTANEOUS FISSION NEUTRONS EMISSION

Angular distributions of spontaneous fission neutrons
give evidence that the emission is for the most part from
moving fragments. To make the picture more precise in a
number of works the energy spectra of neutrons have been
measured for different emission aengles with respect to the
direction of motion of the fragments. A sharp anisotropy
of the angular distribution of neutrons of different
energies has heen obtained in all the works, but it has
been noted also that the distribution is somewhat more
igotropic than it follows from the model of evaporation

from fully accelerated fragments. Some authors connect this
effect with emission in the process of fragments accelera-
tion, others - with an isotropic emission in the moment of
scission and even earlier -~ on the descent stage., The
contribution of this component is evaluated in different
works from 10 to 25 %. In one of the recent works /12/ the
value of 5 % has been obteined which is much less than

in the others /fig. 8/. Thus, the results of these worka are
very different yet and the conclusions are not the same,

It seems that new investigations shall give an answer to
this importent and complicated question, In any case not
less than 80-90 % (and maybe atill more) of the emission
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Pig. 8. Angular distributiona of neutrons
a) experimental dependence of the number of neutrons
on the emission angle in 1l. =.
b) dependence of the ratio of the cxperimental data
to the calculated ones on the emission angle:
0 - date of work /12/, X -~ data of work /4/
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seems to take place on the final stage. But neutron emission
even on the final stage gives information about the proper-
ties of the fissioning system at earlier stages.

Interesting results about the character of energy
distribution in the scigsion point have been obtained from
the variance of the excitation energy of one fragment /13/.
It has been found that the excitation energy and the kinetic
energy of separation of the californium-252 spontaneous fis-
sion fragments make up the sum less than 10 MeV, Thus the
energy mainly is connected with potential energy - the
energy of deformation and therefore the fragments are "cold"
in the scission point. In this case the future excitation
energy of the fragments is concentrated in the deformation
energy. The dependence ¥ (A) demonsirates a dependence of
the deformation energy on the mess of the fragment, This
dependence is “universal" for a number of nuclei at
spontaneous and low-energy fission., In fig. 9Athere are
presented the curves for gpontaneous fission of Cf-252,
Fm-254 and Fm-256 /14/. It is seen that the general course
of the dependence changes but little end thus the deforma-
tion energy of the fragments is determined mainly by the
properties of the fragments and only slightly depends on
the properties of the fissioning system. A special case can
be expected for the system in which the fragments will have
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Pig. 9. Dependence V (A) for different isotopes of Cf and Fm
(¢ « o = CL=252, - Fm-254, = = « - Fm-256)

the filled neutron and proton shells /Z = 50, N = 82/, One
can merk that the sawtoothed dependence ¥ (A) is maintained
in the spontaneous fisgion for a wide range of total kinetic
energies and therefore excitation energies of the fragments
/below 40 MeV/. That confirmg the low excitation of the
fragments in the sciassion point.

With the increase of the excitation energy of the
fissile nucleus up to a few tens MeV, the character of

¥ (A) changes from a saw-toothed to a monotonous one Y ~A
which is predicted by the liquid-drop model, Therefore the
shells in the fragments pley a decisive part at spontaneous
Pigsion and then with their destruction the character of
the dependence changes.

If we regard the dependence of the average energy of
neutrons in the c¢. m. sgystem on the mass of the fragment
£(4) (fig. 10) /15, 16/ then, to explain such a dependence
it is also necessary to suppose the presence of gtrong shell
effects in the fragments.

%8 |

Fig. 10, Dependence of the average energy of neutrons on
the mass of the fragment E (A) /15/. Solid line-
calculation /16/
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Now the measurements of energy distributiona and
angular dependences for different masaes and kinetic
energies of californium-252 spontaneous fission fragments
are under way at the Radium Institute /12/., In fig. 11

IRTENSITY (ARB. UNITS)

Y

1 2 3 4 ]

WEUTHOM ENERGY (MeV)

Pig. 11. Energy spectrum of neutrons for fragments with
U= 108 + 5 MU and excitation energy E = 20 + 5 HeV,
Solid line -~ calculation

there ig a spectrum from this work of the neutrons (c, m.
system), emitted from the fragments with the mass M = 108 MU
and with the excitation emergy 20 MeV /12, 16/, The calcu-
lated spectrum obtained in this work is presented in the
same figure and is in good agreement with the experimental
data. The calculation was done by the statistical model of
Hauser-Feschbach taking into account the cascade evaporation
of neutrons. At present the data anaelysis for different
masses and excitation energies is under way. In the same
work a gearch for forward neutron emission has been carried
out (the "ghock-wave" type effect)., However even for the
cases with a strong deformation of the fragments, where the
effect could be expected tobe maximal, this phenomenon hasn't
been observed /fig. 12/ /12/.

It is posgsible to point out that further investigations
of the neutron emission mechanism at spontaneous fission of
different nuclei is undoubtedly of great interest. Then I
would like to dwell on the measurements of the integral
distribution of californium-252 gpontaneous figsion neutrons
because it is widely used as a standard for practical
purposes.,
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Fig. 12. Angular distribution of neutrons in lab. s. for
KN = 108 MU as a function of the total kinetic
energy of the fragments

INTEGRAL SPECTRUM OF CALIFORNIUM-252
SPONTANEOUS FISSION NEUTRONS

The need in using the standaid neutron energy spectrum
is high enough both is science and in technology. The ITAEA
has recommended to use the spectrum of Cf-252 spontaneoug
fission prompt neutrons as such a standard because it is
very convenient from many gides., Cf-252 has o large neutron
yield /109 E%E/ with a low weight of the source, a good
Nf/N“ ratio, simplicity in manufacturing and a comparatively
long half-life /2.6 years/. The spectrum of Cf-252 fission
neutrons ranges from zero to tens of MeV.
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At present this standard spectrum is in wide use, though
the precision with which it is kmown, doesn’t yet
satisfy many tasks. One of the main reguirements in aspecifica-

tion of this gtandard is to settle a more precise form of the 3
spectrum in the region of low energies /less than 1 MeV/ and
of high energies /more than 7 MeV/. 2} .

In the work recently fulfilled at the Radium Institute
measurements in a broad energy interval 0.01-10 MeV /17/
have been carried out., The meagurements were done by the
time of flight method using the 235U(n, f) reaction for
detection of neutrons. Application of this thresholdless
reaction with rather a smooth and well known dependence of
the figsion cross-section on the energy of the neutrons
enables in one experiment and with one detector to obtain
information about a very broad energy range, including the
low-energy part. Thus it is possible to avoid the "joining"
of the data from detectors of different type - the organic

i)
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Plg. 13, Amplitude distribution of the pulses from

fission fragments and alphe-particles of
uranium-235
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scintillators /energy region more than 0.2 MeV/ and "1ithium® \ AN
detectors (region less than 1 MeV). }Q i N \@ %‘ \b
An ionization chamber with urenium-235 layers (assembly M 4
is 100 mm in diameter, 12 mm high) has been manufactured for
Pig., 14, Design of the ionization chamber: 1 - platinum

regigtration of neutrons as a faat detector. The uranium,
containing 99.9 % of U-235 was deposited on both sides of
thin aluminium foils (0.05 mm thick), Preparation of the
layers was done by the method of multiple deposition of
uranium nitrate. The homogeneity of the layers was within
the limita of +5 % and their average weights were within
the limits of +1 % (with en average density 1 mg/cmz).

pregented in fig.
registration was

backing with & californium layer, 2 ~ collecting
electrode, 3 - insulator, 4 - copillary inlet,
5 « preamplifier

15. The efficiency of fragmenta
more than 99 %. The total weight of the

The total weight of the uranium was 0.8 g. The casing of
the chamber was made of foil (0.2 mm thick). During the
work methene at atmospheric pressure was blown through
the chamber. The separation of the fragments pulses from
alpha-particles was good enough (fig. 13).

A miniature fast ionization chamber (fig. 14) served
as a detector of californium fission fragments. The
amplitude spectrum of fragments from thig chamber is

chamber was 1.5 g and the weight of the preamplifier - 5.1 g.
The full time resolution of the gpectrometer with the
two chambers was 1.5 ns. The time resolution of the califor-
njum chamber was 0.49 ns, and that of the uranium
chamber - 1,2 na.
The measurements were carried out on three flight
distances (25, 50 and 100 cm) in & large experimental room
in order to decrease the background of scattered neutrons.
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Fig. 15. Amplitude spectrum of the pulses of Cf-252 fisnion
fragments

The background comnected with true-random coincidences
(noncorrelated fragments) decreased due to the pile-up
ingpector that analysed the time intervals between the
pulses and excepted the cases when the intervals were less
than 200 ns, Precision in determination of the time "“zero"
was 0.08 ns. v

When processing the experimental results corrections
were made for neutron scattering in the detectors and the
environment., As the ionization chambers both of the source
and of the neutron detector had been designed with small
masses (the weights of the chambers were 1.5 g and 65 g
regpectively), the corrections for neutron scattering by
the chambers were small. They were easily accountable by
calculations using the gingle interaction approximation.
The correction functions for neutron scattering by air
medium were found by calculation and changed from 30 % for
E, = 10 keV to 0.5 % at E, = 1 MeV,

The results of the measurements are preasented in fig. 16.
In the next fig., 17 the ratio of the experimental data to the

Maxwellian distribution with T = 1.42 MeV is shown
N(E) ~ E1/2(-—E/T) . In general the experimental data are
cloge to the Maxwellian distribution in the region
0.0146 MeV, but further the data start to deviate from it,

INTENSITY N(E) (ARB, ULITS)

i Y 4
¢ 3 L] 7

FZUTRON ENERCY (EV)

Fig. 16. Emergy spectrum of Cf-252 spontaneous fission
neutrons

1 o' 0 0 0

Fig. 17. Ratio of the experimental results obtained in
work /17/ to the Maxwellien digtribution (-« )
(T = 1,42 MeV). Dotted line - evaluation
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It is necessary to mote that the works carried out 16
recently at different laboratories, demonstrate an increase
of the measurement precision, improvement of experimental
conditions, using of neutron detectors of different types. 17
Still there exist great data discrepancies, especieally in
the energy region more then 7 MeV, Further measurements are
needed in the whole energy region to determine the important
standard with a high precision,
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Abstract

The lecture deals with the problems of experimental
studies of fast neutron radiative capture cross-sections.
The main attention is paid to the neutron energy range of
1 keV ~ 1 MeV, which is most essential for solving a number
of problems of nuclear power engineering with fast neutron
breeder reactors, as well as to the studies of highly-excited
nuclei and invesgtigations in nuclear astrophysics. Considera-
tion is given to the experimental measurements of capture
crogs—-gections at electrostatic accelerators and linear acce-
lerators of electrons. The main experimental results and their
theoretical analysis are summarized.

I. INTRODUCTION

The radiative capture or (n, Y ) reaction is one of the main
processes of interactions between neutrons and atomic nuclei with
the energy up to ~ 1 MeV, There are also three main aspects deter-
mining the necessity of the detailed study of neutron radiative
capture cross-sections.

Firast of all, the radiative capture cross-sections are impor-
tant nuclear data employed for physical calculation of nuclear re-
actors. The advanced development of fagt neutron breeder reactor
concept for nuclear power engineering required a detailed study of
all kinds of interactions between neutrons and nuclei in the ener-
gy range up to 1 MeV and more (fig. 1). Though the breeding ratio
(BR) of nuclear fuel in a plutonium reactor cen, basically, reach
the meaning of 2.5 (as it was firgt shown by A.I.Leipunsky in 1949),

L brrres L) LR L B LI L] LILILA T TTy
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Neutron energy, keV

Fig. 1. The distribution function of neutron capture and fission
reactions in 239Pu and 2380 over the neutron spectrum of
the high-power fast reactor active zone, 1 - capture in
239Pu, 2 - fisasion in 239Pu, 3 - capture in u.

an attempt to obtain high thermodynamic and technological charac-
teristics by means of utilizing e liquid-metal coolant (sodium),
ceramic oxide fuel and stainless steel as the main structural ma-
terials resulted in & gtrong softening of neutron specira. It caus-
ed a noticeable increase of neutron absorption at the expense of
the (n, § ) reaction in the fuel itself, in the structural and tech-
nological reactor materials, as well as in the fisgion products ac-
cumulated in the reactor during its operation. In its turn, it re- .~
sulted in a decrease of BR of large power reactors to the level

of 1.2 = 1.3. The fact that we had to spend the largest portion of
the BR excess (BR-1) on technological needs was a stimulus to the
intense development of investigations of a complex of problems
connected with the optimization of physical and technical-econo-
mical characteristics of fast reactors /1/ . One of the starting-
points in considering these problems is the nuclear data and, in
particular, the date on neutron absorption cross-sections for nu-
clear fuel, structural materials and fission products. Note, that
the neutron radiative capture cross-sections for fission products
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are necessary not only from the point of view of physical calcula-
tions of reactors and their main technical parameters. They also
play en important part in celculating the radiation situation in
fuel processing , in eveluating the danger of environmental con-
tamination., The main peculiarity of the problem of obtaining nu-
clear data on fission products is that the number of nuclides ac-
cumulated as a result of a commercial power reactor operation is
great and most of them are unstable. That is why it is impossible
to carry out in the near future a direct measgurement of fast neut-
ron radiative capture cross-sections for lots of fission products.
In this connection the problem of obtaining the experimental data
on the neutron capiure cross-sections has appeared for a wide
range of stable isotopes whose nuclear properties are close to the
most important fission products, as well as of developing methods
for calculation and capture cross—-section evaluation on the basis
of the theoretical presentations and systematics of the main pa-
rameters characterizing the interaction between neutrons and nucled

There is a second asgpect closely related to this problem. It
determines the urgency of the detailed study of the fast neutron
capture cross-gections. That is the employment of these reactions
for thorough nuclear-physical investigations: the study of the
highly-excited state of atomic nucleil and the mechanism of nuclear
reactions. The peculiarity of the neutron radiative capture re-
action consists in the fact that due to the absence of a centri-
fugal barrier in the reaction exit channel the interaction of neut-
rons with a non-zero orbital momentum becomes essential at the
energies as high as several keV. In this case one can single out
the energy ranges of neutrons, in which interactions with this or
that orbital momentum predominate. The second peculiarity of the
neutron radiative capture, which is important from the point of
view of studying the nucleus structure and nuclear reactions, is
that the capture cross-sections are dependent on both the neutron
and radiative strength functions. These two circumstances &re the
basis for the analysis of fast neutron average radiative capture
crogss—-gections with the aim to obtain experimental information on
neutron (§3) and radiative (5) strength functions for s-, p- and
d-neutrona /2 /.

The third way of employing the experimental data on the fast
neutron radiative cepture cross-sections is connected with nuc-
lear astrophysics. Almost all the theories of the nuclide origin
and abundance in the universe considexr the neutron radiative cap-
ture to be the main process of heavy nuclei fusion in stars, On
the basis of the experimentel date on fast neutron radiative cap-
ture cross-gsections and from the abundance of chemical elements
and their isotopic composition one can estimate such key values
as the univerge age and obtain information on its evolution at
early stages of development /3 / .

The urgency of the problems and wide range of pure and ap-
plied problems in these three seemingly far from each other fields
arouge the interest of many investigators from various laborato-
ries throughout the world in the research of fast neutron radia-
tive capture cross-sections. This is the subject of discussions
at lots of conferences on the problems of nuclear technology and
pure research. At the same time there exist a lot of problems to
be solved and the needs for new data on fast neutron capture cross-
sections/4/ are far from being fully satisfied at the present time,

2. EXPERIMENTAL METHODS OF STUDYING FAST NEUTRON RADIATIVE
CAPTURE CROSS-SECTIONS
2.1, The Brief Outline of the Methods
Any experiment on measuring neutron radiative capture cross-
sections consists in detecting the number of capture events in the
investigated sample, which is placed in the neutron flux. Accord-

ing to the way of capture event detection, the methods are divided .
into three main groups: '

(a) the method based on neutron flux depression at the pag~
sage of neutrons through the semple;

{b) the method of detecting induced activity of a radioactive
nuclide formed in the course of capturej

(c) the method of detecting prompt capture J -rays [5].
Besides, one can, in principle, employ methods based on mass~-gpect-
rometry measurements.

The first method was mostly employed in the spherical geo-
metry version. The abgolute value of & neutron capture cross-sec-
tion in thisg method can be obtained from the relative measurements.
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The principle drawback of the method is the necessity of using
thick samples and the corresponding difficulty in taking into ac~
count the resonance self-shielding effects. The method of trans-
migsion in the spherical geometry, for all its simplicity, is in-
teresting rather from the historical point of view.

The activation method has a high sensitivity and is fairly
simple. At the present time it is most often eﬁployed for ¥ -ray
detection with a Ge-Li semiconductor spectrometer. Among the acti-
vation method disadvantages we point out the limitedness of its
employment only in the cases when the (n, J )-reaction products
are radioactive nuclides with convenient life-times and decay
ascheme. The activation procedure suggests the use of & steeady
gource of monoenergetic neutrons and, therefore, is rather low-
productive. Though by the present time the use of this procedure
has enabled us to obtain a great number of experimental data, the
accuracy and reliability of many of them are low. This is due to
the fact that in many experiments the impurity of slow (resonance
and thermal) neutrons often distorted the measuring results. Be-
sides, this method suggestsa good knowledge of the decay scheme
and i1ts qualitatjve characteristics, i.e. the detected radiation
yield per decay event of & radiocactive nuclide. In spite of these
essential disadvantages, the activation method was widely used in
the research of fast neutron capture cross-sections and, in parti-
cular, for measuring isomer excitation crossg-sections.

' The method based on the capture prompt f-rays detection is
the most versatile and can be employed in a wide energy range of
neutrons: from the resonance one to several MeV. An important ad-
vantage of the method is a possibility of its using together with
the time-of-flight method. This combination makes the experiments
on measuring neutron capture cross-sections fairly effective and
allows us to obtain detailed information in a wide energy range of
neutrons. At the present time the method based on detecting prompt
[ ~-rays of capture is employed in many laboratories. Let us go in-~
to details of this method.-

2.2. The Method of Detecting Prompt Capture )’-Raya

At the neutron radiative capture for the time less than
s only one or a few J -quanta are emitted with a total ener-

10”14

gy almost equal to the sum of neutron binding energy in a compounda
nucleus and the neutron kinetic energy (U = Bn + En). The average
number of emitted Y ~quanta ("multiplicity") M varies from 1 to 4
or more and depends on concrete properties of the compound nuclei.
For light nuclei and nuclei near by the closed shells M = 1 - 2
and the ¥ -ray spectra are hard (Ey = 5 - 8 MeV), For most medium
and heavy nuclei the multiplicity is 3 - 4 and the average energy
of capture f-rays is 1.5 - 2 MeV. In a number of cages a change

of spectra and multiplicity of prompt capture ¥ -rays in passing
from one neutron resonance to another and also in varying the neut-
ron energy in the unresolved resonance region is observed. In the
latter case the ¥ -ray spectrum variation is due to the change of
the contribution of neutrons with different orbital momenta. These ’
circumstances make the main demand on the method of detecting
events of neutron radiative capture by the prompt d’-rays. The de-
tector must be insensitive to the spectrum and multiplicity of

K -reys.

There are two ways of solving this problem. The first one is
the use of the total absorption detector, which detects all cap-
ture events regardless of the spectrum distribution of J¥ -quanta.
A large liquid scintillation detector (LLSD), which is often called
a scintillation tank, is one of such detectors. The second way con-
sists in using detectors whose detection efficiency may be unam-
blguously related to the total energy of the emitted J -quanta cag-
cade, Among these are the Moxon-Ray detector (MRD) and “total ener-—
gy" detectors (TED).

The scintillation tanks used for measuring fast neutron cap-
ture cross-sections have been developed in a number of laboratories.
Their volume varies from some dozens of litres te 4000 1. The num-
ber of photomultipliers used for collecting light in large detectox
cen reach a hundred and in small detectors, about a dozen. In these
detectors the 4} -geometry of J -ray detection is realized. For
this purpose provision is made for an open channel ressing through
the detector centre, in which the sample is located and the neutron
beam travels. To decrease absorption of neutrons scattered in the
sample, the channel walls are made of a material with poor absorp-
tion properties and up to 50% of trimethyl borate, which suppresses
the absorption of moderated neutrong in the scintillator hydrogen,
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Pig. 2. A general view of the 17-1 scintillaiion tank uged for
meaguring neutron radiative capture cross-sections in Ob-
ninsk.

is added into the scintillator. In the detector with a small volume
(17 1) it turned out that a heavy scintillator free of hydrogen on
the basis of hexafluorine benzene can be used. In designing scin-
tillation tanks one eims at obtaining 0.9 = 0.95 probability of
interaction of at least one l ~quantum from the capture prompt ¥ -
ray cascade. In this case the actual efficiency of capture event
detection at the threshold of 1.5 - 2 MeV is ~ 50%, the sensiti-
vity to scattered neutrons at the emergy of 100 keV is 10”4 = 1072,

The necessity of using & high threshold of detection results in
the increase of detector sensitivity to ) -ray spectra variations.
Making corrections to the zero threshold by means of extrapolating
the amplitude spectrum, one can compensate for this increase but
it significantly complicates the measuring procedure. The total
error of measuring fast neutron capture cross-sections by a sgcin-
tillator tank, which is related to the J -ray sensitivity for nu-
clei with M = 2 - 5, ig 5 =~ 7%. Fig. 2 shows a general view of the
scintillation tank of the 17-1 volumg used for measuring neutron
capture cross-sections in Obninsk. In this detector two types of
gcintillators are used:

» nonhydrogenous (06F6) and

+ hydrogenous with the addition of 60% of trimethyl borate -
(the concentration ratio of hydrogen and boron atoms is 15:1).
Fig. 3 presents amplitude spectra of this detector response in de-
tecting single ) -quanta (Ey = 4.43 MeV from the Pu-Be source)
and multi-quantum events with M =¥ 6 (2°2cz, Ey = 0.8 MeV). Since
the scintillation tanks have a greater efficiency of detecting
capture events, they are noticeably sensitive to the ¥ -ray spect-
rum and have a fairly high level of intrinsic background due to
the cosmic radiation and natural radiocactivity (1 -~ 100 puls./s).

An attempt to exclude the dependence of neutron capture event
detection efficiency on multiplicity and )’ -ray spectrum shape
for small-sized detectors with insignificant intringic background
resulted in using counters whose efficiepcy is proportional to the
the single I -quante energy. A version of such a detector consis-
ting of & thick (1 - 2 em) graphitic r bismuthic) radiator and a
flat plastic scintillator 0.2 ~ 7 mm thick was named the Moxon-Ray
detector. It is characterized by the response to Jf-rays with the
energy above 200 keV in the form of a peask +v 20% wide with the
energy of o 100 keV and linear dependence of single r-quanta de-~
tection efficiency on their energies 6.(E'ai) = cNE yi’ defined
by the character of W -ray interaction and passage of Compton
electrons through the radietor, That is why the number of counts
of such a detector is proportional to the number of capture events,
whatever their spectrum and multiplicity:
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Fig. 3. Amplitude spectra obtained in detecting " ~rays with the
energy of 4.43 HeV from the Pu~Be source and 252(1! fission
eventg with the help of the 17-1 scintillation tank,

This relation is true under the condition that from the whole cas-
cade only one J -quantum is detected, i.e. & (Ey,) must be in-
significant. Since the efficiency of capture event detection is
low (less than 5%), the MRD is small-sized and has minor intrinsic
background and neutron gensitivity. It enables us to use this de-
tector for the experiments at the electrostatic accelerator under
the conditions of short path-lengths (up to 5 - 7 cm).

The next step in the development of the capture event detec~
tion technique was the total energy detector (TED) employing a
method of a weight function suggested by Maier-Leibnitz (ref. 6 )
for obtaining the total energy of I'—rays'from the A (V') ampli-

tude spectra. The G (V') weight function may be found by solving
the integral equation:

Ey
é'(E, 'R
where W (E,‘If) is a function of response to single Y -quanta with
the energy Ey, & (Ey)R is the probability of ¥ -quanta de-
tection. The weight function is usually a polinomial of the second
or third order. The total energy of X ~-rays passed through the de~
tector in detecting the A (97) emplitude spectrum is: '

<

Q= J AN e (V) ar

This relagion is also true for determining the total energy in the
cagse of a ‘ -ray cascade and, consequently, for determining the
the number of such events, if the total energy of Y -rays in the
cagcade is fixed and known, ag in the case of capture event de-~
tection. At that, as in the case of the MRD, a regtriction is pla-
ced on the TED efficiency value, so as to provide that not more
than one X ~quantum from the cascade will be detected. However,
this limiting condition may be removed by proper selection of the
weight function. As it was shown by the recent investigations car-
ried out in Obninsk, the }'-ray total energy may be regenerated

Jc(w)w (Ey V) av =
]

with the accuracy of 2 - 3% from the amplitude spectra of the 17-1
gcintillation tank with the use of the weight function of the type:

G (v) = C'U-0.39IV1.75

Though the cascade "-quanta energy summation takes place appre-
ciably in the detector of this type, the introduction of dependence
on the total energy U into the weight function provides for the
preservation of capture event detection efficiency with an accu-
racy of 2 - 3% for a great variety of conditions, i.e., in changing
multiplicity from 1 to 5 and total energy, from 4 to 10 MeV.

The improvement of the method of determining the total ¥ -
ray energy results in the fact that recently the TED has become
the mein ingtrument for measuring neutron capture cross-sections
by prompt X ~rays. Several laboratories started employing scin-
tillators on the deuterobenzene (CGDS) basis in such detectors and,
es a result, the sensitivity to scattered neutrons was decreased
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to the value of 10”4 = 1077, Owing to these achievements, reliable
measurements of fast neutron capture cross-sections proved to be
possible for & number of gtructural materials,

2.3. Experimental Facility

Nowadays, the majority of fast neutron capture cross-—section
measurements have been carried out at the time-of-flight apectro-
meter on the basis of the linear electron accelerator (LINAC) and
the Van de Graaf electrogstatic generators (EG). The investigations
of fast neutron capture cross—sections are also performed at neut-
ron spectrometers on the basis of a pulsed fast reactor, synchro-~ |
cyclotrons and, begides, at slowing-down time gpectrometers in lead.

The spectrometers based on the LINAC (ORELA in the USA, GELINA
in Belgium, Fakel in the USSR, etc.) are rather complex and expen-
sive installations. The source of fast neutrons with a continuous
spectrum of an average energy of + 1 MeV ig a braking target of
heavy elements (uranium, tantelum). For softening the neutron spec~
trum a polyethylene moderator 2 — 4 cm thick is used. The measure-
ments of capture cross—sections at these installations are usually
carried out at path lengths of 30 = 50 m and a burst duration of
4 - 5 ns. An important advantage of neutron spectrometers on the
LINAC basis 1s & possibility to cover a great energy range from
the thermal energles to several MeV., It enables us to make absolute
measurements of fast neutron capture cross-sections employing the
saturated resonance procedure. However, using these installations
for the experiments on capture cross—-sections we run into certain
difficulties in determining the detector background value in the
neutron energy range above 5 = 10 keV, which in this case is se=
veral times higher than the useful effect value and is in complex
dependence on the neutron energy. The routine procedure of back-
ground measuring by using black resonant filters may cause an in-
correct determination of the background value /7/ , which is one
of the main reasons for systematic discrepancy in the results of
measuring & number of fast neutron capture cross-sections.

A great amount of experimental data on fast neutron capture
crogg-gections was obtained at electrostatic accelerators operat-
ing in & pulse ns mode (Karlsruhe, Obninsk, etc.). Experimental
procedures at these relatively simple and inexpensive plants are
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Fig. 4. A layout of the fast and resonance neutron spectrometer on
the basis of the Van de Graaf pulsed accelerator of EG-1
in Obninsk.

in the process of congtant updating. In particular, at the EG-1
accelerator in Obninsk a resonance neutron spectrometer mode has
recently been put into effect, which enabled us to essentially ex~
pand the potentielities of the plant and to make absolute measure-
ments employing the saturated resonance procedurez’B/’. Fig., 4
showa the installation diagram. As a source of neutrons with the
continuous spectrum both in the fagt neutron region (3 - 1000 keV)
and in the resonance one (2 -~ 100 eV) the reaction 7Li (p, n)7Be
is used. At path lengths of 2 -~ 2.7 m and, in some experimenis, of
0.4 = 0.7 m the capture event detector (scintillation tank of 17 1)
and neutron spectrum measurement detectors (a thin glass scintil-~
lator with 6Li and detector with & boron plate) were placed. The
equipment spectra obtained in the fast neutron and resonance re~
gions are shown in fig. 5. At fast neutron measurements the beam
is always shuttered by a sodium filter 7 mm thick, which permits
the energy scale to be monitored in each operating series and, to-
gether with the region close to the ) -peak, the background value
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to be determined. Fx the measurements in the resonance region the
cadmium and indium filters are used for the same purposes as well
as for eliminating recycled neutrons. In the resonance region the
first resonances in uranium, tantalum and gold are saturated. The
experimentally measured counting rates of capture events Nc and
neutron flux monitor Nm in the resonance and fast energy ranges
(fig. 5) can be represented in the following form:
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Fig. 5. Instrumental time-of-flight spectra of the experiment on

measuring capture cross-sections at the instellation in
Obninsk. 1 - time spectra in the resonance neutiron region;
the neutron beam is shuttered by filters of indium end cad-
mium; the channel scale value is 0.1 ms; (a) the neutron
spectrum measured by & detector with the "Li glass; (b),
(c), (d) capture event gpectra measured by the scintillator
tank with gamples of 238U, 1B1Ta, 197Au. 2 - time spectra
in the fast neutron region; the channel scale value is

2.2 ng/channel; (a) the capture event spectrum in the 151,
sample measured by the scintillator tank; the neutron beam
is shuttered by filters of 23ila and Teflon; (b) the neutron
epectrum measured by a detector with the "Li glass; the beam
is shuttered by a 23Ha filter.
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The indices "r" and "f" refer to tests in the resonance and fast
regions, ¢ is the flux of incident neutrons on the sample, £ ¢ is
the efficiency of capture events detection, 6'm ig the crogs-sec-
tion of the "Li (n,d ) T reaction, g q 18 the inherent efficiency
of the monitor's detection, n ig the captive sample thickness.
Combining these ratios, we can obtain the capture neutron cross-

section in the fast . region:
f £
6 h ¢ = (NC/Nm) Pc 6‘ m
c r r
(x /N n O n

In the saturated resonances Pc=! 1. That is why to obtain the ab-
solute value of a capture cross-section in addition to experimen-
tally measured valuesé we must know only one value, i.e. the re-
lative travel of the Li (n,dl ) T reaction cross-section, which
follows the law 1/¢ in the wide neutron energy range.

Within this procedure with the use of the saturated resonance
for the scintillator tank with the 17-1 capacity the weight func-
tion method was also realized, which permitted the experiment er-
rors due to the differences of X -ray capture spectra for diffe-
rent nuclei and neutron energies to be minimized. At the insgtalla-
tion gystematic investigations of fast neutron capture cross-sec-
tions for a great number of nuclei are carried out with the use of
separated isotope samples, basically.

It should be noted that the possibilities of improving the
perameters of experimental installations on electrostatic accele-
rators are far from being exhausted. This is shown in fig. 6 re-
presenting the comparison of neutron flux density at the sample
with a similar resolution at the ORELA spectrometer and at the
electrogstatic accelerator.
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Fig. 6. Comparison of neutron flux density value at the sample in
measuring capture cross-sections at the ORELA spectrometer
and at that of fast and resonance neutrons on the basis of
the Van de Graaf accelerator in Obninsk at the identical
energy resolution gshown at the top of the figure. Numbers
in brackets stand for the path lenzth value,

3. SOME RESULTS OF FAST NEUTRON CAPTURE CROSS~SECTION MEASUREMENTS

3.1. Nuclear Data for Fast Reactors

One of the key constants for calculating fast breeder reac-
tors is the "“alpha" 239Pu value equal to the fission-to-capture
ratio (Gc/Gf)' The value o( directly affects the most essential
characteristics of a fast reactor. For example, the change of the
o 239y value, which is average over the spectrum, by 5% results
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in the change of breeding ratio by 2%. Nevertheless, even in the
early TOes there existed a great uncertainty in the d 239Pu value
(fig. 7), which caused a serious anxiety concerning the usefulness
of developing nuclear engineering with fast neutron breeder re-
ectors. In the period from 1970 to 1975 a great amount of measu-
rements of the . value wag made. These investigations are diffi-
cult due to a necessity of identifying capture events on the back-
ground of more likely processes of fission and scattering of neut-
rons in the presence of considerable radioactive background. As &
result of these studies our knowledge of the &~ 239Pu value hasg
been substantially 1mproved-(f1g. 8) and its error in the energy
range pertaining to the fast Teactors is as low as 5 - 7%, while
the accuracy of knowing the average meaning of d over the fast
reactor spectrum is 3 - 5% now /9/.

The second important reactor constant is the fast neutron cap-
ture cross-sgection in 238U. That is the process determining the
rate of reprocessing the new 239Pu fuel, The peculiarity of the
neutron cepture cross-section in a 238U even-even nucleus lies in
the fact that the strong resonance structure in it manifests it-
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Fig. 8. The enercy dependence of the A ~value of 239I’u in the re-
gion of 1 keV - 1 HeV: the Kononov's estimate; — the
Poletaev's gs.sf:pnate f9]; ® results of measurements obtained
in Obninsk; H the summary results of measurements in
Oak Ridge. e

gelf up to the neutron energies of several dozens of keV. There~
fore, in the breeding blanket where the 238U nuclei concentration
is great a noticeable decrease of neutron absorption takes place
as a result of the resonance self-shielding effect. The factor of
the neutron capture cross-gection resonance gelf-ghielding in 238U
for a fast power reactor is fc=f 0.75, which causes a reduction

~in the average operating capture cross-section in 238U from -~ 0.4
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to ~ 0.3bn and displaces the neutron balance not in favour of nu~

clear fuel breeding. The modern requirements to the accuracy of the
fast neutron capture cross-section knowledge and that of the fc
value in 238y are 2.5 - 3%, Yet, at the present time this accura-
cy level is far from being reached.

In the neutron energy range up to ~ 500 keV the main experi-
mental results on the capture cross—sgection in 238U were obtained
et the resonance neutron spectrometers on the bagis of LINAC. De-~
spite the great attention paid to obtaining these data in the la-
boratories in Harwell, Oak Ridge and others, the disagreement bet-
ween the results of different laboratories is substantial and re-

aches 20 ~ 30%. Probably, these disagreements are caused by the in-
adequacy of the background measuring procedure. Recently, the ab-

solute measurements of neutron capture cross-sections and resonence
self-shielding factors in 238U have been carried out at the spectro
meter of fast and resonance neutrons on the basgis of the EG-~1 elec~
trostatic accelerator in Obninsk /10/ . The measurement conditions

in this experiment greatly differ from those at the LINAC, The ex-
pected accuracy of these measurements is 3 - 5% in the most part of
the neutron energy range interesting from the point of view of fast

reactors.

Together with the nuclear data for fuel-and-raw materials,
those on capture cross-sections for structural materiels (isotopes
of iron, chromium, nickel, molybdenum, etc.,) and fission products
are of equal interest. In this direction a great amount of measure-~
ments have also been made. In particular, in Obninsk they have ob-
tained a lot of experimental data on cross-sections of fast neutron
capture by the rare-earth element igotpes, many of which are impor-
tant fission products. However, in this field of resgearches the
needs of nuclear engineering for nuclear data have not been fully
satisfied /4/ .

3.2. Nuclear-Physical Investigations

In the radiative capture reaction a noticeable contribution
of neutrons with a nonzero orbital momentum manifests itself even
at the neutron energy of some keV, which is due to the lack of cen-
trifugal barrier in the reaction outlet channel. Besides, the radi-
ative capture reaction cross~section is a result of competition with

emitting elastically and inelastically scattered neutrons and the
contribution of the partial l-wave may be written in the following
gimplified form:

GIIM

2L + 1
le snl (kR)

1
x2 3 2L + 1
k E Sat & 25m (kR)

where S i1 and Snl are the reduced radiative and neutron strength
functions, & 1 and & o are the spin factors; in the neutron energy
range under consideration (kR) << 1, For S-neutrons usually

£ 2 Sn1 (kR)a} + 15y E 1 S y1 even at the neutron energy of some

hundreds of eV and the partial capture cross-section in the keV re-
gion for them is 6’73 ~ 1/E, For p- and d-neutrons there are re-
gions in which the partial capture cross-section 611 ~ (k_R)21 + 1,
i.e. they grow with the increase of neutron energy (if‘Eé Snl'
-(kR)21 + g 51 88'1) and the regionsin which the contribution
of waves with 1 # O is "saturated” and the partial croas-seotions
become decreasing:

6,1'-’ 1/E (wheve & , 5., (R)Z+ 15 g 5 y2)
This peculiarity of the energy dependence of s-~, p- and d-neutron
contribution to the total average neutron capture cross-section is
the bagigs for its decomposition into partial contributions in the
neutron energy range of 1 - 300 keV, In the neutron energy range of
100 = 300 keV the contribution of neutrons with 1 & 3 is insigni-
ficant as yet, but the primery levels of many nuclei lie in this
region and under favourable conditions the inelastic scattering
channel can open up. The even-even nuclei having a collective level
with Jﬁ' = 2% in this energy range are of special interest. Accord-
ing to the law of momentum and parity conservation, the inelastic
acattering of incident g-, p- and d-neutrong with the excitation of
the 2% level of the even-even target nucleus results in neutron
emigsion with the orbital momenta 2, 1 and O, respectively. Since
the permeabllity of the nuclear surface for outgoing inelastically
scattered neutrons with the nonzero momentum is strongly suppressed
by the presence of the centrifugal barrier, the competition of the
inelastic scatiering opening chammel ageinst the radiative capture
results, first of all, in the suppression of partial contribution
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due to the d-neutron capture. This peculiarity of the even-even nu-
clei capture cross-section behaviour close to the first 2% level
enables us to evaluate the contribution to the d-wave capture cross-
section and to determine neutron strength functions reliably enough.

Fig. 9 shows partial contributions of the s-, p- and d-neut-
rons to the radiative capture cross-section in the energy range of
5-300 keV for 1'°In and '7%Er, which reflect the peculiarities of
tﬁé behaviour of neutron contributions with different orbital momen-
ta for the nuclei in the S1 maximum region and even-even nuclei in
the S, and 82 maximum regions. In addition to the neutron strength
functions the average radiative capture cross-sections depend also
on the magnitude of the relation <{*y>/< D>. Though separate data
on the radiative width and dengity of levels cannot be obtained from
the average cross-section analysis, their relation called by analo-
gy the radiative strength function is also of & certain interest.
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Fig. 9. Partial contributions of s-, p- and d-neutrons to neutron
radiative capture cross-asections for 1151n and 17()I.':r.

When analysing average capture cross-sections, the one cal-
culated within the statistical theory is fitted to the measured one.
The fitting parameters are the neutron S1 and S2 and the radiative
strength functions. As a rule, the average capture cross-sections

are not highly sengitive to the So value. Recently, the method of

average capture cross-section analysis has been constantly im-
proved both from the point of view of closer consideration of a
number of factors in calculating capture cross-sections within the
statistical theory ( taking into account fluctuations of neutron
widths, energy dependence of the total radiation width and nuclear
level density, as well as inelastic scattering) and in terms of ob-
taining more reliable experimental data on neutron cepture cross-
sections in a wide range of neutron energy.

In the recent studies carried out in Obninsk the experimental
data on average capture cross-sections for & large group of rare-
earth nuclei have been obtained. The measurements were made at a
nanosecond time-of-flight spectrometer on the basis of & pulsed Van
de Graaf accelerator and covered the neutron energy range of 5 -

-~ 350 keV. When analysing the capture cross~sections obtained with-
in the statistical theory frame, it turned out that it is important
to describe the experimental data error with the use of a covariance
matrix, since the main components of the measured cross-section er-
ror are of a gystematic character. It enables us to be more strict
in determining the cross-section curve obtained in the experiment
and, consequently, to derive the information contained on average
resonance parameters to a better extent, Fig. 10 presents the re-
sults of measurements and analysis of capture cross-~sections for
isotopes of 166, 168, 170Er. The results of these studies show that
for the nuclei investigated in the rare-earth region (isotopes of
Nd, Sm, Eu, G4, Dy, etc.) within the accuracy limit of experimental
data there are no essential deviations from the description of ave-
rage neutron capture crogs-sections within the statistical theory .
of nuclear reactions. The data obtained on neutron strength func-
tions for the d-neutrons have an accuracy of 15 - 20% and confirm
the presence of the maximum (3 d-resonance) in S, in this region of
nuclei (fig. 11). Besides, on the basis of these results one can
assume possible splitting of the 3 d-resonances.

Moreover, as & result of these investigations new data on the
anomalous dependence of nuclear level density for a number of rare-
earth isotopes were obtained, as well as an indication of a possihle
systematic difference between radiative strength functions for neut-

rong with different orbitel momenta. |
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Fig.10. Neutron radiative capture cross-scctions for erbium isotopee
Dots stand for experimental data, lines, for calculation
results according to the statistical theory.

These examples illustrate what can be derived from fagt neut-
ron radiative capture cross-pections for the study of highly-excited
nuclei structure,

3.3. The Neutron Radiative Capture and Heavy Element Genesis

The first detailed experimental date on the fast neutron ra-
dietive capture cross-sections for a wide range of nuclei obtained
(1946)by Hughes et al.enabled Alfer, Bethe and Gamow to establish
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Fig.11, Neutron strength functions for d-neutrons. Experimental da-
ta: @ from the enalysis of lon cross-sections; # from the
analysis of ncutron capture cross—sections obtained in Ob~
ningk. Calculation results: ..,. the spherical optical mo-
dely = - ~,

the channel strong coupling method.

correlation between the natural abundance of chemical elements and
their nuclear properties. From this time on the neutron capture
cross-gection investigations are closely related to the theories

of heavy element genesis in the universe, primarily, with the s-pro-
cess model, according to which the heavy element genesis happened
as a slow (as compared with the }-—decay periods) successive cap-
ture of neutron by nuclides being in the P -stability band. The suc-
cess of the s-process model was mostly due-to the correlation obe
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gerved between the abundance of isotopes and neutron capture cross-
sections for a chain of isotopes of strontium, zirconium, tin, tel-
lurium, samarium, among which there were nuclides whose genesis was
related to one s-process (shielded nuclei),

The problem of element fusion in the s-process can be consi-
dered as a successive slow (relative to the ~decay) neutron cap-
ture by the original nuclei Ao of the iron group, which is described
by a system of conventional differential equations:

av, ,T)

—— = -6, ) ¥ (D)

eV, 7Ty . .
—yi—%—-o‘c W /[yu-1,7)-¥ u0)f

where W (A17:) - Gc (A)°N (4, ), 6lc (A) is the neutron capture
cross-gsection for a nuclide A, N (A12') is the number of accumulated
nuclides A depending on the integral - radiation dose f-f¢ ndt

by the neutron flux ¢rr For heavy nuclei with fairly large neutron
capture cross-sections in the s-process the equilibrium between ac-

cumulation and burn-up of the given nuclide is established, which re-

sults in the observed constant product of the neutron capture cross-
section by the abundance.

Though this system has an analytical solution, it is diffi-
cult to use it due to the uncertainty of the data available on cap-
ture cross-sections and the solution divergence. That is why Klei-
ton et al. developed the approximation method of obtaining the so-
lution, as & result of which we could quantitatively analyse the
data on natural abundance of elements within the s-process model.

Later, in Obninsk the solution of the gystem describing heavy
element fusion in the s-process was made with the help of the ana-
log computer (AC) "Baykal" /3/ . The neutron radiative capture cros
sections necessary for the solution of the problem at the energy of
25 keV for all nuclei partigipating.in the g-process were taken
from the experiment and calculated within the statistical theory of
nuclear reactions on the basis of the systematics of the parameters
of nuclear level density and radiative widths. The cross-sections
used, both experimental and estimated, are given in fig. 12. Some
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of the results obtained for ¥ (A1ZT) are showvn in fig. 13. The

form of the solutions appeared to be similar to that obiained by
Kleiton. Note that the gystem solutions obtained are not highly sen-
gitive to the value C?C, except for regions with an insignificant
value of capture cross-sections (near-magic nuclei, those of the
group of iron, cobalt, nickel)., The comparison of dependences of the
V’(A1zr ) solutions on A at the fixed values of ¢ with the values
(CT;-H) known from the experiment for nuclei formed basically in

the s-process (given in fig. 13) confirmed the fact that we failed
to explain the element abundance observed by the effect of only one
fixed meaning of the integral neutron flux for the whole region of
nuclei masses A = 60 ~ 210,



! Fig. 14 shows the 'dependence of the product of a neutron cap-
ture cross-section at an average energy of 25 keV by abundance on
the atomic weight taken from rei’./.’i/. The dots stand for experi-

- mental or estimated data (capture crogs-section calculation within
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tain nuclei (a) and depending on the atomic weight A at the
fixed values of & (b). The initial smount of nuclei is
56pe (56.0) = 1.

calculated neutron capture cross-sections; 4 nuclei formed
mogtly in the s-process, experimental neutron capture cross~
sections.



147

the statistical theory) basically for the nuclei formed in the s-
process. The lines indicate the calculation results for various as-
sumptions on the function of neutron integral flux distributioq}%fj.

We succeeded in obtaining the best description of the experi-
mental data on the dependence of the product of a capture cross-sec-
tion by abundance when using the distribution function:

LT =6 exp (-T/T)) + 6y exp (-T/T))
where G, = 2.3°10%, € = 0.22mwn™", G, = 1.6010°, €, = 0,059 mbn™’,
The calculation results with this distribution function are given
in fig. 14 by & solid line. In using this distribution the expe-
rimental data in the region of lead have & better description, too.
The distribution functions in the form of a sum of two exponents
can be assigned a physical meaning on the assumption that two
stages of element fusion are present in the s-process with two types
of neutron sources.

Since our paper/ 3/ was published, there appeared new data
both on the radiative capture cross-~sections and natural abundance
of elements, which, on the whole, confirmed the concepts of the s-
process model of the heavy element formation under the conditions
of integral neutron flux superposition. In Karlsruhe from the ana-
lysis of the s-process branching in the region of 176Lu and using
this meaning of Zfo the age of the Universe vasg estimated at 6°1O9
years, which agreed with the estimate of 7'109 years obtained by
using the 238U - Th clock. Thus, the use of the experimental da-
ta on the fast neutron radiative capture cross-sections enables us
to reconstruct the genesis of a lot of heavy elements, as well as
to establish the chronology of evolution of the Galaxy.
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INVESTIGATIONS OF WEAK INTERACTIONS
WITH POLARIZED NEUTRONS
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Abstract !

The neutron-polarized experiments in beta-decay and nu-
cleon-nucleon interactions, which have considerably contribu-
ted to formation and development of the weak-interaction the-
ory, are discussed in the present lecture,

The modern theory of weak interaction is a consistent one,
covering decay of various particles within a wide energy range
and considering different properties of particles. Recently, new
particles, vector bosons, predicted by this theory, have been dis-
covered, The discovery of these particles is a new step towards
unification of the theories of electromagnetic and weak interac-
tions. Seeing such e& great progress made in understanding of weak-
interaction processes, it is difficult to imagine that as far back
as at the beginning of this century the science did not know any-
thing about weak interactions, that the first theoxry of nuclear P~—
decay was spuggested by E.Fermi only fifty years ago and non-conser-
vation of parity, the fundamental property of weak interaciion, was
discovered only twenty five years ago,

During this time the weak interaction theory has been worked
up from the Fermi's ﬂ ~decay theory to the universal four-fermion
weak interaction theory (Gell-Mann, Feynmann, Marshak, Sudarshan)
and further to the Weinberg-Salama theory eliminating the locality
difficulties and succeeding in unification of the weak and elect-
romagnetic interactions.

Progress in understanding the weak interaction is the result
of a wide number of experiments both in the high and low energy
regions,

The present lecture will be restricted to a minor part of
these experiments, those associated with use of polarized neutrons.

Vhy are the polarized neutrons an important tool in the inves-
tigations of the weak interaction?

First, in the case of complex nuclei the strong interaction of
nucleons affects manifestation of the weak interaction in A -decay,
The free neutron decay occurs outside the nucleus. Therefore investi-
gation of the neutron p -decay permits the information about the
Hamiltonian of the week interaction to be obtained withaat limitations
imposed by inaccurate mowledge of the nuclear structure.

Second, the characteristic feature of weak interaction is that
they do not converse parity. The non~conservetion of parity manifests
itself in distribution of the directions of particle emissions with
regpect to the gpin of the decaying nucleus. For investigations of
the weak interaction processes polarized neutron sources are necded.
Therefore it is important that there are techniques for obtaining hi-
ghly polarized neutron beams.

Third, information about the neutrino produced in g -decay can
only be obteined by registration of recoil nuclei. When the neutron
beam is used as the gaseous source of ~decay the registration of
recoil protons is carried out gimply enough.

Finally, for studying the weak interaction in nucleon-nucleon
interactions it is important that neutrons have no electric charge.

Neutron decay is a process which could permit all the problems
of P ~decay investigation to be solved. However, this possibility
is restricted by ingufficient iniensity of nolarized neutron beams.
Development of the technique of producing neutron beams of higher
intensity makes it possible to obtain higher accuracies of inves-
tigations.

The modern theory of the weak interaction has been developed
on the basis of the ~decay theory suggested by E.Fermi in 1934.
The essence of the theory was that the electron and neutrino emitted
in P ~decay of the particle are born at the moment of f;—decay.
Fermi detexrmined the P ~interaction Hamiltonian as the operator
of neutron transformation to proton and Dirac's wave functions of
the four particles, neutron, proton, electron and neutrino, invol-
ved in the process. In the most general interaction invariant the
Hamiltonian expression may have five variants of interaction: scalar s,
tensor T, polar-vector V, eximl-vector A and pseudoscalar P coup-
lings. The names of the interactions are due to the form of cdnver-



149

sion of component combinations for possible Dirac functions. In the
allowed ~transitions, end the neutron decay is one of them, the
psendoscalar varient cannot manifest itself. The rest may give
different contributions to the weak interaction Hamiltonian. Since
verious variants predict essentially different properties of the
weak interaction, the contributions of individual veriants are to be
determined by the experiment. In the general form, with allowance
for possidble difference in comstanta for different parity and under
assumption of their complexity, these contributions may be chara-
oterized with sixteen constants. Sixteen independent experiments are
to be conducted for their complete experimental determination. So
far such & complete get of experiments has not been carried out.
Using assumptions based on scarce experimental data, it is possible
nevertheless to find out relations between the constants. In or-
der to reduce the number of constants to four:
it is necessary to use apsumptions on the time parity (constant re-
ality) and on complete non-conservation of the space parity.

In the case of neutron ~decay the probability of decay at
glven directions of electron and neutrino-emission with respect to
the neutron apin is determined by

o Ve - - o~ o, ot e g
wet+ Ea(f7)p[ BA(RS) RE) 2 28RA])
whereFL;E' are the unit vectors of the directions of electron

and neutrino emissions, is the polarization direction, £ 1is the
degree of beam polarization, :g? and a,A,B and D are the

electron-neutrino, electron spin, neutrino spin and three-vector cor-

relation coefficientas.

The correlation coefficients are the functions of the weak in-
teraction constants. Therefore three coefficients a,A and B toge-
ther with f’(_’ , neutron life-time characteristic, permit four in-
dependent equations to be obtained for experimental determination
of the contributions of four types of interaction.

The coefficient D ig determined by imaginary parts of the weak
interaction constants which may be nonzero in the cese of violation
of T ~invariance.

Let us congider the experiments on inveatigation of P-decay
of polarized neutrons, which have been carried out.

ds . C", ’ C" and(’,

p.Tnvariance and Reality of Constants

In the decay of K mesons the decay to 2s meson have been ob-
served in addition to common 3% meson decay. This process viola-
tes T-invariance, IS this violation generally typical of weak in-
teraction? To answer this question experiments on search for ef-
fects violating T -invarience in the neutron decay were carried
out.

The expression for decay probability contains temrm

28 ';'B',] , where & is the neutron spin, ﬁ: and ,5; are the
wnit vectors in the direction of electron and neutrino emission.
This term changes its sign in transition from t to -t . Theretore,
it T-invarisnce in -decay ia violated the decay probabilities
for t end -t are different and the coefficient D characterizing
the degree of the invariance violation will prove to be
nonzero, To £ind D # O it is not necessary to change the time direc-
tion. It is easy to see that E?[Fijﬁ] also changes the
sign when G- -G . For separation Es'[,‘::ﬁ'.,] com-
bination one must select the directions of &, pe sud py
vectors, so that their averaged directions would be mutually or-
thogonel, and compare the decay probability for two directions
of the neutron beam polarization vector.

The direction Zz. is determined by the position of the
decay electron detector relative to the beam. In the experiments
carried out at the I.V.Kurchatov Institute of. Atomic Energy
the direction of neutrino emission was determined using the time-
of-£1ight proton spectrometry method, when protons pass the field-
free region in the direction normal to the common axis of the
electron detectors. This method selects the decay events with
neutrine emission of definite angle cone whose axis is normal to the
common axis of the electron detectors to be selected.

The essence of the method is schematically shown in Fig.1l. In
the recording of protons with fi> P s %A + .04 Bmax the
decay events with neutrino emission within the solid angle limited
with & are selected, Fig.2 presents the setup of the experi-
ment performed in 1968, which realizes this idea. For the proton
spectrometry the time during which the protons paased the field~
free gridded cylinder was measured. Then the protons which have
passed the gridded cylinder were accelerated and focussed to the
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Plg. 2. Measurement of D correlation coefficient,
The scheme of the IAE experiment.
1. p -aetectors 4. Outer oylindric grid
2, fp ~detectors 5. Outer hemisphere
3. Inner gridded cylinder 6. Gridded hemisphere

detector by means of the 25 kV spherical field. The free-field
cylinder was surrounded by an additional coaxial gridded cylinder
Potential .IKI’ applied between the cylinders created an elec-
trostatic mirror to reflect protons back into the field-free region
without altering their velocity components along the proton axis.

Very important is the symmetry of the setup. Two pairs of
the proton and electron detectors placed above and below the beam
in a symmetrical configuration were used. It enabled mmeto compensa-
te for spurious effects which might arise because of inaccuracy
in mutual orthogonality for average values of the directions g'/;
and p, . The measurement results showed that D is zero within
the experimental error: D=—0.01%0.01. Since the coefficient D is
expressed through the imaginary parts of the weak interaction
constants, this result may be given as the angle & between the
complex values (, andCy : @ =(181.3%1.3)%. Thus, the experi-
ment showed that the constants are real but have opposite signs.
Later this experimen: was repeated twice, in 1974 and 1978, using
a more intenge beam. Much attention was given to searching for the
possibility of appearance of spurious asymmetries. The setup was
improved. The system of the gridded cylinder and proton detector
were periodically rotated around the common axis of the proton
detectors. These rotations made it possible to detect and average
apurious effects simulating non-conservation of the time parity
which resulted from azimuthal nonuniformity of recoil recording
proton losses.

A similar experiment was carried out in 1976 by the joint
French-American group in Grenoble. They also used a symmetric
configuration of the experiment setup (Fig 3),but had no proton-
focusing system,which could result in azimuthal nonuniformities
in proton recording at the detector ends. A high beam intensity
permitted to obtain a good statistical accuracy of the result.



Anpular pistribution of Iepton Ymisstion Helative

t0 the Leutron Spin

The relation between electron and neutrino-helicities for V
end A interactions, on the one hand, and S and T interactions, on
31 1 | AT ! | ® the other, have opposite signs, Therefore the questio? on the in-

| f;k : ! teraction torm realized in the nature is very essential.
E
%,

At present all experiments support the V and A varients though
earlier erroneous experiments led to the S and © veriants, Very
important for choice of the V-A variant were studles of polarized

neutron decay.

g
L@

Pig. 3. Measurement of D correlation coefficient,

The scheme of the Grenoble experiment.
1. p -detectors 3. p -detectors

2. Beam cross section 4, Accelerating space

The results of the experiments on search for 7 -invariance
violation are listed in the Table.

N
1@

D 3] Laboratory Year
+0,04 £0,05 (175 ¢ 6)00 ANL 1960 /1/ Pig. 4. Measurement of A and B correlation coefficients.
-0,1410,20 (198 £ 27) Chalk -giver 1960 /2/
- 0,014 0,01 (181.3!1.3)': AR 1968 /3/ The scheme of the first ANL experiment.
- 0,0027% 0,0033 (180,35 % 0'43)0 IAR 1974 /47 1. € -detector 3. Beam cross section
-~ 0,0011% 0,001 (160,14 ¢ 0,22)° JLL 1976 /5/ 2. Gria 4. 2 -detector
+0,0022 * 0,0030 (119,714 0,39)° LAL 1978 /6/ 5. Collimator

'The first experiment was carried out in the Argon Hational

Th t int i i t the
¢ abasence of the strong eraction in the finite atate in Laboratory (ANL). They measured the asymmetry of the cmission

neutron decay case allows one to expect an accuracy or the order of of electrons and neutrinos relative to the direction of the decay-
10-4 to be obtained before the effects principally undistinguisha~ ing neutron spin, The experiment setup is shown in iig.4. Coinciden~
ble from non-conservation of time parity have arisen, Such an accu- ces of pulses from the electron and proton detectors were recorded
racy has not been attained yet and, as a result,new experiments are in two directions of the beam polarizaiion vectors., In the mea-~

151 to be expected in the neareat future, surement of the coefticient A of the electron-spin correlation the
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electron emission direction was determined by the detector's posi-
tion and coincidences were used for selection of decay events.
In the measurement of the coefficient B or the neutrino-spin cor-
relation special collimating slits were used, limiting the proton
emission so that protons associated predominantly with a definite
direction of neutrine emission were recorded,

The Table shows the relation between A and B and various
combinntions of V,A,5 and 1 values,

S+ S5-T V+A V=A lixperiment
A -1.0 -0,1 ~1.0  =U,1 -0, 114%0,019
B ~0,1 -1.0 +0,1  +1.0 10,880,195

Yhe experimental results obviously support the V-A variant, towe-
ver the experiment accuracy did not permit eppreciable (up to 4Up)
contributions of the S and T veriants, Therefore later these expe-
riments were continued both in the USA(ANL) and in the USSR

(I,V.Kurchatov IAk), The experimental setups are shown in Figs 2,5,6.

(s

Pig, 5. Measurement of A and B correlation coefficients,
The scheme of the later ANL experiment,
1. P-detector 3. Grid

2. P-odctoctor 4. Beam n

v
Fig, 6, Measurement of A correlation coefficient,

The scheme of the JAB experiment,
1. P- detector
2, P-detector
3¢ Beam n

4. Spherical electrode
5., Minor spherical grid
6, Diaphragm

For measurement of the neutriuno spin correlation at IAE the
setup described above was used, The direction of the polarization
wes changed so that it would coincide with the neutrino emission
cone exis, From comparison of the number of decays with neutrino
emigsion in the opposite spin directions (Fig.7) it was found that
B=0, 9950, 035.

Pig., 7. The IAE experiment.

1. Time-of-flight proton spectra for
two spin directions

2, Background level




153

0 295ngec t

Pig, 8, The ANL experiment,
Tme-~of=flight proton spectra
a, b - opposite spin directions
1, 2 = polarized and depolarized beams

In ANL the experiment was set up in such o manner that the
decay events were recorded for any direction of ncutrino emisaion
(Fig.9). The spectra of the proton detector decays relative to the
electron one were taken at opposite directions of the spin (Fig.8).
From the shift of the delay spectra it was tfound that #=1,01%0,05.
In the same experiment the coefficient A of the electron-spin
correlation was measured., The counts of decay events by the eleciron
detector were compared for two spin directions, Coincidences with
the protons were theil necessary for suppressing the background,
Howevex, use of the coincidences led to contributing to the change
in counting from the coefficient B because of incomplete collection
of protons, This contribution was taken into account by computing
the experiment model.

At IAE the A determination experiment was made so that there

were no contribution of B, Po this end (see Fig.b) a speciali diaphregn

limited the beam region from which electrons wexre recorded while
e proton collection system was designed so that it ensured complete
recording of the protons produced in this region,

the results of A and B measurements (see the table) are in
good agreement with the V-A variant ot the theory., They permitted
the limitation to possible contribution otr S and 4 to be improved

to 15<10%, Purther improvement of the B determination accuracy is
desirnble, Under assumption of the ahsgence of the S and T contribu-
tions the A meesurement result permits us to obitain a fundamental
velue of the relation between the constants C; and C, in the

weak interaction,

a/c, =-1,261%0,012
Improvement of the technique for obtaining higher intensities
of the polarized neutron beams opens ever new posgibilities in the
neutron decay experiments, At present several experiments are
being prepared in the world, both on refinement of the value of the
correlations described and on investigation ot other, finer, pro-
ceases induced by the weak interaction,

Correlation Coeff, Result Laboxratory Year

(.3,,. A ~0,114£0,019 ANL 1960 71/

(Gp.) <0,11520,008  ANL 1969 /1/
-0,12020,010  IAE 1971 /8/
-0,113%20,006  ANL 1945 /9/
~0,115%20,006  IAE 1976 /10/
~0,114£0,005 IAE 1976 /11/
+0,88¢ 0,15 ANL 1960 /1/

+0,96 £0,40 Chalk-River1y6o /2/
+1,01 20,05 ANL 1970 /12/
+0,995£0,035  IAE 1970 /13/

Vleak Nucleon-Hucleon Interaction

In the '8 -decay case four particles participate in the weak
interaction, two of which are hadrons, and two-leptons: Z+V-rpre
It was found that there are also other processes induced by an in-
teraction of the same power as the weak one., TFor the meson decay

y _"H_y‘*i‘ (or in the symmetric form At )/{‘, -

+@¢+Ye.) To nucleons are involved. All tour particles are
leptons, Tne tieory of universal four-termion weak interaction
suggented that the wenk interaction exists in all the processes
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involving four Fermi-particles., According to this theory the weak
interaction should manifest itself for the nucleon-nucleon case,

too, The difficulty in the experimental verification of this predic-
tion is due to the fact that in the nucleon-nucleon case the weak
interaction occurs simultaneously with the strong one,

The verification became possible due to non-conservation of
perity in the weak interaction, The non-conservation of parity
served as a tag which allowed the weak effects {t¢ be separated
against the background of about the 107 times more intense strong
ones, A weak nucleon-nucleon interaction may give
a number of effects experimentally observable, such as asymmetry
in divergence of a’~quanta in the (n,)' ) reaction, induced by
polarized neutrons ( AJ ), circular polarization of y-quanta
emitted by unpolarized nuclei ( l} ), asymmetry in divergence
of light and heavy fragments in fission caused by polarized neut-
rons ( 4} ), asymmetry in emission of secondary neutrons in this
kind of fisaion, twrn in the direction of the neutron beam
polarization vector when the neutrons pass through the unpolarized
matter, asymmetry in trensmission or polarized neutrons by the
matter for different polarization directions.

It was found that in sowe cases the expected value of the
10~7 effects may be enhanced significantly. The enhancement
coefficient may reach 103--104 and is due to motion of nucleons
in the nucleus which results in hindering processes induced
by the strong interaction,

The first to obtain the experimental results Ap= C-6e1i1.5)1d4
o existence of the nucleon-nucleon weak interaction was the Yu,G.
Abov's group at the Institute of Theoretical and Experimental
Physicas (ITEP) (moscow, 1964), They studied the asymmetry in
divergence of y-quanta produced in the 113Cd(n,3')1]40d reaction.
The divergence asymmetry is caused by the admixture of the parity
prohibited EI <4ransition to the allowed HI transition, In the
experiment it was important to separate 3'-quunta with SlleV energy
corresponding to the given transition because ati 8,5-lieV enexgy
another transition was observed, having inverse asymmetxry., The
measurements were repeated many times both with Cd and with
other elements.

Another effect predicted by the Soviet physicists Vladi-
mirsky and Andreev was discovered by Danilyan et al, at ITEP,too,
They found the effect of asymmetry in divergence of light and
heavy fragments in fission of uranium by polarized neutrons Ay =
=(3.611,0)10." Here enhancement mecheni ams8 gssociated with the stru-
ctural teatures of the compound nucleus manifested themselves
as wall, 3o that it proved to be of the order of 10"4. A detailed
review of experimental works on ﬁlund Aj agymmetry measurenments
was made by Byrne /16/. B

The weak nucleon-nucleon interaction is observed in neutron
optics phenomena, In Grenoble Forte et al., /17/ investigated turm
of the ncutron beam polarization vector in eross polarization, with
neutrons pasping through the Sn sample, A pure nucleon-nucleon in-
teraction predicts small twrn of a spin. The structural treatures of
the nuclei in this case may lead to significant enhancement of
the etfects as well, In the case of two Sn isotopes, for example,
it was found that

P(5n) < (363 227).10 ¢ wdfem
PL5) = (04 8¢L4g).to°¢ 2adfem .

A high value of the effect, obtained using 117Sn, made it pog-~
sible to suggest existence of a new type of interaction which leads
to violation of the space parity., later, however, it was explained
in terms of the weok nucleon-nucleon interaction. Great enhancement
of the effect in 117Sn results from the structure features of the
compound nucleus having the p -level at 1.33 eV, The weok interac-
tion permits mixing the p-and s-levels of different parity, which
is the cause of appearance of the parity-violating effects, This
effect observed in the thermal region should be stronger for neut-
rons having energies corresponding to p-level,

Such an energetic dependence was confirmed in the experiments
with longitudinally polarized neutrons., In this case another effect,
difference in transmission of the neutron beam for two polarizati-
on directions, was observed Instead of that of polarization vector
reversal, Lobashov et al /18/ from the Leningrad Institute of Huc-
lear Physics (LINP) carried out experimenis with 117Sn and found
asymmetry in the transmission cross section, equal to (5,610,0)-10"6,
which agrees with the effect observed at the Laue-Langeving Insti-
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tute (ILL), The experiment was carried out with thermal neutrons,
The seme effect in the resonance energy region was pexrformed at
the Laboratory of Heutron Physics of the Joint Institute for Nuc-
lear Research /19/, At a neutron energy of 1,33 eV the asymmetry
in transition was found to be (4.5%1.3) 10™3 as it had been pre-
dicted, In addition to Sn the same energy dependence was obtained
uging La and Rr,

The set of the above experiments clearly shows that in the
neutron optics the parity-~violating effects are also due to the
weak nucleon-nucleon interaction,

The strong dependence of the effect magnitude on the structure
features of the compound nucleus permitted the measurements of
this type to be used for investigation of the characteristics of
the nuclear levels,

From the view point of investigation of the weak interaction
properties it is of special interest to detect and measure the
effects in the simplest system, neutron~proton interaction, where
no nuclear structure enhancement exists.

In the investigations of the circular polarization of ¥ —quan-
ta in the &+ P —’Jfa’ reaction an effect was observed, which pro-
ved to be stronger than that predicted by the theory. The same re-
action was studied by Cavaignac et al /20/ at ILL in 1977 (see
Fig.Y)., The target containing hydrogen in the state ot parahydrogen
was set in the beam of polarized neutrons, Parahydrogen has a
small scattering cross section and, besgides, it does not depolarize
the neutron beam in scattering due to zero spin, On both sides
of the target two liquid scintillation detectors were placed
which recorded qupantn. The effect to be found was change in

~quanta counting in the reversal of the polaxrization direction,

he measurements with two detectors permitted to exclude the influ-

ence of fluctuations of the reactor power on the effect to be
sought, In the absence of enhancement the effect expected should
be very small, For measuring this effect the method developed
earliexr by V,H,Lobashov (LINP) was used., The common counting sys-
tem did not permit to record such a high intensity of ~quanta,
which would allow the effect of about 10"7 to be measured, The
current system wvue used, ajainst the background of great fiucuta-
tions of the mean current or the photomultiplier the variable

Fig. 9. Neutron-proton interaction,
The scheme of the ILL experiment,
1. Neutron guide
2, Polarizer
J. Collimator

4, Spin-reversal system
5. Hy~target
6. x ~detectors

component synchronous with the frequency of reversal of the pola~
rization direction was observed, "hough it took a prolonged tine,
experiment has not permitted a sufficient accuracy which is

needed for detection of the weak nucleon-nucleon interaction with-
out nuclear enhancement to be attained. The obtained value of the
asymnetry, Ay =(0.6%2,1) 10'7, is in contradiction with the circu-
lar polarization measurements but agrees with the theory predicti-
ong, The interest in detection of the weak neutron-proton interacti-
on is very great and new experimental data should be expected to
appear in the nearest future.

CONCLUSION

In conclusion I would like to emphasize once more that the
experiments with polarized neutrons were not only ones which suppor-
ted development of the weak interaction theory, But nowadays, when
the qualitative experiments have played their part and what is
sought for is clarification of fine effects and reaching accurate
quantitative verification of the theory, the experiments with po-
larized neutrons must become increasingly more important because
the interpretation of their results is determinative and unambigu-
ous, That is why so many efforts are being made to obtain ever
more intense beams of polarized neutrons and new proposals of
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conducting experiments on investigation of the problems of fuﬁ;
damental physics by means of polarized neutrons ere being continu-
ously made.
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NUCLEAR DATA MEASUREMENTS IN NEUTRON EXPERIMENTS AT
STEADY STATE ATOMIC REACTORS

V.P. VERTEBNYI

Institute for Nuclear Research,

Academy of Sciences of Ukrainian SSR,
Kiev, Union of Soviet Socialist Republics

Abstract
A review of intense filtered neutron beam methods
for nuclear data measurements is given, These data may
be useful for many applications including the reactor
physics.

Neutron physics and atomic reactor technology are closely
related since the time of fission discovery. Atomic reactor con-
ceptions, which were usually idealized, were stimulated by neut-
ron physics researches (for example, the "fast breeder reactor"),
Attempts to realize these concepts lead to deviations from the
ideal conception. A new gituation required more precise neutron
data measurements, such as neutron data measurements of new ma-
terials and isotopes (a clear example is the 239Pu alpha problem
in the 70es /1/). Now, neutron cross sections, neutron resonance

parameters are known for all the stable and transectinide 1so-

topes /2/. However, we must not think that these data are complete,

In spite of a lot of successes of the neutron reaction theory, the

precision of neutron cross section parametrization is not high

enough, since meutron strength functions (for the p-wave, especial~

ly) and radiative widths frequently have been measured with not suf-

ticiently high precision. For radioactive isotopes with A < 200,

including radioactive fission products, there are very few neutron

resonance data. In recent times similar efforts in this direc-~
tion have been undertaken in the USSR and IFRG /3/.

It is well known that most neutron data were obtained in neut-
ron physics experiments at pulse neutron sources (charge particle
accelerators, Dubna pulse rcactor IBR); the stationary thermal reac-
tor being amost wide available intense neutron source can also
be used . successfully to obtain the neutron data for reactors and
other applications. The experience of the USSR and other countries
confirms this, Some examples one may find in reference /3/. It should
be noted that thermal reactor is an intense source not only of ther-
mal neutrons, but also of intermediate as well as fast neutrons.
Viasov li, P, et al.at the Kiev atomic reactor have fixed 20 iiev neut-
rons uging thin radiator method, Popov A,B, and Samosvat G, have
fixed even 30 Hev neutrons. A.V,Murzin, V.P,BDibik and author of this
paper in neutron activation experiment on super-pure silicon have
obaserved such reactions as 2851(n,p, )24Na with threshold more than
14 Kev neutron energy and with the theoretical cross section plateau
necar, PThe IRT thermal reactors were used in wide investigations of
inelastic fast neutron scattering by nuclei. These clasaical inves-.
tigations are tabulated in HMoscow-Bagdad atlas /5/. Wide possibili-
ties for neutron physics research with intermediate neutrons were
demonstrated by using the neutrons filtered beams technique in the

region of so-called unresolved resonances.

Heutron Resonances Investigations in Unresolved Region
Using Filtered DBeams
It is curious but after many years of neutron rescnance inves-

tigations average neutron resoncnce parameters are not lkmowvn very
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vell., The reason is connected with large fluctuations of these para-
meters. Consequently, to enlarge the accuracy it 1s necessary to ave-~
rage these parameters using quite a number of resonances,i.e.the ener-
gy interval as wide as poswvible, And this leads consequently to the
energy region, where modern neutron spectroscopy methods do not al-~
low usto resolve the resonances ("unresolved region") and even their
very existence can not be proved by the direct measurements. The
evaluations of average neutron resonance parameters in the unresolv-
ed region moy be mede to some extent with the neutron filtered beam
technique. Recently, 1t has been much developed at the steady-state

atomic reactors afterwards Simpson et al. pioneer experiments /G6/.

Eain ldethodg of

414 er o

Some elements, presumably light and midd-
le have the interfercnce minima in the
total cross section at certain neutron energics. The cross section
may be equal to zcro or to & very small value; for example, scandi-
um has minimum at neutron energy 2 keV (Pig.1). The thick scandium
rod in reactor shield channel, which usually is used for neutron
beam coliimation, will truasmit only the neutrons in the region of

2 keV minimum, i.c. it will work as a filter.

100852 —
~‘......,.Q’“'“.l o
10 ' 1M
lo.'jsc
1
01
001

w0t 100 g0f 100 100 E ()
Fig.i. Total cross section of Scandium upon neutron energy as

measured by Wilson in 1966 (USA).

Pipg.2, Transmission of different thickneas scandium filters upon
neutron energy as measured by KirilYuk A.L., Vorona P.H, et al,
(USSR).

In Fig.2 the Sc filters transmissions of different thiclmcsses
are showvn, as they were measured by Kiriljuk A.L. et al. With using
nearly im~long S¢ rod one can obtain rather good neutron beam with
energy 2 keV., It is not so good as one may think because there are
other minima in the energy region 8-80 keV, which are not so deecp
as 2 keV one. Background from them at some extent may be suppressed
by other substances. In generel, however, for Se¢ filter this backgro-
und is relatively large, near 24. /6,12/.

To obtain the filtered neutron beuwnm with eneryy 24.3 keV, iron
is widely used, its minimum is well mowm by reactor shield const-
ructors., To suppress other Fe minima, aluminiwa end other substan-
ces are usually added. For example, 23 om of iron pius 36 em of Al
and plus of 6.Y cm sulphur transmit quasi-monochromatic beum with

average neutron cnergy E=24,3 keV and peak half height width -
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A B = 2 keV. Silicon filter is also widely used /6,9/. Therc are & ¢

. s , , Examples of the N Filt
two "windows" in Si total cross section at the ncutron energies Examples of the Neutron Pilters
144 and 55 keV, Using 37 cm-silicon rod gives us these peaks; Examples exiracted out of references 3/8~117;

USSR - Obninsk (1970); Dimitrovgrad (1970); Kiev (1973); USA (1978);

their widths at half wmaximum height are 24 keV and 2 keV, corres- Chechoslovakia; FRG, India.

pondinzly. By adding S or Ti rods into the filter it is possib-
Scandium, E, = 2 keV; AE ~0,6 keV

le to choose any of these lines. At the Kiev atomic reactor we

Idaho (MTR, USA); Sc 1067 mm; T4 14 mm; P = 10'n/sec,

usually used monocrystallic silicon., There it was showm /10/ that, Kiev (WWR.M, USSR)s Se 850 P ootz 1080/
=y H mn; o= . n/sec,

even without cooling, perfect 5i monocrystals transmit thermal neu-

Iron. E = 24,3 keV; A E~ 2 keV
trons very well together with simultaneous  suppression of fast L oVi A By °

6 -
ncutrons and gammo~roys. Cadmiuwm ratio for ‘/z,r‘ detector is about ENL (HFER, USA) *®Pe - 30.5 om; Al - 7.8 om; % «10"n/sec,Pe ~22.8 cm;

. - . . Al ~ 36.2 cn S8 ~ 6.3 cm; Kiev (qu—u USSR) Pe - 25 cmyg
oV ! ¢ & { - ’ 1 » H
1000 (A V.lurzin's measurement) Llonocrysto.lxic Si filter is pre : q.) 1 7 .

ferred as compared to polycrystallic one, as in many experiments
Silicon, E = 55 keV, A E ~ 2 keV

it is casier to use thermal neutrons for comparison with standards
Kiev (WR-M, USSR). Si (crystal ) -~ 87.5 cm

/11,13/. Parameters of typical beam filters, which are used in the - 10 7
8 = 20.5; %8, P = 2.6 10"n/sec.

Soviet Union and other countrica are given in Table 1.
Silicon . E; = 144 keV, A B m/25 keV

It should be mentioned that filtered ncutron beams have many
Kiev (WWR-lU, USSR), Si (crystal ) - 87.5 cm;

ugeful qualities: they are usually well collimated (diamster of beam 10 8
Ti - 17.5 em; "B, () = 5.5 10°n/sec.

4~ 40 mn); gamma-ray background ic rather low; excluding scandi-
Silicon = thermal neutrons

um filter, faster neutron background is also very low (2-3.:); Kiev (WWR-M, USSR); S1 (crystel ) - 87.5 mm
=hly H - . H

neutron filters have large enough intensity of intermediate neut- 59 therm ~ 108n/cm sec (evaluation).

rons in the region of fast reactor neutron spectrum, Oxygen., E = 2.35 HeV, A E, = 0.11 HeV /15/

Background measurcment procedure,naturally, depends upon a ty- USA. 0, - 183 om, Bi ~ 8 cm; P = 5 10%n/8ec.

pe of the experiment. However, in all cases the background may be
i . The back- L X
measured using suitable resonance scatterers (absorber). The back incides with scandium "window"; for Fe-filter Ti is used and sul-
ground is generally measured using difference between count rates phur resonances are used when we use 144 keV 51 beam; if we want
with and without the resonance scatterer /6,12/. to deal with 55 keV Si beam,it is suitable to use the resonance
So, in case of Sc filter the background may be measured by in- peak of sulphur, This method is to be used when neutron detector pulse

]59 serting in in-slab (4-11 g/cm2) beam; lin resonance peax almost co- does not strongly depend on neutron energy (nonspectrometric
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3He—counters etc.). When Hzlcounters are used the background can

be evaluated by measuring the proton recoil spectra. Neutron spec-
trum after iron filter, as measured by Murzin A.V. using the hyd-

rogen counter CHd-38 (p=3 at), is shown in Fig.3 /134 It is due toshor
tage of the Sc filter that, the Mn scatterer for the background

.measurenents reduces not only 2 keV - neutrons, but thg background

neutrons in other scandium "windows". A8 a result a difficulty arises,
that is the necessity to measure the coefficient of background sup-

pression K /6,12/. It depends in general upon type of experiment,
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Pig.3. The neutron spectrum for the iron filter as measured by

Murzin A.V. et al, with hydrogen proportional counter CHM-38,

For background lowering sometimes the method of twice selection

was used /15,12/. In channel, which went throughout reactor, Mn
scatterer was inserted; 2~keV neutrons were scattered with it and then
went  through Sc-filter. At the Kiev reactor lin-scatterer was

used after Sc-filter in 27 -detector (Fig.4) /12/.

Rk

Pig.4. The experimental arrangement for the neutron resonance self-
protection research with the self-indication method. 12-14-
parts of the filter, 1-3=-collimators; 25-3He-counter detec~
tor; 22-vacuum chamber with scatterer samples; 3,26~variab-
le gsamples of the same material; 6-the resonance scatterer
for the background measurement., For the case of the scandi-
um filter sample in position 26 is replaced by the in scat-
terer and a sample, for which the transmission is measured,
is placed in position $; consequently the twice selection

of the neutron is obtained.

In order to plan an experiment, it is necessary to account for the
neutron flux decrease by the filter itself which forms filter beam
from "white" reactor spectrum. Interference minimum cross section,
in reality, is not equal to zero: for Sc it equals .40 mb at

2 keV; for *®Fe, 7.5 mb at 24.5 keV and for natural iron, 450 mb;
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AE = 0.52 keV). There are other possibilities (for example

for silicon, 100 mb at 144 keV, It follows from these data that

96 cm~thick Bcandium three times reduces the neutron intensity;

56Fe iso-

naturel iron filter reduces it four times, but the pure
tope filter reduces it only by 2-3 per centysually filter consists
of  pany components which serve to suppress other "windows",

To prevent neutron activation it is recommended to shield filter

10 or sLi slabs.

body from the site of neutron beam entrance with B

.There were communications about possibilities of other f£il-
tersy narrow band 228U filter with E =186 eV and A E| = 1.4 oV
/15/; Mill end Harvey /15/ suggest ueing 17OEr, 184%, 68Zn, 86Sv,
6470, 041, 5%pe, %8wi; 92cr and 94Fe to create neutron filter
beams with energy 0.060; 0.160; 0.400; 0.500; 2.2; 4.0; 4.5; 14;
47 and 48 keV, correspondingly. Probably sulphur will be rather a
good filter for wide spectrum band from 1 eV to 2-104 eV, as at
this range O ;< 1 b, and out of it G”y~3- 5 b.

Some experimentors in Hlinich, Obninsk and Dimitrovgrad
/18-20/ used resonance maximums in order to get quasimonochromatic
neutron beams with resonance scattering, Broder, Nesterov and
Chamjanov have successfully used Na rescnance scatterer (E = 2,7 keV
152,
E, = 8 eV CT;“‘Z 105b). For better experimental condition the re~

gsonancex scatterer should be placed near core in throughout channel.

Some Experiments with the Filter Beams Evaluation of

the Average Neutron Resonance Parameters

The average resonance parameters can be evaluated if resonan-
ce self-protection is studied. It is neutron resonance existence that

makes the observed total cross section to be dependent upon semp-

(barn)
30k 197 <
Au

5F 4

i

1 1
0 005 o 0fS

n (nucl.

barn

Pig.5. The observable total cross section (upper curve) and scat-
tering (lower curve) cross section of 197Au upon the sample

thickness.

le thickness, In Fig.4 a scheme of the experiment is shown and in
Fig.5 some results are shown., Here( gbs = 1n ¥/n , T - semple
trensmission, n - sample thickness; T = 1/AE Sexp (-n(T;(E) dE;
Gngs - the observable scattering cross section at the self-indi-
cation neutron scattering experiment. For very thin samples in the
case of S-neutrons Ougbs = F’: = 2)72 )\ 2So ﬁ ¥ 4ﬂii1)2; where
R/- the optical model scattering length, S, -~ the S-wave neutron
strength function. For thick samples resonance neutrons -are “eaten

out" of the beam and OngB will be equal to some value betwecn



162

regsonances, i.e. will be close to 4ﬁ'R'2. 80,1t is possible to se-
parate resonance and potential processes if we vary the sample thi-
ckness, Seth /21/ and Lynn /22/ suggested relatively simple formu-
la for transmission experiment treating, but they did not account
for resonance distance fluctuations., Novoselov /12/ described Mon-
te~Carlo IBH Programm with the account both Porter-Tomas and Wig-
ner distributions and Doppler-broadening. The resonance self-pro-
tection may also be measured with the self-indication in the

scattering, capture and fission (Figs 5,6). These additional ex-

. periments increase the reliability if all of them are treated si-

multaneously. The case of thin samples deserves a special atteation.

In this case it is possible to get the analytical expressions /25,
26/ Zaretsky and Urin /26/ gave such formula, supposing zero Dopp-

W= L0y - 22 n g (YT 4T 2

where T,™8,, T1¢\/S%/2 and T1;~'81/2. Measurements of such valu-

ler—-broadenings
es on different filters permit evaluation of 5 and p-neutron
strength functions., Pavlenko E,A., Gnidak N.lL. et al. have carried
out such experiments with very thin tantalum samples (transmission,
scattering and capture experiments) and have shown that it is poa-
sible to evaluate a full set of all the resonances parameters even
in the energy region where the resonances cannot be directly obser-
ved at the time-of-flight experiments. In order t{o give some impres-
gion of filter beam possibilities, results for europium isotopes are
given below:
By 10%s, = 4.1 £ 0,11 (stat) + 0,13 (f1)

R" = 7.58 + 0.08 (stat) + 0.05 (£1) f.
Buropium 153 10%S, = 1.95 + 0.10 (stat) + 0,11 (fluct)

R/ = 8,16 + 0,09 (stat) + 0,07 (fluct) f.

Relatively low errors are due to averaging on many neutron resonances.

100

T T T T
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o | i
— 090 e
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Pig. 6. Ratio of the average fission cross section Cfn with the
uranium screen of thickness x to the average fission cross
section without the screen for 233y ana 2% isotopes upon
the screen thickness x. Lower curve was obtained for 2 keV
pgutrons (Sc filter), upper one was obtained for 24.5 keV
neutrons (Pe filter). At neutron energy 24.5 keV neutron

resonance structure is yet manifested.

Gamma-ray spectras at long time neutron capture goamma-ray spect-
Intermediate Heutron

Capture

ra were studied only with thermal neutrons.
The most date were measured by Groshev,
Demidov et al, and Bartholomeev et al, Thermal neutron capture is, as

a rule, due to one of resonances (positive or negative) close to zero.
Leter experiments on some single resonances appeared. It was under-

stood that reduced gamma-rays fluctuated in accordance to Porter-



Tomas distribution and thermal neutron date in some relation were T T I 3 4

not enough representable: needs appeared in spectira averaged by as “_g. & 5 Ens2kev

much as possible resonances. Bollinger et al. /17/ used an incore "'o 30—3:., § .

1OB filter, which selected neutrons with the average energy 1 keV : ~ VN ZCA;TU:QE ?

and half-height width 0.5 keV. In this case S-wave capture is the j 7500 ' B S-neutr. P-neutr.

most probable, Broder, Hesterov, Chamjanov used Sc¢ (2 keV), Pe § T T T ’2:4: _E"E"_—z%%tif '

(24.5 keV) and Na (2,87 keV) filteres for titanium isotopes captu- < o § gfﬂ’f"-sk"‘/ﬂ E.(OMO)I' ‘

re gamma-rays spectrum studying at higher neutron energies. Many e " '°.'. c?;. K 4. J ,

isotopes were studied at BNL /29/, Additional information will be « S ] ‘3 G

obtained if the ncutron enerzy is increased including additional - 2 13'00 . Iz‘sso " 1 g -

transitions which appear mince . p-wave excites opposite parity le- g : ' | ¥ i ggf o

vels or weak transitions in thermal neutrons become intense; when § _E"'55 kevs . é’n |

spectra are studled at different neutron energies it is possible S NS “' ':: 2* 550 a*

to evaluate p-neutron strength functions and ratios of E1 to M1 A a WA ..-*‘J

transitions. Useful information can be obtained about gamma-strength , ‘ | o 0’
Y —w 350 mrrrrrrerr 0 rrrrrayey

functions. One of the examples of such investigations are experiments “3
147 ' ¥-RAY ENERGY IN CHANNELS Sm
of Murzin et al,/30/, who have measured Sm cepture spectra with

147 148
the filter beams at the Kiev atomic reactor. In Pig.7 on the right Pig.7. The same parts of gamma-ray spectrum in " 'Sm(n, Y ) " sm re-

148 action which were obtained at neutron energies 2 keV (Sc),

side shown are the lowest levels of Sm and possible transitions
24.5 keV (Pe) and 55 keV (Si), are shown to the left; decay

from compound states, which created by the #- and p-neutrons, On the
P ’ y p- ¢ schemes are shown to the right. With the neutron energy in-

left side shown are experimental Ge(Li)- spectra. Here one can see crease the relative intensity of compound state decay to the
very well the shifts of E1 and M1 trensitions on 4+ and 3~ levels level 1161 keV. (3) increases because the neutron p~-wave part
with neutron energy increasing and intensity increasing of the grows.
transitions, which are due to the p-neutrons. Lurzin et al. /30/ using
. . (n,{ ) Reaction Inves- These reactions have low probability for
this have reliably evaluated p-strength functions, and ratio E1 and tizati ith Filt B
. 147 liperion With S2-ter DeamS  g)ow neutrons because of low transparen-
M1 transitions. In Fig,.8 Sm reduced gamma-rays widths are shown on Heavy Isotopes :
) : cy of a nucleous Coulomb barrier, Their
in arbitrery scale, So, gamma-ray spectra mecasurements with filters 6

cross sections are in 10" or more times less than capture cross sec~
give very useful physical and constants information.

163 tions. But these measurements are important because they ellow to
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Fig.8. The reduced probabilities of the 1455m gamma~-ray decay for

different multipoles upon the gamma-ray energy.

get some data about compound state structure and reactor materials
properties. Andreev and PopOV'Sreview /31/ about thermal neutron re-~

actions, and Popov® review/52/ about resonance neutron reactions are

well known. These suthors made the largest contribution to the (n,d\-)

investigations, Ju.P.Popov et al. in Dubna (JINR) have investigated
(i ~ resonances from 67Zn to 1590:5. They have studied alpha-widths
fluctuation laws, have evaluated its average values. However, high
width fluctuations (Porter-~Thomas distribution) caused relatively
high uncertainties in the average values. In order to decrease the-
se uncertainties averaging on many resonances is needed, For this
reason Dubna and Kiev groups at the Kiev atomic reactor VWR-k have
carried out (n,c;L) experiment8 with the filter beams on isotopes
147Sm, 143Nd and other isotopes at neutron energies 2, 24.5 and

144 keV /33/. Results for 147Sm ( n,‘-L) 144Ncl are shown in Fig.9.

40 30 80 70 [1] 90 1o E_(MyB)

T

Pig.9. The experimental alpha~particle spectrum for 1475y (n,(i)

44Na reaction as it was measured with Sc-filter (E_ w2 keV).
An exposition time is 117 hours. The lower curve represents
the background (for shorter measuring time); upper curve in~
cludes the effect itself plus background (with dotted line
real background is shown). One can see the transitions not
only at ground and first excited states, but at higher
levels. The average total cross section of the (n,ol) reac-

tion is equal to {231+ 24) microbarn.

It was proved that alpha-width average values were in accordance

with the statistical theory., Structure effects have not been observ-
ed yet.
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Fig,10, Experimental specira of the neutrons, scattered on 2380
and 23 SU end Pb0, as they were measured by Murzin A.V. et al.
with silicon filter (En s 144 keV) at the 135° angle. The
exposition was 12 hours. Black points indicate results for

pure lead; lead isotopes have low levels.

Other In-
vestigations

Without detailed discussion I would like to mention
the following items: 1. Inelasting scattering of
neutrons near threshold. Eurzin's results (Fig.10% which have been
obtained at the Kiev atomic Reactor in 1979, demonstrate good possi-
bilities of such research. Brugger and Tsang /35/ have studied an-
gular distribution of neutron elastic and inelastic scattering with
238U nuclei st the neutron energy 144 keV with Si-filter. 2. Cap-
ture cross sections by activation methods. 3. Doppler-effect.
4. Gamma-ray decay schemes. 5. Biological investigations /15/.

It is reasonabl® to suggest that filter beam technique owing
to high intensity might be widely used in physical and applied re~

search.

The author thanks Drs, Gnidak N.L., Kirilyuk A.L., Murzin A.V.,
Pavlenko E.A. and Pschenichnyi V.A. for discussion and critical
notes,

Professor Block R.C, for possibility to read his and

Dr.Brugger's fllter use review before publication.
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MULTIPLICITY SPECTROMETRY

G.V.MURADYAN
1.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

Abstract

The method of the gamma multiplicity spectrometry, its couwbination with
neutron spectrometry, and measurements of neutron resonance cross sections,
neutron resonance sping and half widths for the (n,gamma f) process are

discusgsed,

I.INTRODUCTION

A new way of measuring neutron cross-sections and of investiga-

ting both interaction of neutrons with nuclei and decay channels of
excited nuclei-multiplicity spectrometry of gamma-quanta and neutrons
emitted by excited nuclel - has been developed in I.V.Kurchatov Ins-
titute of Atomic Energy /1/.

The principles of multiplicity spectrometry, its combination
with neutron spectrometry and, on this basis, measurement of both the
neutron cross-section of neutron resonance spins and the ( A, r,f )
process width are discussed in the present work,

2. MUITIPLICITY SPECTRCMETRY

The tendency to study the nuclear processes more profoundly and
to obtain the nuclear constants with a high accuracy necessitates
the simultaneous measurement of as many quantities characteristic of
the nuclear process under study as possible. Unlike a complex of ex-
periments where these quantities are measured separately, their si-
mltaneous measurement yields more complete data on the process as
alongside the separate quantities it i1s possible to determine their
correlations.

The particle energies, their angles of emission and momenta are
usually considered as measured quantitites. Introduction of a new one
i.e. multiplicity of particles and gquanta both emitted by excited
nuclel, and measurement of the corresponding spectrum, multiplicity

spectrum (MS), make it possible to expand the range of problems be-~
ing solved and to improve the accuracy of measurements of nuclear
constants,

What do we mean by the MS? Let us imagine an experiment on coun-
ting the number of r ~quanta emitted in a nuclear event, e.g. in
capture of a neutron by a nucleus. Repeating the experiment many ti-
mes we could come to conclusion that the number of X'-quanta, or the
so~called multiplicity of r -quanta, changes, generally speaking,

from one event to another. In other words, the multiplicity ( V )

has some spectrum of values A( ¥ ). It is the spectrum that we call
a MS. : ’

Fig.1. Scheme of the multisection 4¥ ~detector for measurement of
multiplicity spectrum.

The MS can be measured by a multisection 4¥ —detector (Fig.1).
The sample with the nuclel of interest is placed in the centre of
the detector. The number of the recorded event (N) versus coincidence
multiplicity ( K ) of the different section signals resembles rough-
1y the MS, i.e. AW)aN(K=V). In the general case

N(k) = L £c,v) -At) )

where £(k,V ) is the detector response functions for different values
of the emitted-particle multiplicity (V ), The more the number of
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the sections and the closer the efficiency of recording one particle
to 100%, the closer N(k) to A(V ).

The connestion between the MS and the physical parameters of a
nuclear process can be found by using some models of particle emissi-
on. Let us consider a case when this connection is so unambiguous
that its details could be determined easily by the gualitative analy-
sis. The question is the total multiplicity of neutrons end T -quan-
ta both emitted in the interaction of slow neutrons with nuclei. The
MS of this process would consist of high-resolved maxima (Fig.2)
corresponding to the scattering (s), radiative capture ( ¥ ) end fis-
sion ( 4 ) processes. Indeed, one neutron is emitted in scattering,
therefore, in this case Ag( V ) is equal to zero everywhere except
a pointV =1, i.e. the first meximum in A(V) corresponds to scattering,

4
AG)
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|
|
: o)

¢
: 'l \|‘ , ,‘~\§n)()
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Pig.2. Multiplicity spectra for scattering, radiative capture
and fission.

About 4 f-quanta are produced in radiative capture; the capture MS,
A (v),1s concentrated in the region of V~ 4, i.e. the capture process
is responsible for the second maximum of A(V ). In the case of fissi-
on V~ 10; the fission MS, A(V ), is at V~10, i.e. the third maximum
is caused by fission. Thus, the total MS

AQ) = ;AJ () @
where j=s, [, £, decomposes into three spectra in accordence with
three known channels of the excited-nucleus decay. The experimental

detection of extra peaks or singularities could point other, possibly
still unknown, ways of deexcitation. The sensitivity of the MS to the
decay channels of excited nuclel is not restricted to the considered
case. We shall see below that the MS of f~quonta is also sensitive to
some smaller details of the excited nucleus decay. Detection of these
details becomes possible in case of combining the multiplicity spec-
trometry of f’-quanta with the measurement of other guantities and,
expecially, with the neutron and gamma spectrometries. The possibility
of principle for the combination follows from the scheme of the MS
measurement presented in Fizg.1. As seen from the figure, the {‘—quan-
tum energy and the recording time can be measured in every section si-
multaneocusly with the MBS and data on the angular distributions and
correlations can be obtained from the section number. It should be no-
ted that the neutron time~of-flight spectrometry can be realized by
using the recording time. The following moment is of great importance:
the application of the MS measurement together with the determination
of the sbove quantities does not lead, in practice, to any loss of

the event collection rate as far as the multiplicity spectrometry it-
self is realizaeble only at a highly efficient recording. Moreover, a
multisection detector permits an increase in the total flow of recor-
ded events.

Thus, the combination of the multiplicity spectrometry with other
spectrometric measurements opens a real possibility to carry out the
effective plural measurements, i.e, simultaneous determination of ma—
ny parameters for every event. Such measuremeats include much more da-
ta than the determination of the same parameters by means of the indi-
vidual measurements, which are not related to the same event. .

Below we shall consider the multiplicity spectrometry of T'-quan—
ta and neutrons produced in neutron reasctions., The MS in neutron re-
sonances seem to be of gpecial interest., It is dictated by the follo-
wing circumstances. First, separating the neutron resonance we iden-
tify rather purely the states with the certain quantum characteristics.
Second, the partial widths of the different decey processes fluctua-
te strongly from one resonance to snother, creating the prerequisit-
es for separation and investigation of these processes. Third, the
cross-sections in resonances are large (up t01v105 barn) which makes
it possible to reach high event collection rates using relatively
thin targets from which the nuclear radiation, first of all, f ~-quan-
ta and fast neutrons, emanates easily.
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3. COMBINATION OF MULTIPLICITY AND NEUTRON SPECTROMETRIES

The first installation for studying the MS af"-quanta and neut-
rons was built in I.V.Rurchatov Institute of Atomic Energy in 1974 /2/.
The detector (Fig.3) consists of 12 NaI(Tl) crystals arranged like a
camomile (hence, the detector's name is "Romashka", which means "Camo-
mile"” in English), the detector volume being 26 1. The detector is
provided with a through channel where the . sample investigated 1is
placed and through which the collimated neutron beam passes, To detect
neutrons emitted in deexcitation the channel is surrounded with a Omr),
converter made of mixture of boron-10 and paraffin. The f—qnanta of
boron-10 are detected in the same NaI(Tl) crystals.

Fig.3. The first multisection detector "Romachka",

An uranium target of a 60-MeV pulsed linac serves as & neutron
source., When the electrons arrive at the target, [ ~bremsstrahlung
appears and causes the production of neutrons in the same target as a
result of the (") and ( r&}) reactions. The shape of the neutron
spectrum is close to that of the evaporation spectrum with maximum at
an energy of ~2MeV. A hydrogeneous moderator is used to increase the
intensity of resonance neutrons.

The neutrons are investigated by time-of-flight spectrometry, i.e.
by measuring the time required for the neutron flight through a given
distance,i.e. 8 flight path. "Romashka" 1s placed on the 26-m flight path
in & separate room. The resolution of the neutron spectrometer at a
neutron energy of 100eV is~0.3 eV, which is the value of the seme
order of magnitude as the resonance width.

For every event recorded by the detector the electronic circuit
of the installation generates the codes of the time of flight, the
coincidence multiplicity (K) and the erergy release in the whole de-
tector (Ey ). The codes arrive in an electronic computer where they
are analyzed and classified., A set of time-of-flight spectra 32000 chan-
nels in length differing in the K and E values is a result of measu-
rement. At the same time the electronlic computer monitors the operation
of all detector sections and other parts of the installation, Fig.4
gives the detector response to J - quanta of a radioactive 6000 sour-
ce and to the spontaneous fission of 2520f, As is seen from Fig.4, the
12-section "Romashka' resolves the two types of decay rather well, La-
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Fig.4. Response of "Bomashka" to 6000 ana 272¢t,

ter on more perfect spectrometers were developed. One of the recent de-
tectors also made on the basis of NaI(T1l) crystals has 48 sections and
a total volume of 200 liter (Fig.5). It consists of separate rectan-—
gular scintillators. Such scintillators allow the detector geometry,
the number of sections and other parameters to be changed operatively.
The response of the 48-section detector to the spontanecus fission of
2520f is shown in PFig.6 together with the analogous response of the
12-gection detector. It is clear that the 48-section detector makes it
possible to reduce considerably the fraction of recording the fission
events for small values of coincidence multiplicity where the appea-
rance of the radiative capture MS could be expected. It should be no-
ted that N(k) differs noticeably from A( V ) even for the 48-section
detector., This difference must be the more appreciable, the higher is W,
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Pig.6. Responses of the 12-and 48-pection detectors to spontaneous

fission of 2520f°

Indeed, if the efficiency of ¥ ~quantum recording is &, N(k ) = g for
the K=V ~fold coincidences. For example, at £ =0.95,VY=2 and 10 we
have 82-:.-, 90% and 610,3 60%. In spite of this, the spectrum N(k) is
fairly well determined by the spectrum A(V ), i.e. the changes in
A(Y ) cause practically the same noticeable changes in N( k). Such a
conditionality makes it possible to carry out a wide range of inves—
tigations for which the knowledge of the coincidence multiplicity -
spectrum N(K) is quite enough, The concrete problems considered below
pertain just to +this range of problems.

4. MEASUREMENT OF NEUTRON CROSS-SECTIONS

Owing to its high efficiency the MS measured can be combined with
spectrometry of neutrons incident on the sample under investigation.
From the obtained data it is possible to determine the number of the
capture and fission events versus neutron energies and then from the-~
se dependences to find the cross-sections for both capture ( 6, )
and fission ( 6'4 ) as well as the alpha~value (ot = Sr/&'f ). The
energy dependence of the alpha-~value is of interest from the angle of
studying the decay singularities of a compound nucleus. Unlike the
partisl cross-sections ( 6y and 6-4 ) o= 6y /6'4 = G/F,;’
is not sensitive to the cross~section for compound nucleus production
snd depends only on outlet channel widths. In the given case it is
known, that fi« depends weakly on neutron energy and, therefore, the
singularities in the energy dependence of alpha-value are to be at—
tributed to the fission width singularities.

The knowledge of the alpha-value with a high accuracy is of great
importance to the nuclear reactor optimization, when the better accu-
racy than 5% is required. It is this accuracy which can be achieved
with multiplicity spectrometry. Fig.? represents the fission-capture
1S obtained in the uranium-235 measurements by the 48-section detector.
It is clear that the two processes are highly resolved. Within the ran-
ge of E~3% where the capture events are mainly recorded the fraction
of fission is less than ~1%, the fission events only being recorded
in the range of K> B, The time-of-flight spectra of the 4 - and 10 -
fold coincidences are given in Fig.8. The individual neutron resonan-
ces as well as their different behaviour in these spectra due to dif-
ferent alpha-values are seen distinctly. It should be noted that the
same spectra were obtained for coincidence multiplicities K=1,2..+30.
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Fig.7. Capture and fission multiplicity spectra of uranium-235
obtained with the 48~section detector.
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Pig.8. Time-to~flight spectra of uranium-235 for K=4 and K=10,
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Fig.9. Alpha-value of urenium-235,

The results of the alpha~value measurements are presented in Fig.9 /4/.
The singularities in the energy dependence of alpha-value are seen,
which is explained at present by a two-~humped fission barrier /5/.

As is seen from the figure, our data fall lower than the Osk Ridge
data /9/. This difference is rather significant for calculations of
reactors, It should be noted that the accuracy of our data is ~5%,
that of the Oak Ridge data being~15%. Therefore, the observed diffe-
rence of ~20% is permissible. The same picture is also observed in
the difference of the resonance region /6/, wherein the accuracy of
our data is sufficiently high, being 2%. It shoutd be pointed out that
unlike our absolute data, the Osk Ridge data are relative, as they are
normalized to data on the cgpture and fission cross-~sections in the
thermal region. It may well be that the difference, to some extent,
regults from the inaccuracy of the calibration data.

The possibility of distinguishing the radiative channel of nuc-
lear decay from the MS can be also used to investigate fissionsble iso-
mers. It is ¥nown /7/ that for most of such isomers the expected
probability of radiative decay is by several order of magnitude lower
than that of fission, in consequence of which difficulties arise in
distinguishing the events of radiative transition against a great num-
ber of fissions. Introduction of the multiplicity spectrometry per-
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mits the radiative transition to be asdditionally, about by a factor of
100,purified of fission. It follows from that only ~1% of fissions

is detected in the region K<2 where the events of [ ~cascading-down
can mainly be concentrated. It should be noted, that distinguishing
the radiative channel yields data on the isomer nature and, if the na-
ture is known, information on the characteristics of the isomer state,
for example, on the permeability of the internal barrier for the shape
isomers.

5. GROUPING OF NEUTRON RESONANCES

1. In the above interaction of a neutron with a nucleus the MS
A( V) decomposes easily into the simple components Aj( V), as the dif-
ferent Aj(\I) are concentrated in the different regions of the variagble
¥V , i.e. highly resolved. The application of neutron spectromstry al-
lows one to solve the problem of the MS decomposition into the separa-
te components (not necessarily corresponding to the (W, n), (n,r)
and (N ,{. ) processes) even in case of overlapping the MS components.
These are the cases when the dependences of A,(v ) on the incident ne-
utron energy E; are different. Let us suppose that at a given j the

MS shape A ()
GJ- W) 2 =——7T
2-:— Ai; (v) (3)

does not depend on {. Then the M3, Ai( V), representing the sum of
AJ( ¥ ) can be written in the form

A; ) = JZ;C;,J ‘a; (v) %)

where c;j are the weights of the different channels. Eg.(4) is to be
considered as a system of equations in CU and 0_; (v) Under concrete
conditions the system can be solved with one or another unambiguity
and the certain conclusions concerning the behaviour of the different
MS components can be done.

2. Let us consider the MS of Y‘-quanta of 1adiative caputure in
the neutron resonances (denoted below with subscript i). The variati-
on of the MS shape from one resonance to another can be connected with
a variety of their quantum characteristics. The isolated resonances
have the sufficiently definite quantum numbers, therefore, for these
resonances C;J =1 or 0 at a given jJ and normalized Al(\’)m In particu-
lar, for the s-resonances the groups correspond to two spin states:

1 * 1/2. The measurement for the purpose of the spin grouping of the
s-resonances were performed for LY /8/. The recorded spectrum
normalized to unity, i.e. N;(K) = Nuk) /Z. N () , is ai-
rectly used for grouping. By analogy with Eq.(4) the expected spec-—
trum of coincidence multiplicity can be presented in the form

% () = CopQu(k) + Civ @y (k) (5)

The values 9.1(1:), aa(k), (}1,l a::dcia, which corresponded to the minimum

of the expression . ™
] (o)
> e [0~ i )] ©

(where Qx: are the weights allowing for errors and fluctuations) in
case of Ci'l + 012 = 1, were chosen as a solution. The results of treat-
ment are given in Fig.10 in the form of dependence of G“ upon the re-
sonance number i. The even grouping is obvious, The ratio of the num-
bers of resonances in the two groups observed is~4#4, corresponding to
expectation of the statistic model. At the seme time it shows that the
spin of the group with ci,] =118 I + % = 1. In the general case the
question about the belonging of the group to the concrete quantum num-—
bers can be solved either comparing (J;(k) with the cascade-imitated
calculations or comparing the results of grouping with the ¥nown data
on identification of quantum numbers for several resonances.

It should be noted that the possibility of grouping is due to
N(kx) within the group changing much less than in passing from one gro-
up to another. In the case under consideration the intragroup changes
exist really and are connected with the Porter-Thomas fluctuations.

C
' boeby b .
AL 34
g tig =
0 e b 4 ¢ 3=O
Ei

Fig.10,Grouping of the 1130(1 neutron resonances by means of multi-
plicity spectrum,



At V =1 the fluctuations are maximum, as V =1 corresponds to the only

transition, the tremnsition to the ground state. At V>4 the number
of transitions is very large and, therefore, the fluctuations are

small. At the large number of neutron resonences the presence of gro-

ups can be observed also in the case when the intragroup fluctuation
is comparable with the intergroup one., Increase in the number of the

observed resonances is comnected with increase in the flight path and,

therefore, with loss of the event collection rate in resonances. But

this increase is permissible because of the high efficiency of the MS

measurement. Fig.11 represents the time-of-flight spectrum of urani-
un~-238 measured by the 24-~gection detector on the 120-m flight path.

The spectrum for the 26~m flight path is given in the same figure for

comparison. The improvement of resolution 1s clearly seen in the case
of the 120-m flight path.
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Pig.11.Time-of-f1light spectra for the 26-m and 120-m flight paths.

6. ANALYSIS OF THE COMPLEX DECAY CHANNELS

We shall consider the case when the MS components are different
for different j and practically independent of i, the relative proba-
bilities Ci.‘.i changing with 1 in different ways. In this case the MS
A( V ) can also be decomposed into the separate components. In so do-
ing, in addition to establishing the basic components the stability
of ad(\) ) for any given j mekes it possible to recognize and study the
hardly probable decay channels.

The MS of f;quanta produced in an usual fission of a nucleus is
a typical process when the M8 1s practically bound to be unchangable.
So the detection of fluctuations in the MS of fission [-quanta could
indicate the presence of an unusual fission channel. The emission of
one or several | -quanta by a nucleus prior to fission, i.e, the ( h ,
({» ) process, can be such a chamnnel. In this case, unlike the usual
(n,} ) fission, the MS is shifted in the direction of larger and
Eq.(5) can be written as

h (k) ~ C. [E;‘Q# () + [0y, (“)] (7)

Oy (k+a1) = Oy (%)

where E; and rin are the widths of the (w{) and (#,){ ) processes, res-
pectively;dk = AV is the mean multiplicity of the [ ~quanta prelimi-
narily emitted in the ( M V{ ) process; C is the proportionality fac-
tor. The width E; is to the Porter~Thomas fluctuations with the num-
ber of degrees of freedom ~1. These fluctuations ensure a great vari-
ety in the system of equations (7), which,in turn, allows the values
of rif, r;” and AK to be estimated by minimizing a sum similar to
(6).

The investigations of the (”,H) process were carried out for
uranium-235 and plutonium-239 with the 46-section detector. [y =

(5%2) meV gnd fh < 2 meV were obtained for plutonium and uranium, res-
pectively.
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7. CONCLUSION

Thus, multiplicity spectrometry opens new possibilities of stu-
dying nuclel and determining the neutron cross-sections with the hi-
ghest accuracy owing to the LIS sensitivity to the decay channels of
an excited nucleus, its high efficiency and equipment compatibility
with other spectrometric measurements.
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NUCLEAR SPECTROSCOPY AND DECAY DATA FOR ACTINIDES

V.M. KULAKOV
1.V. Kurchatov Atomic Energy Institute,
Moscow, Union of Soviet Socialist Republics

Abstract
The methods of alpha, beta and gamma spectroscopy for obtaining tramsactinium

nuclear data relevant to reactor applications are discussed.

The spectroscopy of nuclear radiations is the oldest branch
of the nuclear physics. By means of it the abundant experimental
material on properties of nuclei and their nuclear characteristics
has been collected: nuclei level energies, life-times and others
(state spins and parities » types of nucleus decays, multipolari-
ties of electromagnetic transitions). Information obtained with
the help of nuclear spectroscopy has made it possible to develop
theoretical models of a nucleus structure, to predict new, earlier
unknown nuclear properties. Moreover, the nuclear spectroscopy
has given extensive reference material on radionuclides, without
which the calculation of nuclear power systems and methods of nu-
clear fuel reprocessing would be impossible.

In the suggested lecture we shall dwell on methods of the nu-
clear spectroscopy and nuclear data obtained through it for actini-
de element isotopes, on demands for these data in various fields
of nuclear technology and on the present-day situation of the nu-
clear data.

1. According to the types of heavy nucleus radiations, the
precision methods of alpha-beta- and gamma-spectroscopy, various
coincidence techniques end methods determining nuclide half-lives
are commonly developed.

(a) Alpha-spectroscopy

Since the great majority of isotopes of actinide elements
decays with the alpha-particle emission, the alpha-spectroscopy
is one of the main methods of investigation of heavy nuclei. The
circumstance that alpha-particles possess quite a certain charge
and energy permitted magnetic spectrographers with high resolution

(~0.03%) to be used in carrying out these investigations. Semi-
conductor detectors began to be widely used in the recent years
for these purposes. The information obtained by means of alpha-
spectroacopy contains data on energies and relative intensities
of alpha-groups, on energy characteristics and quantum properties
(spins, parities) of daughter nucleus excited states.

(b) Beta-spectroscopy

The main method of precision beta-spectroscopy is magnetic
and electrostatic spectrometers. At present, beta-spectrometers
have been created with resolution of ~ 0.5 eV over the whole range
of energies measured., Such a high resolving power has given rise to
new methods of analysis of a substance, in particular, to the
electron spectroscopy for chemical analysis (ES CA). The infor-
mation from beta-spectroscopy includes: probabilities of beta-
transitions, energy levels of daughter nuclei, their quantum cha-
racteristics, energies, intensities and electromagnetic transiti-
on multipolarity types.

(¢) Gamma-spectroscopy

Gamma-gpectroscopy methods have covered a path from first
gas-filled counteras through precision semiconductor spectrome-
ters. Semiconductor detectors with resolution of ~ 2keV for gamma-
ray energy about 1 MeV have been worked out by the present time.

(d) Half-lives

In a brief lecture it is impossible to consider in detail
all developed methods for measurement of half-livesg. Therefore,
we shall enumerate only main methods with short comments.

1. The direct measurement of a decay curve. The method is
suitable for the case of comparatively short half-lives (up to
10 years). The measurement accuracy can significantly be risen by
applying differential procedures.

2. The smpecific activity method. It is employed at long half-
lives and consists in determining the source activity (with the
aid of an ionization chamber or calorimeter) and the number of
radiocactive nuclei.

3. Determination of a half-live by means of a daughter pro-
duct growing accumulation for the kmown time interval.
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The half-live of radiocactive isotope is the most important
constant defining its individual properties and behaviour in phy~
sical, chemical and technological processes. The accurate lmowled-
ge of half-lives is specifically significant in reactor calcula-
tions, Since the discovery of radioactivity an extenaive materi-
al by measuring half-lives has been accumulated, whose critical ana~
lysis is far from a simple problem.

2., As mentioned above, the nuclear spectroscopy has accu-
mulated the extensive experimental material on isotope half-1li-
ves energies, intengities (quantum yields) and quantum charac-
teristics of radiations. As the nuclear power engineering progres-
sed and technological processes of nuclear fuel reprocessing we-
re improved, the need for accurate values of "decay" characteri-
stics of isotopes, especially isotopes of actinide elements and
fission products has immeasurably grown.

However, the data users have right away faced a problem.
The point is that different research groups (various laboratories)
give different values of the same data, not overlapping within
the limits of measurement errors. In this connection rather
important has been the problem of assessment of the date by so-
phisticated physicists and creation of an estimated data interna-
tional file available for users in different countries. It is cle-
ar that the exchange of data (especially the estimated ones) is
beneficial to the entire scientific community, since it saves
every state's means.

This problem has been taken up by the IAEA (nuclear data
section (NDS)), Under the megis of TAEA two international meetings
were held on the evaluation of actinide isotope nuclear data.

The first meeting took place in Karlsruhe(FRG) in 1975, the
second one, in Cadarache (Prance) in 1979. After the first me-
eting two groups were formed joined by the coordinated research
program (CRP) and having the aim to take regular care of the
nuclear data status. One of the groups is engaged in the neut-
ron data status and possible comparison of evaluations of cross-
gections in reactions with neutrons. The second one, the sta-
tus of measurement and decay evaluation of nuclear data. The last
meeting of these groups was held last year in Gule (Belgium),

The recommended evaluated nuclear data values are elaborated
and distributed both through reactions with neutrons and
through decay of ectinide element isotopes. As & result of work
of the groups the problems of their presentation on magnetic ty-
pes ag well as their dissemination and exchange are also discus-
sed at the meetings.

At the present time, the TgAYaD (Center on atomic and nuclear
data) of the USSR State Committee for Utilisation of Atomic .inerzy
is a member of the world network of centers on “decay" data. iz for
actinides, the TsAYaD, within the frameworlk of international oblipga-
tions, has performed for the recent ycars the evaluations of cheins
with mass numbers of 238, 240, 242 and 244.

3. In the table for a number of practically important isotopes
examples are presented of reached and required accuracies in the va-
lues of half-lives and alpha- &nd pamma-emigsion intensities. It is
indicated in the last column, calculations of what processes require
the accuracy given in the table. The examples are taken from meteri-
als by an international group on the measurement and evaluation of
nuclear data on the actinide element isotopes decay /1,2/ .

The complete tables of required and reached accuracies at
the measurements and evaluations of Ty,,, Ty/, (8.2.) Zo, I;,Is
are published in /1,2/

From the examples given it is seen that the accuracy needed
for calculations was reached for far from all actually significant
isotopes. Therefore, the problem of more precise determination of
decay nuclear date and qualified evaluation of these data is not
removed from the agenda.

4. In this section we shall dwell on gome works by Soviet
scientists carried out for the recent 2-3 years.

At I.V.Kurchatov Institute of Atomic Energy measured were the
periods of apontaneous fission (Ts.f.) and first moments of distri-
bution of the total number of prompt neutrons (Pand CEZ ) per fig-
sion event for uranium isotopes /3/ . The measurements were made
using a neutron detector on the basis of 3He-counters in a hydro-
gen~-containing moderator, the source studied being placed in the
centre. The work was performed in an underground laboratory at
the depth of 80 m with a drastically reduced external background
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y ¥
VIII.1982
%
Ta-231 y 2 2-5 Hon-destructive enalysis of
nuclear fuel(HDi)
U-233 I Y 1 10 Thorium cycle research
U-234 %?' ; 18 Thorium cycle and NDA
U235 ) 1 5-10 Determination of emount,
7 y 1 10 and DA
U-238 J 1 5=~20 Determinetion of amount,
Iy 1 15 HDA
Pu-239 I, 2 10
Pu-240 T1/2 for 2 4 .
spontaneous 2-5 Liedicine
fisgsion, Iy
Pu-242 1} 5 10 Determination of amount, HDA
Am~241 Ir 1 2-3- Calibration of J-detectors,
DA
Cm-243 Ta 2 2-10 Analysis of fuel asgemblies,
Iy 1 5-10 oA
Cm-245 T 2 0,5-5 Analysis of fuel assemblies,
Iy 2 unknown HDA
Cm-246 T1/2 1 2 - -
T« 2 1-5
Iy 2 unlmown

and induced fission of sample nuclei, The detector wes additional-
1y protected with a borated polyethylene layer and anti-coinci-~
dence plates made of scintillation plastic, suppressing the meson
background of installations (factor »>100).

The detector's efficiency to neutrons of californium-252
spontaneous fission spectrum (¥ - 3.735) amounted to 0.49. When chan-
ging to spectra of a uranium correction of ~ 2% was made to change
efficiency, obtained by the numerical modelling of proceases of
neutron propagation in the detector.

For the measurements use was made of high~enriched uranium
igotopes with the weight from 20 to 50 g. The contribution of
gelf-multiplication and induced fission by neutrons of the

(¢,n) =  reaction to the counting speed for spontaneous
fission events was experimentally estimated and measured. For the
processing of the measured results the shape of multiplicity
distribution of prompt neutrons was taken to be Gaussian.

The following resulis were obtained:

2

Isotope ‘st_f. v or
U-238 (8.3 %0.4) 10° 1.97+ 0.10 1.03+0.06
years
U-236 (2.4 0.4) 101° 1.794 0.18 1.02% .12
years
18 - -
U-235 > 3,107 years

The results for U~238 agree well with the values recommended
in the literature. The spontaneous fission half-life and mean
number of prompt neutrons per U-236 fission event confirm the
only measurements made in works /4/ (Ts.f=(2.42i0.17)-1016 years)
and /5/ (7 =1.89%0.05). The U-235 spontaneous fission half-life
is consistent with recent measurements Ts_f49.832.8)-1018years‘/6/

The Pu-238 half-life wag determined by a direct observation
of the decay curve /7/ . The content of Pu-239 and Pu-240 isoto-
pes was evaluated from the study of specimen alpha-radiation _
spectrum. The accidental error of measurement results in each se-
ries at the confidence level of 0,99 did not exceed 0.,1%. The
estimated value of the Pu-238 half-life came up to T, /2-86..96‘:0.55
year with the confidence level P=0.99,

The Cm-245 half-life was defermined by four various methods
/8/:1) through the ratio of molar concentrations of Cm=245/Cm-
244 and alpha-activity of Cm-244/Cm-245; 2) according to the ra-
tio of molar concentrations of Cm-245/Cm-244 and Pu-240/Pu-~-242;

2) according to alpha-activity of Cm-245; 3) through the growing
of Pu-241 with the use of Pu-239 mmss concentration values in a
solution~-marker,
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In all four methods the half-life of curium-245 was deter-
mined regarding the Cu-244 half-life, which value was taken
to be equal to 18.0990.015 years. Finite results were calculated
by the maximum likelihood method with allowance for non-eliminated
systematic errors for the confidence level P=0.95. The average
weighted half-life value calculated according to experimental
results, amounted to 8445X200 years for the confidenCe level
P=0,95.

The einsteinium-253 half-1ife was determined from alpha-
spectrometric measurement data and according to results of thre
total alpha-activity measurements in 2. ~geometry / 9 / « In the
experiment use was made of einsteinium extracted from the mix~
ture of californium isotopes irradiated in a high-neutron flux
reactor CM-2. The meagurements were conducted Ior-v6.2-T1/2. The

&s =253 half-life calculated as a mean-weighted value from
measurements of 20 samples was 20.31%0.16 days with the confi-
dence level of 0.95.

The ratio of probabilities of BK-249 alpha and beta-decay
obtained by the direct measurement of specific alpha-and beta-
activities of a radio-chemically pure berkelium sample, turned
out to be equal to (1.48%0,12).1077 at the confidence level of
0.95 /10/. The Ct-249 half-life, calculated according to the
speed of its sccumulation in the BK-243 preparation with the use
of the found value of probabilities ratio ﬁ?’ and previously de-
fined BK-249 half-life of 329i4 days, emounted to 360¥13 days.

Absolute intensities of U-237 (Edf -208 KeV) and MNp~238
(Ef -984 KeV) ) -rays were found by the ) -spectrometiry method
using a Ge(Li)-spectrometer /11/ . The ) -spectrum of U-236 and
Np-237 semples irradiated in a thermal neutron fluX wag measu-
red. The Ge(Li) - detector absolute efficiency was determined
using standard spectrometric }/ -gources. The following values
for an absolute intensity of ) ~rays were obtained:

U-237, I/ aps - 21+5%1.4%

Np~238, I,  -22.7 *0.7%

abs

The data on half-lives of 46 transactinium element isotopes
being most long-living (from Th-228 till Fm-257), published
until July 1.st, 1981 in the sviet and foreign literature, are
summarised in the paper /12/ . The work presents the sum total

of results of originel investigations, compilations of accepted
and recommended half-lives. From the given data the following
conclusims have been drawn:

(1) the necessity of refinement of half-lives of many prac-
tically interesting isotopes is evident (U-232, Np-237, Pu-241,
244, Am-242 m, Cm-243, 245, 247, Bk-247, 249, et al);

(2) the stability of Th-232 half-~lives is observed at the
congecutive reduction in error; ’

(3) absolute values of half-lives of U-233, 234, Pu-239, Am-
241, Cm~-245, Cf£-249 are decreesed;

(4) half-lives of U-238, Np-236, Pu~-244, Cm-244, 246, Bk-249,
Pm-257 are increased;

(5) the decrease in errors of measurements of Th-232, Cm-244,
245, 246, 248, Bk-249, Cf£-249, 250, 252 half-lives are obaserved.

In conclusion, let us note that at the present time there is
a number of issues where collected are the evaluated and recon-
mended decay data for actinides.

Users of these data can employ the editions:

1. Table of isotopes (Ed. by M.Lederer and V.S.Shirli),

Tth ed., USA.

2. ¥Pile listing of IAEA nuclear data section - INDC(NDS)-
127/XE.

3. Regular issues of "Data Sheets" magaznine.

Besides, the users of nuclear data on decay can obtain
evaluated and recommended data on magnetic tapes both at the
international center of IAEA nuclear date section and national
centers of a number of countries (the USSR, USA, Great Britain,
Japan, France).
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ON NEUTRON YIELD FOR THE O, F («, n) REACTIONS

V.A. VUKOLOV
1.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

Abstract

An—evaluation of cross sections and neutron ylelds for the (alpha,n) reaction
on oxygen, fluorine and some structural materials was made on the basis of the

experimental data reported in the literature up to 1982,

INTROPUCTION

Recently a considerable interest has again been aroused by neutmn
production in interaction of ol -particles with light nuclei. This
interest has been dictated by a number of nuclear technology prob-
lems, such as &evelopment of anslytical means of control and radia-
tion protection of nuclear fuel, production of neutron and isotope
energy sources on the basis ofX-active materials, The latter are
widely applied in medicine, geology, space industry and other fields
of science and engineering. Development of these energy sources
requires knowledge of neutron ylelds for light impurity elements
for construction of biological shielding. Judging from the requests
/1/, for the sbove problems to be solved, the ( ¢, /7 ) reaction
cross sections and neutron yield must be known with an accuracy of
gbout 10% in the o{-particle energy range up to 10 MeV and for the
elements from Be to Ca. In view of extending circle of users who _ -
often are no speclalists in the field of nuclear physics , ‘
analysis, evsluation of experimental data and establishment of re-
commended values on their basis become particularly important.

In the present work an attempt is made to obtain evaluated cross-
section data and yields of neutrons for the («,/? ) reaction on
oxygen, fluorine and some structural materials containing these ele-
ments by means of the analysis of the experimental data reported
in literature up to 1982. Meeting requirements on these data is of
highest priority according to the IAEA classification /2/.
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‘1« EVALUATTION METHOD

The evaluation procedurs includes two main stagest compilation
of the reaction cross section data and determination, on the basia
of selected data, of recommended values and their uncertsinties using
statistical models of analysis.

At the first state the data are complled and their uncertaine-
ties analyzed, analysis of the measurement methods is carried out
and, when necessary, correction of the data is made for the best
values of constants and calibration standards. At this stage obvio-
usly erroneous messurements are preliminary excluded from considera-
tion. The criterion of such exclusion is deviation of the results
by more than 3 standard errors, given by the authors, from the we-—
ighted average value determined on the set of other works or the
authors themselves present new results instead of old ones.

At the second stage the selected experimental data are distri-
buted over appropriate energy groups. Division of the entire energy
region of measurement into groups is determined from the following
conditionss the group must include, if possible, the data from all
works considered and its size must not be lower than the maximum
energy resolution used in the measurement. It is clear that under
these conditions the division group size can vary within the whole
measurement region under consideration. Then within each group the
average value of the cross section with weights equal to «. =1/
407 ) (where 407 is the measurement error in the individual experi-
ment) is calculated. From the average values of cross sections in
¢ach group a preliminary excitation function is determined. Its
energy dependence is used for renormslization of all experimental
data within the group to the average value of energy of the given
group. Thus, for each group we obtain /1 values of cross sections 0.
with errors 46: , From these valuea we calculate the weighted ave-
rage value of the cross sections o= fwx 5'/[&’
and their errors /3/:; internal AG = ///_—" allowing
only for uncertainties of §: , and external @ AQ '~ ,/,, ,Z/o"‘*o') /Z‘U-.

depending both on uncertainty of G. end on deviation
from the weighted average value ¢ . In accordance with Birge's

criterion /4/3 40’4 o_g(f’*/ //T’/ . A,

the value k>2 indicates the presence of an unaccounted gystematic
error in the data series treated. After finding out the results ,
of the works whose sffect on X 1is decisive, they are subject to &
more thorough analysis over the entire measurement region, checked
for normality of distribution of their deviations from the weighted
average value over the groups. If the deviations are not conditioned
statistically, then the data found out in such a manner are eigher
rejected or assigned with a great uncertainty. Then the value of A
is again calculated,

If K < 2 then the larger value from the internal and external
errors 1s assigned as the uncsrtainty of the weighted average value.
If condition K<2 cannot be obtained from the analysis, then the cross
section values in individual groups are calculated as arithmetic me-
an over /7 values of 6% with uncertainty 46°= t,o/n}/Zf& a&jIn ir-1)
where Zp(77) 1s the Student's coefficient for (n—1) degrees of
freedom and confidence coefficient P, The values in the groups, ob-
tained in such a way, determine the evaluated values of the excita-
tion function over the whola measurement region under consideration.

The calculation procedure described is realized when a suffi-
clent amount of experimental data is avallable so that each group
treated has results of at least two measurements. If this condition
is not safisfied, two frequent cases should be considered.

In the first case a certain energy range of measurements is
presented primarily by experimental data of one work and only par—
tly is overlapped with the measurements of other authors. Then the
evaluation procedure described above is carried out for the data
lying in the overlapping region of measurements, The value of un-
certainty for evaluated values of the excitation function is obta~
ined by quadratic addition of the errors presented by the authors
and error of the normalization coefficient.

In the second case in a certain energy range there are no ex~
perimental dete at all. Then the evaluated data within this range
are calculated by extrapolation of the evaluated experimental data
from other regions or in terms of an appropriate theoretical model.
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2. EXPERIMENTAY, CROSS-SECTION DATA AND YIELD OF NEUTRONS
FOR THE O,F (</,”7 ) REACTIONS

In the review the works published in literature up to 1982 were
included., Search for literature sources of interest was made using
international libraries NSR and CPND /5/. About 20 experiments were
found out and analyzed. Since no numericsl data on measurement re-
sults had been found they were taken from the original works. The
results of measurements of the (&, /? ) reaction cross sections on
oxygen /6~9/ and fluorine /10/ are shown in Fig.1. Fig.2 shows the
measured velues of yields for these elements /9,11/. Tables 1,2
1ist the results of neutron yields using isotope sources of o« -par-
ticles and data on cross-section measurement in individual resonan-
ces for fluorine /23, 24/, respectively.
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Fig.2. Yield of neutrons from the targets:
P9 s9/-0 , 810,~/9/-0 , U0,~/11/=x.

The enalysis of the experimentel results and measurement methods
showeds

1. All the works can be classified by measurements with thin or
thick targets using an accelerator or « —active isotopes as the sour-
ce of o -particles. .

"2+ All the measurements are very similar methodically: as dex '
tectors for registration the proportional (Hej, B10) counters sur-
rounded by hydrogen~carbon moderating medium with efficiency weakly
dependent on the neutron energy are used; calibration of efficiency
is made nsing source of known intensity and neutron energy spectrum.

2. The typical accuracy of the experiments on thin targets is
higher than 10% and is mainly determined by the error in target
thickness measurement (up to 10%), calibration error (up to 2 %),
corrections for deviation ¢f the detector efficiency on constancy
depending on neutron energy and associated neutron escape from the
detecting system (up to 5%).
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4, The typical accuracy of experiments on targets with thicknes-
gses exceeding o -particle path (thick), so that the accuracy of their
measurement is of no importance, is less than 10%. Use of isotope ol -
particle sources allows a higher accuracy of the results to be obta-
ined /12,1%,15/.

5. Another source of errors sgseriously restricting the measu-
rement accuracy may b® presence of uncontrolled impurities of light
elements in the targets investigated.

6. Existing spread of the data for the 0 (¢,/7) reaction cross
section is 25% /8,9/, for yields of neutrons, 15% /16,18/3 for
fluorine only one measurement is available /10/ though comparison
of the cross sections in different resonances shows a significant
discrepancy (e.g. for resonances E =2.7305; 3.286 MeV /23,24/),
for the yields the discrepancy is 70% /9,12/.

Table I,
N s By meges QRN il e I
1 2 3 4 5 6
1. Po-210 5.305 oxygen 0.07 /12/
2. Po-210 54305 018 31 713/
3. Po-210 5.305 oxygen 0.068%0.11 714/
4, Po-214 7.687 oxygen 0.56%0,03 /157
5. Pu-238 5.50(72%) PuO 2.0%0.2)x1072%
5.%&8%3 5 ( )x10 /16/
6s = " - - L Lm (2.204%0.033)x10"2X /197
70 =" _ - n o _w (2. 51*0.14)::10 “2XX ,18/
8, =" = - o m (2.291%0.027)x10™2% s19/
9, -~ " . R (2,25to,11)x1(2) 720/
10.  Am-241 5.5(85%) A0 (2.2%0.3)x107°*
AN > ) /21/
11. Po-210 5.305 fluorine :llg 712/
12. Po-210 5.305 fluorine 11.6%0.2 714/
13. U-234 4,7 U (2.50%0.18)% 722/
U=-235 4,40 UF (1.53%0.11)%
U-236 4,48 UF (1.65%0.12)%
U-238 4,18 UFg (1.18%0.11)%

Notessx'{‘o obtain neutron yields in units "number of neutrons per
108 alpha particle’ and teke into account contribution of spontaneous
fission neutroxf., the data on decay constants from work /_32/ were
useds Pu-238-T; 5=(87. 24%0.09); Tﬁfz-(u 77£0.13) 10105 V =(a. .21£0.08);
An-241-13 o= (432, 8£0.6); U-234~T; /2= (2. 454£0.006 ) 105, U-235-1 5=
=(7. 037-0 011) 108; U 236-—1‘ g-(.2 342t0.003) 10? U—238—T1 o=
=(4.468%0.05) 10%; T1/2-(8 .15%0.09) 101; ¥ =(1.98%0.07).
H)The original work gives the value 25/¢ higher than this one. The
value presented in the Table was reported by the authors after correc-
tions had been made for neutron multiplication on account of the fis-
sion reaction (15%) end for neutron yield on account of the (%% )
reaction for light impurity elements in the samples (10%) /19/
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Table II
E ¢ (mbarn) E o (mbarn)
MeV MeV
. 123/ /24/ 1723/ /24/
1 2 3 4 5 6
2.498 3 - 3,12 3.5 -
2,609 6 - 3.153 25 13.6
2,730 14 19.6 3,246 20 32,9
2.84 16 - 3,286 25 6.3
2.87 2 - 3e35 25 27.1
2.90 2 - 3.468 17 16.5
2494 10 - 3.526 - 16.3
3,01 345 - 3,57 - 42.6
3.07 ? - 3.752 - 110

Notes: x) In /23/ the measurement accuracy is 30%; target thick-
ness is 20 keV.

xx)
nances connected with excitation of the ground state of nucleus Na-
22: measurement accuracy is 15%, target thickness is from 4 to 7 keV,

3. EVALUATION OF THE EXPERIMENTAL DATA O (of/7) REACTION

In interaction of of ~particles with oxygen in the energy region
up to 10 HeV the (o(/7 ) reaction proceeds only on 017. 018 isotopes;
the reaction energies for these isotopes are 0,588 and 0.698 MeV,
respectively. For O16 this reaction is endoergic with the reaction
energy 12.135 MeV.

The cross section of the 017 and 018 (v 77 ) reaction was measu-
red in /6,7/ for the energy region from 1 MeV to 5.2 MeV with accu-
racy ¥25% and in /8/ for Ly from 5 MeV to 12.5 MeV with accuracy
0.

In work /9/ Bair and Willard /6,7/ made repeated measurements
of the cross section for 0" at Eg =(4.62-4.8) MeV and found that the
results of earlier measurements for O 7 and 0‘I8 had been underesti-
mated by e factor of 1.35. The reconsidered error became equal toi7%.

In /24/ the results of cross-section measurement in the reso-

In the same work the authors, basing on the measurements of neutron
yield from a thick 8102 target, calculated the cross section of the
(ol,” ) reaction for natural oxygen in the energy region (3.5-8) MeV;
the accuracy of its determination was < 10%. Fig.1 shows the results
from /6,7/ corrected in accordance with the recommendation of work /9/.

Thus, there are two sets of the data obtained by different au-
thors, which agree in the overlapping measurement region (5-8)MeV in
the limits of accuracy oz reported by the authors., In obtaining the
evaluated values the results of /6,7/ increased by a factor of 1.35
and normalizing factor (1.06730.064) were taken as the basis. This
factor is the ratio of the weighted average cross section for natural
oxygen found fiom the results of /8,9/ to the average cross section
/9/ in the (5-8)MeV energy region. For energies higher than 5 MeV the
results of /8/ reduced by a factor of 1.067 were taken as evaluated
values. The evaluated error in the values is £10% at energies up to
SMeV and 129 at energies higher than 5MeV and is determined by qua-
dratic addition of the errors in the original measurements and nor—
malizing factor (X6%).

The evaluated data for 017 and O'18
2,3).

The neutron yield from the target where ol —particles lose com-
pletely thelr energy is determined by:

Y(E) = « J/:2(b72a1427276az7%/2i

are given in Table 3 (columns

&)
where A is the number of the isotope nuclei per gram of the target
material in which the (.7 ) reaction proceeds; 074/ is the reaction
cross sectiong //f/dl is the stopping power of the target material.
The main difficulty in the calculetion of the neutron yield is asso-
ciated with uncertainty of the stopping power values. Fig.3 shows the
results of semiempirical calculations of the stopping power for oxy-
gen and uranium reported in two recent works /25,26/. In the same
figure the calculation results ( ﬂ."t//?{\' ) for ursnium dioxide and
the experimental results /27/ are presented. The calculation was ma-
de in accordance with the Bragg!s rule/2g/

AELSr = 55‘4»A@'/a45gzé-

/¥ = o 4, ) (28)

where /d/ is the isotOpé mass number / ’ ﬂ/’ is the number of atoms
of this isotope in the molecule of matter.
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Fig.3. The stopping power values for oxygen (left scale),
uranjum, uranium dioxide (right scale)s =-=/25/, ~ /2&/,
s—-=f27/.

As is seen from the figure, the discrepancy between the two re-
sults 18 gignificant, particularly for «{ ~particle energies lower
than 5MeV. The accuracy 5% which is usually attributed to these data
may be spoken about only for energies exceeding 5 MeV, For example,
the discrepancles for oxygen are 5% at 5 MeV while at 2 MeV they un-
crease up to 20%; for uranium the discrepancies are 10% at SMeV and
30% at 2MeV. The stopping power values for uranium dioxide, calcula-
ted by formula (2), using the data of /25 and 26/, differ at 5 MeV
by ?%. The experimental values of the stopping power, whose accuracy
is ¥2%, are systematically higher by 13% than those calculated from
the results of /25/. '

The choice of the best values ( 0279* ) was made from the compa-
rison of the results of the neutron yield calculation by (1) using
various stopping power data with the experimental data.
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Fig.4. Comparison of the calculation results for neutron ylelds
on uranium dioxide with the experimentel data:/11/-x and
/16=-20/-0.

Fig.4 shows the results of neutron yield calculations for urani-
um dioxide using the stopping power values from /26/ end the experi-
mental data available. A good agreement of the calculation values
with the results of /11/ can be seen. Though the data of /11/ are -
preliminary, the corrections unaccounted in these results are small
(less then 4%), as has been pointed out in /29/, end cannot affect
essentially the experimental values; the expected measurement accura—
cy is to be about 2%. For measurements on 2 8PuO2 at Eg =5.50MeV
Fig.2 shows the weighted average value taken from /16-20/; it is equ-—
al to (0.227%0,003) 10~ ™/10° oL - particles and agrees with the calcu-
lated value (0.24%0.2) 107,

Thus, the results of the semiempirical calculations of the stop-
ping power from /26/ agree reasonably with the experimental data
/27/ and give a good description of the experimental neutron yields.,.
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This circumstance permits us to use them for obtaining the evalu-
ated neutron yields. Table 3 lists neutron yields for natural oxygen
(column 5), for Pu?>C (column 6) and the contribution to the total
yield of neutrons for 101? (column 7) expressed as a percentage. The
neutron yield for energies lower than ‘MeV is obtained by extrapola—
tion of the evaluated cross section values to the threshold energy.
The total evaluated error of the yield values is about $20% at ener-
gles lower than 1.5MeV and ¥15% at other energies. The total uncerta-
inty included the error i9% resulted from the spread of the stopping
power data.

The comparison of our evaluated data on neutron ylelds with
those evaluated earlier in /30/ after multiplying them by 1.35 shows
that the velues from/30/ ars lower by about 10% at energies up to
3.5MeV and by 25% at 7MeV. The discrepancy seems to be due to different
ways of data matching over the cross sections of the 0 (of,”?) reaction
/6-8/ in the overlapping reglon of measurements and to use of other
stopping power values /27/. All the known experimental results sgree,
within the accuracy reported by the authors, with the evaluated va-
lues, except for the data on the neutron yield on oxygen for 7.7MeV
ol -~ particles, which is twice as great as our value /5/.
F(K reaction

The F~19 (&, /77 ) reaction is endoergic with the reaction energy

of 1.95MeV., In the literature only one measurement of the total

cross section of the F(o,)#7 ) reaction in the (2.6-5.1)MeV o ~par-
ticle region is known. Its accuracy 1s £15%. In work /9/ the neutron
yield fronm ]?‘bF2 and an?2 thick targets with energlies from 3.5MeV to
8MeV is measured. The yield was converted to a fluorine target making
use of the stopping power data from /25/; the evaluated error is ¥73,
Some works are known where the neutron yield has been measured on the
isotope o —particle sourcess P06 =210 /12,14/ with an accuracy up to
10% end that on uranium hexafluoride at various uranium isotope con-
tent /22/ with an accuracy of t?.}%.

Por comparison of the experimental data we calculated the neutron
Yield for fluorine using the results from /10/ and /22/; the stopping
power data were taken from /26/. Fig.5 shows the calculated and ex-
perimental results /9,12,14/. One can see three curves with the sys~
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Pig.5. The calculation results of neutron yields on fluorine
x=/9/, 0~/2/, 83-/14/ O -the results have been cbtalned
from calculation on the basis of the experimentsl yields for
uranium hexsfluoride /22/-~ the results are calculeted by
means of the cross section measured.

tematically differing data. The lowest have been obtained using the
cross section on thin targets, measured in /10/. The values higher
by 20% are the experimental results taken from /9/. Finally, the
highest results systematically higher by 60% than the values of /10/
were obtained in /12,14,22/, where the isotope ¢ —particle sources
were used, The discrepancies are essential taking into account that
the experimental errors reported by the authors /9,22/ are about +7:i,

It should be pointed out that in work /22/ uranium hexafluoride
samples weighted up to 0.4 kg were used,corrections for neutron ab-
sorption and multiplication in the samples have been thoroughly con-
aidered; however nothing is sald about the sample compositions though
it is known /19,21/ that the presence of light impurity elements
(Be,C,0) in the sample could be the cause of the higher yield of neut-
rons observed.
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EVALUATED CROSS-SECTION DATA AND YIELD OF NEUTRONS
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To obtain the evaluated data the experimental results were nor-
malized to the weighted average value of the neutron yield for fluori-
ne at 4.40, 4.48, 4.76MeV, determined from /9,10,22/. The results
for 4.18MeV were not analyzed since they did not meet the Birge‘s
criterion. In the statistical anslysis the results of /10/ and /22/
were assigned with uncertainties 18% and 12.4%, respectively, obtained
by adding 10% to the authors'uncertainty due to discrepancy in the
fluorine stopping power values in /25,26/.

The evaluated values of the F(<,# ), reaction cross section at
energies up to SMeV were based on the results of work /10/ multiplied
by the normalization factor (1.2110.14); at energies higher than S5MeV
the cross-section values were determined by the data of /9/. The aeva-
luated error in the cross-section value is %¥20% up to i, =5MeV, which
is determined by the experiment and normalization errors, and 0%
at energies higher than S5MeV (7% is the measurement error, 5% is the
uncertainty in the stopping power values, 3% is given for possible
sharp change in the cross section in the averaging range). The evalua-
ted values of neutron yield on fluorine and uranium hexafluoride were
calculated by formula (1) using the stopping power data from /26/.
The evaluated error in the yield values is the same as for the cross
section data since the uncertainty in the stopping power values was
allowed for earlier. The evaluated cross section and yield values to-
goether with the errors are presented in Table 4.

The comparison with the known experimental results shows that
the neutron yields on fluorine for E,= 5.3MeV in /12,14/ exceeds the
evaluated value by a :actor of 1.5. The data of /31/ on neutron yield
from the 241AmF source became known after the evaluation had been
completed. The neutron yield reported there was (3.44%0.13) being
35% lower than our results.

CONCLUSION

The analysis of the experimental results available shows that
currently the recommended results can be found with an accuracy 0%
for the 0(°% 7 ) reaction and %20% for fluorine. The uncertainty in
the stopping power values decreases the accuracy of the recommended
neutron yield data, particularly, at energies lower than SMeV,

Therefore, to obtain more reliable results on neutron yields
on materials of complicated compositions, it is necessary not only

to continue the cross-section measurements on these targets but to
carry out measurements of the stopping powers of various matters.
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_ Abstract

APPLICATION OF THEORETICAL MODELS TO THE
EVALUATION AND PREDICTION OF
ACTINIDE NEUTRON CROSS-SECTIONS

V.A. KONSHIN

Institute of Nuclear Energetics of Byelorussian,
Academy of Sciences,

Minsk, Union of Soviet Socialist Republics

/

A further development of the optical-statistical epproach to the
evaluation and prediction of neutron cross-sections, in particular,
generalization of the coupled-channel method and systematics of the
nuclear level density are discussed, The level density model is
described; the parameters permitting the actinide level density to
be calculated have been obtained.

INTRODUCTION

The formalism for calculation of neutron cross-sections on the
basis of the statistical model was developed rather long ago /1-3/.
One can consider that there are no difficulties im principle in
using the optical-statistical model in the calculation of neutron
crogs-gections for the intermediate-weight nuclei other than the
correlation effects which can increase the average reaction cross-
sections by higher values than those due to contribution from the
direct reactions /4,5/. . L

A number of difficulties arises in applying the optical-statis-
tical model to the calculation of neutron cross-sections in case of
fissionable nuclei, the evaluation of neutron cross-sections for .
such nuclei being rather complicated.

In case of the fisaionable nuclei there are practically no ex-
perimental data, for example, on the croass-sections for inelastic
scattering by levels because the experiments are difficult to carry
out, the available data being very scanty and rather unreliable,
There are unexplained systematic errors which do not always manifest
themaselves to a sufficient extent. Even for 238U vhere the competi-
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tion of the fission reaction isg not atrong the experimental data on

6nn! , for the first level differ by a factor of 1,5 and, the-
refore, oreoften cannot give credence to the errors stated by the
experimentors.

The fissionable nuclei are also difficult to study theoretical-
ly. The case is that the fission theory has not yet reached a stage
when the nuclear deta could be quentitatively predicted, Thus , the
theoretical predictions of the fission barriers are made to an ac-
curacy of 1-2 lieV /4/, whereas for the purpose of evaluation the
accuracy must be 100 keV, The fission ia the main competitive pro-
cess and, therefore, it should be taken into account in the theore-
tical model calculations. This effect is very considerable, Thus,
for the cross-section of neutron inelastic scattering by the first
level of 239Pu at 50 keV the competition effect of fisaion amounts
to about 80%, The correct allowance for fission probability is a
very complex problem as it involves the calculation of 6} .

In addition, the heavy fissionalbe nuclei have a high density
of excited states which, as a result of it, are resolved to com-
paratively low energies., The low excitation energies of the first
levels cause necessity for taking into account the competition of
the radiative capture when calculating the inelastic scattering
crosgs-gection,

The program developed by us makes it poasible to perform the
self-consistent calculation of neutron cross-sections of all types
and to take into account the competition of the fission process with
other ones., The discrete and continuous spectra of transition sta-
tes of the fissionalbe nucleus are considered in this case and
in calculating the fluctuation factors of fission widths the pre-~
gent-day ideas of a two-~-humped siructure of the fission barrier we-
re ugsed, which is of special importance for the subbarier fission
calculation, lloreover, in case of the fissionalbe nuclei, it is
necessary to teke into account the ( *2, ¥ ) process when the
fission of the excited compound nucleus after emission of a prima-
ry gamma-ray is possible, The allowance for this process is eape-
cially important when caiculating the radiative capture cross-
section as it leads to the sironger apin and energy dependences of
radiative widths, The coupled-channel method end the gtatistical
model were joined in a computer program, the neutron transmission

coefficients from the nonapherical optical model being used in the
statistical model,

The correctness of calculation of neutron trensmission coeffi-~
cients is extremely important when evaluating the cross-sections for
inelastic scattering which in contrast to radiative capture depends
rather strongly on these coefficienta, The allowance for the collec-
tive effects in the nuclear level density seemed to be very signi-
ficant,

2, CALCULATION OF NEUTRON CROSS-~SECTIONS FOR FISSIONABLE NUCLEI

The statistical model can be used for the self-consistent calcu-
lation of neutron cross-sections of the fissionable nuclei within
the incident neutron energy range from t keV to 5 lleV, The Hauser-
Feshbach model assumes that the compound nucleus formation and di-
sintegration processes are independent of each other and, hence, this
model ignores the effects of increase in cross-section in the elas-
tic channel, These effects can be taken into account by the Teppel
method /5/.

Ve shall dwell at some length on the calculation of the cross-
section for inelastic scattering by the fisgionable nuclei.

In order to obtain the excitation crosa-section of the target
nucleus level with an energy Eé& the expression for probabilitly of
the compound nucleus disintegration must be integrated ovexr sll di-
rections 6 of an outgoing neutron, summed over all projections
m, mg, my and all values of momenta 1, j, J, 1', 3' and averaged over
possible directions of the target nucleus spin, As a result, the
expression for the excitation cross-section of the level Eq} viith
allowance for the competitions of fisgion and radiative capture is

written as Z ( /\9
£- E
N . » tl 7
S (6 Eq)= Lt 0 T )2 (219 74— ,71“ A7)
P ?

III

Here ¢ is the spin of the target ground state. (tnui/ are the ogr
bital and total momente of the incident neutron, respectively; £
and ;' are the same of the outgoing neutron; 7 is the spin of the
compound nucleus, The summation in the denominator is performed over
all neutron channels of the compound nucleus disintegration which

obeys the energy, purity and total momentum conservation lawa,
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The factor A4S in the transmisgsion coefficients of the exit and
elastic chanmmels takes into account that the neutron energy goes over
partially to the recoil nucleus energy.

The quantity'TLomp in (1) takes into account the competition
of the neutron disintegration channels allowed by the conservation
laws and includes the transmission coefficients for radiative cap-

ture and fission:
A A
Teomp = 7)1’.73' (X’ﬁf* S,,)+ 7}]»-&7 £+ Sn/ (2)

A
Here ( Ar? E+ Sn ) is the excitation energy of the compound nucleus,
7;xr and 7}zr are the "effective" transmission coefficients

for radiative capture and fission, respectively.

The "effective" transmission coefficient for fission, 7}]7- , in
the range of fissionable nucleus transition states can be calculated
analogously to the neutron transmission coefficient:

~_ iy
lirr = 2T5% &)

The fission width ézﬁr can be determined using the Bohr-Wheeler ex-
pression /6/:

Lrw= 2 P(Es, heo) (4)

vhere F)(Ekk,ﬁcog) is the transmission coefficient of the A-th fis-
sion berrier with a height é?k and a curvature parameter hwk [1/:

_ {
PlEp )= e T B (e £,0)] (5)

Here f}} is the energy of the known transition states,

The summation in (4) is made over transition stetes with a spin
J and a parity 77 . An approximate transition state diagram for even-
mass nuclei was suggested by lyan /8/. While developing this diag-
ram a saddle-shaped mass asymmetry was teken into account., This led
to the low-lying k7= band for barrier 8 and to lowering
the k7;:2+ band for barrier A,

The diagram is known only up to an energy of 1.5 eV above
the fission threshold. In view of the fission thresholds for 2-°Pu,
2Hp, ana 235 being equal to ~1.6 and -0,6 lieV, reapectively,

such an approach can be used near the threshold for 239Pu and 241Pu
and in the range of allowed levels in the case of 2350.

In the. framework of the phenomenological approach to the fiasi-
on process the question about the nuclear level density in the fis-
sion point remains wsettled, It follows from the conception of
the two-humped fission barrier that the single-particle state den-
sity for actinides at the Fexmi energy in case of the fission defor-
mation is considerably higher than in case of the equilibrium defor-
mation, i,e, the level density in the saddle point must be higher
at excitation energies within the discrete apectrum of transition
states, The independent particle model assumes that at excitation
energies above the boundary of the discrete spectrum of traensition
states the level density in the fission point must be lower, However,
the loss of symmetry effecis of the saddle-shaped configuration can
cause such an increase in contribution of the rotational states being
enough to compensate for or even to exceed the loss.

There are no direct experimental data on the level density in
the fission point other than the fission cross-sections, Information
on the level density that can be obtained from G; depends strongly
on assumptions on the figsion barrier height; vice versa, the
fission barrier heights obtained from (§ depend on assumptions on
the level density. Therefore, in order to calculate 7}ﬁr at high
energies where the transition state diagram is unknovm,wve use, as
Iynn did /9/, the simple formula for the transition state density
analogous to the formule derived from the constant temperature mo-
dels

2
2741 _U_L)/ &
LETT)= =3 efo 262 Cfexp(@/' (6)

where O , C; ’ 6@ are the parameters of the continuous density
of the fissionable nucleus transition states obtained from the ex-
perimental data on O} . for the nucleus under consideration, In
thia case the concept "constant temperature" can refer only to a
narrow energy range, each energy area having its own value of 6%g
Thus, the “effective" transmission coefficient 7;77- for fis-
sion with allowance for the discrete and continuous gpectra of
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figsionable nucleus transition states can be written in the form:
-

T+ 5 Ples Het)r_JRl6THPER 5 R

where P(Efx, fi«)x) and g P[Eﬁ +£, fmﬂ are determined from (%) whe-
rcas /3[5}117 is determined by expression (6).

The agreement of the calculated cross-section for fission with
the experimental data serves as a criterion that the given method
allows for the competition of fission in a correct wvay.

Thus, using the approximate transition state diegram up to an
energy of about 1,8 MeV above the fission threshold, the approxima-
te heights of fission barriers from experiments on the (dJ, #¥ ) and
(¢, pf ) reactions /10/ and ihe constant-temperature model for the
level density at higher energies we have determined the level densi-
ty parammeters and refined the transition state diagram and the bar-
rier heights basing on the experimental data for O; of the nuclei
under consideration., The change in £, by 0,2MeV and in %) by 10%

did not turn out to affect seriously the quality of the O, fitting
on condition that the corresponding compensating changes were made
also for the other parameters,

For actinides one peak of the fission barrier is, as a rule,
higher than the other one (221U for which both the peaks are iden~
tical i1s an exception), hence the lesser value from 7};;f can be
taken as the "effective" transmission coefficient for fission, which
proves to be adequate in accuracy for caloulating neutron cross-
sections /9/. In cases when both Tf(A) and Tf(B) are much less
than 1 (subbarrier fission) the formula of type (1) becomes invalid
for calculating G} and, therefore, another method should be used
to caleulate Oz /11/.

Indeed, after the first gamme-~ray emigsion there is a possibi-
1lity of deexcitating the nucleus through neutron emission and by
fission, The neutron emission is possible when the excitation ener-
gy after emission of the first gamma-ray is higher than the neut-
ron separation energy. Therefore, when calculating the transmission
coefficient for radiative capture by use of the cascade theory of
gamma-ray emission /12/ it is necessary to consider the competition
of the ( 4, )ﬁt' ) and ( n, y# ) reactions with radiative captu-
re /16/.

(7

The consideration of the ( A, yr' ) process when calculating
the transmiasion coefficient for radiative capture turned out to be
appreciable only st neutron energies highexr than the average energy
of the first-cascade gamma-rays ( é},rv 1MeV), Thus, the calculation
hes shovm that for 242py the consideration of this process at a
neutron energy of 0,5 MeV reduces 7;1 only by 0,5%.

The consideration of the (s, y#/ process iz more significant
for the fissionable nuclei when the diaintegration of the excited
compound nucleus is energetically possible after emitting the primary
gamma=-rays, ) ’

The weak energy dependence of radiative capture width for both
types of spectral factor at incident neutron energies up to 1 eV
where there is an experimental information on crosgs-section for radi-
ative capture does not allow one to choose one of the types, But
the type of aspectral factor affects considerably the calculated
values of widths </pz> .

@pa following values were obtained experimentally for 239Pu:

165 [i'l< 4mev 11/, )7 =401 0.9 mev /18/ ana /777 =
=6,1 2.9 meV /19/, Results of calculations by use of the different
models of level density and the different types of spectral factor a
are given in Table 1, The calculation using the spectral factor with

Table 1,
Theoretical and experimental values of'/;y widths for -
239p,
Level density model and ETLdT <ot
type of spectral factor ! !
mV mY
Fermi-gas model; lorentz 5.94 5.46
factor
Fermi- odel;
f:ctorgas model; Weilsskopf 10.59 11.55
Fermi-~gas mqdel with collective
modes included; Lorentz factor 3.62 3. 11
Fermi-gas model with collective
modes included; Weisskopf factor 7.25 7.28
Superfluid model with collective -
modes included; Lorentz factor 5.80 5.24
Superfluid model; Weisskopf factor 11.42 13,37
Experiment /17/ <4 meV -
/18/ - 4.1120.9
719/ - 6.112.9
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the Lorentz dependence generalized for deformed nuclei yields the
values of /;z which agree with the experimental values within
their errors.

Thus, the stronger dependence of the calculated widths (/}/>77
on type of the spectral factor in comparison with </}> makes it
possible to conclude that within accuracy of the available experimen~
tal data on /2/ the Welsskopf representation of the spectral fac-
tor leads to the worse agreement with the experimental data on /;/
widths than the Lorentz dependence does, the latter ensures the
satisfactory agreement with the experimental values of /2} . It
should be noted that this conclusion depends on values of the para-
meters ( B,, 4, <P> eand especially 7; ) used in the calcula-
tions, Therefore, in calculating the cross-sections it is of great
importance to use the parameters optimized over the whole get of
experimental data, That ia why below in calculating the transmission
coefficients for radiative capture for the purpose of nuclear data
evaluation the spectral factor in the lorentz form was used,

The consideration of the ( », yf ) and ( 1, Jnf ) proceasea le-~
ads, as could be expected, to a change in energy dependence of radia-
tive widths </y> (Fig.1),: This change becomes rather drastic at
energies above 1 MeV (at 1 MeV the consideration of these proces-
seg leads to decrease of </}> by a factor of 1,5), Naturally, such
o change of </;> affects also the cross-~section for radiative cap~
ture,

The analysis made by us has shown that in case of nuclei with
a negative fission threshold the allowance for the competition of
fission and inelastic scattering with the gamma-deexcitation only
after emitting the primary gamma-raw holds true only at low energi-
es of incident neutrons ( E, < 0,5 MeV), It is due to the fact that
at higher energies of incident neutrons there is also definite pro-
bability of nuclear fission afier emitting two successive gamma-~
rays. S50, in calculating the radiative capture width the competition
of fission and inelastic scattering with gamma-deexcitation was
considered for one more cascade, It allowed the radiative capture
widths for the (%, y# ) and ( n, yn' ) processes to be calculated
with considerable accuracy., The majority of the second cascade gam-
ma-reys is emitted at a nucleus excitation energy below &p+ 0,5 lieV,
as at higher excitation energies the fission and inelastic scatte-

o : )
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Pig.1, Calculated energy dependence of G for 23%pyu; 1 -
with the (n,)’f) and ( 7, yn') processes included, Lorentz spectral
factor; 2 - with the ( st,4f ) and (#, yn') processes included,
Weisskopt spectral factor; 3 - with the (h.,)n-') process alone
included, Lorentz spectral factor; 4 - without including the (#,)F )
and (#, )fn-') processes, lorentz spectral factor; 5 - the same
conditions as for cwrve 1 and with the ( n,z,g/) process additional-
1y included.

ring processes dominate, As the average gamma-rey energy Ey21 Mev,
the nucleus excitation energy becomes lower than the fission threshold
after {wo next cascades of deexcitation and the processes other than
gamma-deexcitation are impossible., The comparison of the radiative.
capture widths obtained for the nuclei 238U and 239Pu with the re-
sults of calculations including the competition of fission and in-
elastic scattering only after the first cascade of gamma~deexcita~
tion shows that at low energies of incident neutrons the widths pra-
ctically agree (see Fig,.2).

At higher energies the behaviour of C} is different. For 250U
which has a poaitive fission {threshold the allowance for the compe-
tition of the fiassion and inelastic scattering processes in the
second cascade of gamma-deexcitation leads to a slight decrease in
radiative capture width wherees in case of 239Pu the reduction °f‘6;
is more essential (by about 5%).
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Pig,2, Comparison between various approaches to calculating
the radiative capture widtha: (&) r3/2~_ for the target nucleus
238U; (b) f}P' for the target nucleus Pu; curve 1 - calcula-
tions with allowance for the competitions of fission and inelastic
scattering after two cascades of gamma-rays; curve 2 - the same
but only after the first cascade of gamma-rays; curve 3 ~ according
to /20/-

The correct consideration of the competition of fission and
inelastic scattering at nucleus excitation energies higher than B,
is also of importence, It can be seen in Fig.2 where the results
of ecalculations made with and without ellowance for the contribu-
tion from the second cascade gamma-rays emitted at nucleus excita-
tion energies higher than B, into [y are compared,

3., APPLICATION OF THE CQUPLED-CHAKNEL HETHOD TO EVALUATIOM
OF NEUTRON CROSS~-SECTIONS FOR FISSIONABLE INUCLEI

The heavy fissionable nuclei are strongly deformed and so the
neutron scattering cannot be adequately described by the convenient
optical model which does not consider the direct connection between
the orbital motion of an incident neutron and the nuclear rotation,
which leads to a direct excitation of nuclear rotational levels in
inelastic scattering.

For the heavy nuclei the coupling between the different chamnels
is rather strong and the coupled-channel method is efficient,

The coupled-channel method /21/ considering this connection dea-
cribes more correctly the neutron interaction with the deformed nuc-
lei,

Born's distorted wave method /22/ is a success in cases when
the nuclear deformation\/B is small (J920.1). At higherlj6 the dif-
ferential cross-sections of the elestically and inelastically scat-
tered neutrons are described inandequately by the distorted wave me-
thod, as the low=lying collective states affect not only the inelas-
tic scattering processes but also the elastic channel, Therefore, in
this case it is more preferable to use the coupled channel method,
i.e. to seek a precise solution of the quantum-mechanical problem
on acattering by the deformed nonspherical potential with an intrin-
sic structure,

The spheriocal optical model does not take into account the intrinj
sic nuclear structure (i,e, the structure of a potential by which
the scattering takes place). Therefore, the elastic scattering by
the potential ie a single direct process which can be calculated in
this model, At the same time the experimental data on angular
distribution of inelastically-scattered neutrons (their preferable
emission along the direction of incident neutron motion is borne
in mind) show that a subatantial fraction of inelastic scattering .
results from the direct mechanism, pointing to a necessity of inclu-
ding en intrinsic structure in the optical model potential,

For the heavy well-deformed nuclei in the form of ellipsoid
of revolution the lower levels are determined by the collective nu-
clear rotation and the intrinsic nuclear state can be connected
with rotations and characterized by the D -functions (by the top-
functions), In this case the system of one-channel optical equati-
ons does not decompose into individual equations and it is necessa-~
ry to solve the whole system, the connection between the equations
being determined by deformation of the nucleus, At distances lar-
ger than nuclear radius this system decomposes into individual op-
tical equations describing the inlet elastic chamnnels and the out-
let elastic and inelastic channels, :

A change in the optical model leads to that in a form of the op-
tical potential, This is due to the abaorption croas-section being
slightly overestimated in the sphexrical optical model as the direct
inelastic scottering in thia model iB considered as taking place
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through the compound nucleus, Therefore the imaginary part of the
potential reasponsible for absorption in the coupled-channel model
must be less than that in the spherical optical model,

The application of the coupled~-channel method makes it necessary
to develop complex computer programs and the application of these
programs to the evaluation of neutron data asks for a knowledge
of the optical potential porameters, Such programs have been deve-
loped abroad /21,23,24/ and in our country /25,26/, However, because
of a long computer time required the nonspherical optical potentisl
parameters were not determined automatically using the 2${-crite-
rion even for the program of /23/ which is most suitable for the
purpose of the neutron data evaluation, The high-speed program in-
volving the coupled-channel method and developed by us differs
from the programs of /24-~26/ in the following, Stdrmer's five~
point method is used for the numerical integration of the system of
coupled equations, It makes it possible to reduce considerably
the computer time in comparison with the modified Humerov's method,
Stormer's method allows one to obtain & solution at a point Z if
the solutions at A preceding equidistant points z-h, z~2h,...z-nh
are known, The accuracy of approximation grows with n, the errox
being equal to 0(’ ”ﬁ? for sz 4(our calculations were madc at
n=5).

The system of N coupled equations can be written in the form:

U (2= VR U, (15)

where Z]Z?) is the N-dimensional column of solutions and I/(%) is
the NxN matrix,

The partial solution 2 (%) for n=5 is obtained in Stdrmer's
method from the following relationship:

U(e) = Au(e-h)- Ue-24)+ K [rgg v (e-h)- OO
- 176 Y((2-2h) 1940 2= 34)- 96 U4} 19 e~ 54,
U(e)= U= Vi) %)

The Stormer's method offers the following advantages., To obtain Lfij
the method requires multiplying the matrix A into the vector U at

where

every integration step, Thus, it is necessary to make H2 multiplica~
tions at every step and it takes a major part of computer time, le-
vertheleas, this method 1s quicker than the Runge-Kutta method,

One would think it is necessary to make 5 multiplications in
eq.(16) to obtain ¥(*%; and it looks as if the application of
eqs (16) is slower by a factor of 5 than, for example, in case of the
two-point method, where:

W(Y) = 2 (e-H) - (- 2h] ¢ V(e-h) (17)

However, it is not right as four multiplications have been mnde befo-
re we reach the point (7). In other words, with the vectors 7%/(7z)
obtained for ry= r -2h, x-3h, r-4h and r-5h there is nothing to
do in eq.(16) but to cerry out 4N multiplications and 4N summutions
in addition to N2 multiplications, If N is sufficiently large, the
use of eq,(16) does not strongly increase the computer time in com-
parison with the two-point scheme, And as eq,(16) allows the grea-
ter integration step h to be used, the calculations are really
accelrated,

Some authors /27,28/ state that the modified Numerov's method
is more suitable and quicker for the numerical integration of
coupled equations, because it permits the greater step h to be used,
Wle have investigated both the methods and found no advantages of the
modified Numerov's method, This is the point that this method re-
quires twice N2 multiplications at evexry step in order to obtain
the value of the function U(xr) and even though mokes it possible to
increase the integration step (which has not found by us when compa-
ring theStormer's and Numerov's methods), this increase is not ’
enough to compensate for time required for the additional N2 nul-
tiplications,

In solving the Schrodinger equation its division into the
angular and radial perts is usually mede /25/. The solution of the
system of equations for the radial part must obey the certein bo-
undary conditions and the unknown matrix elements as well as dia-
persions containing all data on the ncutron interaction with the
nucleus are determined from the joining equation (i.e., from the
condition of equality of two solutions in the nuclear interaction
area and in the free motion area),
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The method of joining the solutions is described, e.g., by
Ignatyuk et al, /25/. To obtain the solution the following property
is used: the linear combination ;Z a«“’@“’ of the partial so-
lutions Z?Q) is also the asoclution of the system of coupled equ~
ations for the radiel part. The coefficients QY are determined
from the asymptotic boundary conditions,

Our program uses another method of joining which requires one
matrix inversion and naturally reduces the computer time, One can
write that the i-th partial solution of system (15) is the linear
combination of the asymptotic solutions with coefficients 64;
the incident wave being only in the inlet chamnel 4 . Then the joi-
ning equation can be written in the forms

U o) S5 (o) G Gl e e § G5
M/‘: (Rain-%) = 5"‘:{";’ (Boin- 1) s # GG (Gioin=) * i (Gain-gJf(18)

These expressions represent the system of 2N equations with 2N un-
knovms ctz and Q;k o It is possible to avoid calculating the co-
efficients OQ: in the following way., Multiplying the first equa-
tion by 6/‘-( R ;oin-X) and the second one by G, (,5 oin* X) and subtra-
cting the second from the first one we shall obtain

14 (8)G k)~ G CRJ6.R)- 5 fedr 5Ge?), (19)
+x, R, = R,

s P - =/, . '? s J? 6 l?

vhere Ry=Rs s, 2 Soin™%s z /5-[7?,)@( J 5(z) i ( f).

llow multiplying the first and second equations (i8) by Fj(RQ) and
FJ(R1), respectively, and subtracting the second from the first one
we shall obtain:

w (R)GR)- 1 0R)50%) = Tei G 2 (20
Vle shall determine the matrices Aiund B 'd in the following way:
. : ‘ 6/ 4
4is WRJER)- & k)R
/ ’ Z (21)
5. WRIER) UR)5R) -
/ Z

Now the joining equations (18) take the form
< i .
4= £ s <)
M i,
5/ - %dk c/k)

(23)
(24)

and it is possible to get rid of the éoefficients o and to obtain
the final expression for the joining equation and determining the
C-matrix elements:

As seen from eq.(25), the C~matrix elements can be obtained
either by.division of two NxN matrices or by multiplication of the
matrix B/'- from the left side of eq,(25) by the matrix inverse
“to that in the right side, If this multiplication or division of
the matrices is considered to be a solution of a set of linear equa-
tions whose right sides represent the B matrix column, we obtain
the values for the fixedd/ . Horeover, if a single inlet state is
considered, the coefficients 4;, are required only for the values
of K corresponding to this state,

The above described method of the numerical integration of co-
upled equations for the radial wave functions and of the joining
of the solutions with the asymptotic one at €-~e<requires choosing
the certein values for the integration step A and the Joining radi-
us ;?Join‘ The choice of the A and/?join values seems to affect
significantly both the accuracy and speed of computations: an inc-
rease in integration step (the joining radius) makes consistently
ghorter the time required for computations, but reduces the accura-
cy of the obtained results, So the choice of the /, and 'Q‘oin values
was inveatigated in a number of works where both HNumerov's /26/
and Stérmer's /24/ methods were used for solving the Schrddinger
equation and where h~ 0,1-0.,3' fm was recommended., From physical
congsiderations we have decided to connect the value of integration
step with length of potential diffuseness characterizing the rate
of change in potential depth and accepted the integration step A
equal to 1/3 Qp , where Qg is the diffuseness of the real part
of potential, Such a choice of integration step pexrmits three cal-
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culations to be made along the diffuseness length, which is seeming-
ly enough to describe the potentiel variations with considerable
accuracy. The calculations show that decrease in the step does not
lead to improving the eccuracy of calculations, but takes longer
computer time, The diffuseness for both the imaginary and the real
perts of the potential in the coupled-channel calculations is about
0,5~0,8 fm, the value of integration step used by us egrees roughly
with the values of A determined in /24,26/.

As a rule, the joining radius is chosen from the condition

in® Re+ (7=10)Qe /25/ or determined by the tentative numerical
celculations /24/, But such a choice of joining radius results in
its value being independent of incident neutron energy whereas it
was empirically shown in /24/ that in order to reach the required
accuracy of calculations in decreasing the neutron energy the joi-
ning radius must increase, Let us determine the relationships allo-
wing one to choose the joining radius taking into account the fore-
going,.

Ve must choose such a value 2 for the joining radius that
makes it possible to ingnore an influence of interaction potential
U(r), that is

Ul << £ :
(26)

The expression for the neutron wave number K is defined as
K~CyYE-ule) . Then taking into account that condition (26) is
satisfied at 232 )Qjoin we obtain

ok - ul)
K & 27)

Upon integrating (27) between the limits from /Ggoin
we obtain the expression for the total relative error due to igno-
ring the remnlnder of the pot?’rétinl at 2>?J oin®

o’k
/ ~3F U2z (28)

Fyom this expéession it is p0351ble to determine the value k)join‘
It is seen that the total relative error in determining K represents
a half of ratio of integral of the interaction potential, igno-

to eo

red in the calculations, to energy. To determine /?join we shall
write(_for » ;,Qjoin)..

1+ exp 2- % Qe
Qg

Let us substitute (29) in (28) and integrate

fou(z}a’z Ngf ex,o.—-/ c:tp( )a/z— exp/'ek)aﬂexlo( #)

Ve sﬁall suggest that the “total relative error in determining £301n
ghould not exceed 10 4. Then

VK e ouf /0
3E Qe xp exlo( -i——/ (30)

Upon teking logarithm of (30) we shall obtain the relationship for
determining the joining radius:

Rjont
%f_&-gf+&ag-&2+4&lo=.é—;— (31)
or Ie‘/oné = leg* Qg (67'5"/51‘ &ag-fné +4bn /0)_

Finally we have

It is seen from (32) that to reach the required accuracy the value
of joining radius should grow with decreasing the energy. It must
be remembered that when deriving (32) we took into account only the
real part of the interaction potential Vk , and that allowance
for its imaginary part slightly increases the value of R, . .« S0

join
to calculate /? join we used the expression

Rivin = Ko+ (€ + 10) e

The values of X?join for incident neutron energies of 0.1, 1,0 and
15 eV (at Ve~ 45 MaV, Kp ~ 7.5 fm, Qg~ 0.6 £9 are equal to 17.2, -
15.8 and 14,2 fermi, respectively.
As in solving the system of coupled cquations by Stormer's

method the first derivative of the function being calculated
is not used, we, as noted above, make the joinings at two pointas:

ﬁ?join x and A? oin *X+ The choice of interval 2x between the joi~
ning points also affects both the accuracy of solving the system of
equations and the calculation rate: decrease in x leads to degenera-
cy of the system of equations (25) and reduces the accuracy of so-
lution, increase in x takes up more computer time.The calculations

have shown that the choice of interval between the joining points

(33)
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equal to x=2h=2/3(t, together with expression (33) for A?join al-
lows the C-matrix elements to be calculated with an accuracy of
about 1074,

The generalized optical model calculations require the multiple
determination of the Klebach-Gordan and Rack coefficienta taking
long computer time, So a gpecial algorithm for calculating the vec-
tor addition coefficients was developed permitting one to apeed up
their calculations and to reach a required accuracy. The feature
of this algoxrithm conaists in the following. If we take the logari~
thms of the formulas for the Klebach-Gordan and Rack coefficients,
we ghall neglect the products and divisions of factorials in these
formulas and shall have only the sums and differences of their loga-
rithms, As a computer operates on integral numbers with a higher
spced and accuracy, we shall eliminate half-integrol magnitudes
uaing the doubled values of momenta and their projections, Accepting
the values of rl!with a high accuracy (e.gz. for n=0-200) as the ini-
tial data we determine the values of vector addition coefficient lo-
garithms as the sum end difference of values of (n(n/) , where n.
are the required values of momenta and their projections, As the
addition and subtraction operations ere carried out with a higher
speed than multiplication and division, the rate of calculations
grows, Horeover, gn_(n./}@ nt and, hence, it is not necessary to
operate on large numbers and the accuracy becomes considerably
better,

The contribution from the great angular momentum which could
be ignored in the spherical optical model should be taken into ac-
count in the coupled-channel method, This can be explained in the
following way /24/. If there is no coupling between the levels, o
neutron which enters a nucleus with a great angular momentum {(va-
lue afe) should leave the nucleus with the same angular momentun,
The scattering matrix elements are small in this case, as the cen-
trifugal force decreases them either for the inlet channel and
for the outlet one, In case of the coupled channels the neutron cen
escape with a lower value of 4 leaving the reminder of angular mo-
mentum in the target nucleus, Hence, the effect of centrifugal force
is weaker in this case and the contribution from the higher angular
momenta cannot be ignored.

When there is no coupling between the channels, a single value
of Z corresponds to one value of .TT . So it is poesible to assu-~
me that jmo.x = Zm-f 1/2., In case of the coupling with an exci-
ted level of the target nucleus there are the contributions from
high orbital momenta f in the coupled equations for small J , the
contributions from small P A existing in the equations for larpge T .
It follows that there cannot be any simple relationship between
Zm and fm. As a rule, either {m or J_ . 1s assigned in
advance for calculations, If a maximum value of the system total
momentum J7;ax is given, the contribution fraom all possible values
of orbital angular momentum € is taken into account in the coupled
equations at any J7353ﬁnax. If a maximum value of the orbital angular
momentun (max is given, the coupling of levels with <> (max
i8 not considered in the coupled equations and, hence, the coupled
equations are solved incorrectly even at small 7 . To obtain the
same results, as in case of assigning LTan' it is necessary to
inerease the value of f;ax /24/. This, in turn, leads to necessity
to solve the coupled equations for very large J which can be neg-
lected and, consequently, requires a long computer time,

But to assign a value of ;7£ax in advance is not quite satis-
factory. It is more preferable to use procedures where the values
of ‘jznax are chosen automatically to satisfy a predetermined accu-
racy. Ve use such a procedure, /e begin the calculations from
Jo= I4+1/2, where I is the spin of the target nucleus, and solve
the coupled equations for positive J= Jo£/ (where n=1,2,3.,,) un-
til the contribution from the C-matrix coefficients at a given J
in the value of cross-section for direct inelastic scattering beco--
mes less than 1072,

In this case the contribution from all possible values of f is
taken into account at any J . Such a procedure allows one to avoid
necessity of assigning in advance the value of 'Tmax which depends
on both the incident neutron energy and the number of target levels
considered in the coupling scheme,

VWhen carrying out the mmericel calculationa we used the re-
sults of investigations /24,26/ on the influence of different phy-
sical approximations upon values of cross-sections being calculated.
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In case of expanding the potential in the Legendre polynomials

the difference in the C-matrix coefficients is about 10-2 for

A =2(P2) anaL=2 and 4(P4), being less than 1073 between A =2

and 4(P4) and A=2.4 and 6(¥6), The difference in cross-sections and
strength functions is a few percent between P2 and P4, being less
than 1% between P4 and P6., Expansion P2, consequently, should not
be used in calculations ag it leads to considerable errors, expan-
sion P4 being satisfactory.

The use of deformation of the spin-orbital term in the potenti-
al causes a change of the order of 10"3 in the C-matrix coefficients

and a change in cross-sections and strength functions by less than
1% in comparison with the spherical spin-orbit potential, The dif-
ference in values of polarization obtained in case of using the
deformed and the spherical spin-orbit term is equal to 2-7%. In the
calculations we used the spherical spin-orbit term, as the influen~
ce of this approximation on results of the neutron cross-section
calculation iz negligible, The level coupling is an important
factor in the coupled-channel method, At incident neutron energies
below 1 leV the use of the three-level coupling (the first and se~
cond excited levels with the ground one) leads to errors £ 2% in
O,and O, , <5% in S,, and about 20% in On,' , the four-le-
vel coupling causing errors < 0,5% in G, and 6, , and < 1% in
.So o With increasing the neutron energy from a few keV to a few
MeV the sensitivity of the calculated values to the chosen coupling
scheme decreases, but the coupling scheme must be invariagble within
the whole energy range. The use of the two-level coupling is enough
to calculate the reaction cross-section, the integral cross-scction
for elastic scattering, and the strength function, In thia case
the error in the calculations is leas than 104 for the cross-sec-
tions and the strength function §,, being less than 20% for the
p~wave strength function J;, .

The three~level coupling should be used in calculating the
differential cross-section for elastic scattering and the p-wave
strength function S, . The errors in the integral cross-sections
and in the strength functions are less than 3% in using this coup-
ling,

VWthen calculating the cross-section for inelastic scattering
by the n~th level it is necessory to consider the coupling with

the (n +1)-th level, The use of four- and five-level couplings ke-
eps the C-matrix coefficients invariaeble with an accuracy of 10"3.
Therefore, we have carried out the main calculations taking into ac-
count the three - and four - level couplings for even-even target
nuclei and the five-level coupling for odd nuclei, The errors due
to the 8% uncertainty in the deformntion parameter /62 are equal
to 2. 10‘2 in the C-matrix coefficients (absolute error), less
than 2% in O, and O, , less than 5% in the strength functions and
about 20-30% in Onn' (Bq.). The 8% uncertainty in the deforma-
tion parameter /3, leads to errors in On, 67 , S, and Onn’
which have the same order of megnitude as the uncertainty in cross-
sections due to using the three~level coupling, The neglect of the
deformation parameter‘/34 can lead to considerable errors, The er-
ror in /3, equal to + 0,05 causes errors of 5~10"2 in the C-mat-
rix coefficients and errors equal to a few percent in the cross-
sections,

The C-matrix coefficients and the neutron croass-sections

44
ci,cﬁhcﬁi; Snnt calculated with this progrem were compared for 238y

with the JUPITER computations suggested by Kikuchi /24/ as a test.
For comparison we used the same potential as Kikuchi, The compari-
gon has showed that the C-matrix coefficients differ by less than
10'4, the neutron cross~-sections differing by less than 0,1%,

Such an agreement with the results of /24/ is achieved taking
into account that Kiluchi used the earlier value for tlie constant
of transformation of energy into wave number:K=0.2178—%;T— J‘ET;;;:

where E1ab is in MeV and X in Am-1. A refined constant equal to
0,219677 is used in our calculations,

The reduction of the numerical calculation time made it pos-
sible to join the coupled-channel method with the optimization prob-
lem of searching the potential parameters by use of Xg-criterion.
The calculation of the neutron cross-sections and angular distribu-
tions for 230U with the DESM-6 computer takes 3 mip at 0,1 MeV and
20 min at 10 MeV, The optimization of the potential parameters was
carried out using the searching program which uses the conjugate-~
gradient method, the paramoters being fitted by the experimental
data simultaneously over the whole energy area ranging from 1 kev
to 15 MeV rather than in individual points, The automatic search



200

of the nonopherical potential parameters was made for eight
parameters:
o W, %, 20, Gas B2, Lot Pu 1291

To determine the potential parameters it is possible to use in
a direct way the experimental data only on the neutron strength
functions .So,‘Si , the total cross-section for interaction &,
and the cross-gsection for potential scattering Op = 417?'?

The experimental data on anguler distributicns of elastically and
inelaatically-scattered neutrons at energies below 3 HeV cannot bhe
used for obtaining the optimal potential parameters, as these data
contain the isotropic part due to the compound contribution which

ig appreciable at large anglea, At higher energies it ia poasible

1o use only the experimental data in which the contributions from
level groups are precisely divided, In other cases only the compari-
son between the theoretical date on the angular distributions of
elastically~scattered neutrons and the experimental one has to be
made,

The procedure of searching a potential common for the actinide
group consisted in the following, At the firat stage an optimal set
of potential parameters was determined for the nucleus 238U the expe~
rimental information for which is most extensive, Moreover, the ze-
ro spin of the 238U ground state makes the search less time-consu-
ming. The estimated values for S,, S, and Op within the energy ra-
nge of a few keV /32/ and for O, at energies ranging from 1 keV to
15 WMeV were used as experimental data which were a basis for obta-
ining the potential parameters, The most reliable experimental data
on angular distributions of elastically- and inelastically-scatte-
red neutrons at 2,5 and 3.4 eV /30,33/ where the contribution from
the lower levels was distinguished and where it was possible to neg-
lect the contribution from the compound mechanism were also used
in addition to the above data.

In the celculations the coupling of the first three OV, 2% and
4% levels of the 238U ground rotational band was taoken into account.
The allowance for the additional level coupling changes the calcula-
ted values of cross-sectiona by lower values than the errors of the
available experimental data, but requires much longer computer time,

In gearching the paremeters it was assumed that the optical po~
tential has the following form:

U(e)=- Vf (=, Qpg, 'ek’-j* 40‘%ij%7’(2, ap,'%)* (34)
v o1%, =
'f//n—;—c/ %o €0 ’é—;/—;if(zldgl 'ee/}

f(2a k)= [1+ exp (5] __1 (35)

For the deformed temms VR and M/_p the radius wos taken as:

Eg,p = zn,,;A%[""fz Yz (Qj *ﬁy%‘,fﬁlf (36)
The spin-orbit potential Péo was not deformed, its radius being
Be=2, AV

The use of the apin-orbit term deformation in the potentiel le-
ads to changes of the order of 10'3 in the C-matrix coefficients
and to changes less than 1% in the cross-sections and strength fun—
ctions in comparison with the spherical spin-orbit potential,

It was assumed when fitting that the parameters Vg, Wa, Qg
and C(p depend linearly on the energy, but there happend to be no
necessity to introduce the energy dependence of the diffuseness of
the potential real part to describe the experimental date. However,
the introduction of the energy dependence for the diffuseness of the
potential imaginary part Qp markedly improves the description,

As a result of the careful optimization over the above experi-~
mental date, the following values of the nonsphericel optical poten-
tial parameters for 38U have been obtained: ‘

VR=(45.87-0.3 E) MeV, rR=1.256 fm, rD=1.260 fm,
={(2.95:0.413) MeV (B €10HeV), ag=0.626 fm

6.95UeV(E >10 HeV) a;=(0,555 + 0,0045E) fm
Vo, = 75 MeV, 2y = 0,080 (37)

where

WD

8 ﬁaﬂ 0.216

The calculations by use of these parameters make it possible
to describe the available experimental data for 238U et energies
ranging from 1 to 15 MeV practically within the experimental errors,
The comparison between the calculated and cxperimental data on

c&(238U) in the range of 0,1-15 HeV is given in g, 3.
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Pig.B.acomparison between experimentel and calculated data
on Oz for 38y at energies of 0,1-15 MeV.

Figs 4~6 show the differential crosa-sections for elastic and
inelastic scattering of neutrons at 3.4, 8,56 end 15,2 HeV, The
caleulated values of the strength functions S, , S, and the poten~
tial scattering radius R’ are compared in Table 2 with their va-

lues estimated on the experimental data. ,

30 #35dem

Pig.4, Derivative cross-sections for 3.4 - MeV neutron
scattering by 238y nuclear levels: 1 - ground 0% state; 1 - the
first excited level (2%, 44 keV); 3 - the second excited level
(41, 148 kxoV); 4 - elastic ascattering by spherical potentiol
with parameters taken from /35/,
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Fig.5., Derivative cross~sections for 8,56 -~ HeV neutron
scattering by the nucleus 2380 (sum of the 0% ’ 2% and 4% levels),

cm.

Pig,6, Derivative cross-sections for 15,2 - MeV neutron
scattering by the nucleus 238y (sum of the Ot , 2% and 4% levels)..

Tab .
Caloulated end evaluated values S, S, R’ 1e 2
/’
+
wuom T S,10%,ev71/2 S-10%,6v1/2 R', tm
leus calocula- evalua- calcula~ evalua=- calcula- evaluati-
tion tion tion tion tion on

238y 1.I6  1.168:0.5 1.05  1,93+0.50 02,48  9.4410.25
235, 1.05 1.07:0.07 2.40  2,040.5 6.I14  9.I5:0.25
239p, I1.15 1.1040.17 2.2 2.340.4 0.05 9,.10+0.25

240, 0.06 1.10:0.16 2.0 2.840.8  ©.0  8.56+0,60
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The value of the deformation parameter/ﬁ&,for 238y obtained by

Lagrange /23/ is 0,198, differing by about 8% from the value of /3,
obtained in this work, This difference results from somewhat diffe-
rent experimentel values of S,, S5, and 0 used to determine the
potential parameters in both the works and characterizes essentinl-
ly the error in determining the parameter /GL due to uncertainties
in the starting experimental data. The error in determining the real
and imaginary parts of the potential does not exceed 0,2 HeV,

At the second stage of obtaining the common potential for hea-
vy nuclei an attempt was made to desacribe the available experimental
data for the nuclei 235U, 239Pu and 240 Pu with the geometric parame-
ters obtained for 2 8U. The following data were used: our estimated
values of Oy (at energies to 15 MeV), S., S, rQ and the experi-
mental data on angular distributions in case of 39Pu and 235U, on~
ly the estimated values ofS, S,, R’ and O, (at energies to 3,5 lieV)
in case of 40Pu. The calculations were made under the assumption
of the following level coupling scheme:

ST
391>u§"§‘ g‘ Z‘g‘

240p;, o*, 27, 47
Po deacribe these experimental data it turned out to be quite
enough to include in the potential the isotopic dependence obtained
in case of 238U for depths of the potential real and imaginargy
parts and to fit the deformation parametersjﬁ‘andjﬁv. It happened
to be possible to write the depths of the potential real and imagi-
nary parts taking into account the isotopic dependence obiained in
the couse of preparing in the following way:
B-2_ -2z
V49,72 = 17 7& =0.3 Ei W= 5.22-10 5= + 0,4 E (38)
The deformation parameters for the potential with the above
values of V; ard W; are

JSz 0,201, J%'O 217 Jﬁ £0,191 and 0,195
J31-0 ,072 , 0,082 , 0,094 and 0,078

for the nuclei 235U, 239Pu, 240Pu and 232Th, reapectively, The
obtained values of the deformation parameters agree well with the
values theoreticelly predicted /34/ from the microascopic model by
use of the Yukawo single-particle potential and the modified liquid-~
drop model ( f3,=0,216, /3, =0,084).

The set of the above parameters permits the available experimen-~
tal information for the above nuclei to be described practically
within the experimental crrors., The example of the experimental da-~
ta description for 239Pu is given in IFigs 7 end 8, In case of 240Pu
there are no experimental data on angulaxy distributions of the elas-
tically—scattered neutrons; the angular distributions of the 5 HeV
neutrons scattered by the nucleus 240Pu as theoretically predicted
by use of the coupled~chamnel method are presented in Fig,9,

Thusg, the neutron data for the actinides for which there is no
experimental information can be obtained by the coupled-channel me-
thod with the paremeters V, and W) in the form (38) and with the
geometric parameters in the form (37), To do this, it is necessary
only to fit the values of the deformation parameters JﬁLand./éy for
every nucleus basing on the experimentally estimated values of S, Si
and R’ , which does not need long computer time, If there a.re
no experimental data on S,, S, end R’ , the parameters j3, and By
could be taken from the microscopic calculations /34/,

i

i

Trn,nv[11xlvw—-]1—rr]“

1

4 10E MeV

Pig.7. Comparison between experimental and calculated data
on 6, for 239y at energies of 0,1-15 MeV,
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i} 46 9 {35 B cm.

Fig.8. Derivative cross-sections for 3.4 - HeV neutron scat-
tering by the nucleus 227Pu: 1 - sum of the 1/2% and 8 kev 3/2°*
levels; 2 - sum of the 57 keV 5/2' and 76 kev 7/271evels,

0 90 1% Bcm.

Pig.9. Derivative cross-sections for 5-lleV neutron scatte-
ring by the nucleus 24'01>u: 1 ~ ground o* state; 2 - 43 keV 2t H
3 - 142 keV 4T level,

The potential obtained by us differes consistently from other
ones by the inclusion of the energy dependence of the geometric
parameter Qp , which permits the competition between the surface
and volume abaorption to be taken into account in an "efficient"
way (it is of apecial importance at energies sbove 10 MeV),

The use of the volume absorption at high energies would lead
to neceasity of fitting, at a minimum, three more potential para-
meters (depth, radius end diffuseness of the imaginary part descri-
bing the volume absorption), whereas the use of the surface absor-
ption diffuseness increasing with energy, Qp = Qo+, E makes it
possible to take into account the volume absorption and to describe
the experimental data at high energies by ore parameter.,

The coupled-channel method as considered here mokes it posaib-
le in casge of fissionable nuclei to describe the experimental data
on angular distributions of the elaatically~scattered neutrons, to
calculate the cross-sections for the direct excitation of levels and
to picture the shape of the inelastically-acattered neutron angular
distribution on the 4 1level within the experimental errors, The
detailed siructure of the inelastically-scattered neutron angular
digtribution on the 2 level is reproduced somewhat worse, the
structure obtained in the calculations being less noticeable than
that from the experiment. The same difficulties arise when descri-
bing the behaviour of the angular distribution for the 5/24' and 7/5'
levels of 227Pu, It should be noted, however, that the measurement
reliability for the first excited level is low (it must be taken
into account that the energy of the recoil nucleus is compearable
with the first level energy).

For the heavy deformed nuclei the most correct approach to
the celculation and evaluation of the neutron cross-sections is
the generalized optical model, Bul this method is too complex and
involvea considerable expenditures of computer time, so the spheri-
cal optical model is still widely used to calculate and to estima-
te the neutron cross-sections of nuclei including the deformed
ones, As the model contains a good many parameters, to attain a
good agreement with experiment within some limited energy ranges
is comparatively simple. llowever, the potential parancters obtained
in such a way turns out to be different for the neighbouring nuclei.
lioreover, these parameters presented by different authors are rather
unlike.
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One of the most important advantoges of using the coupled-chan-
nel method for the purpose of estimation is & posaibility of obta-~
ining and using the cormon, for a group of nuclei, parameters of
the optical potential, which appears to be impossible for the sphe-
rical optical model,

The spherical opticel model calculations cannot reproduce the
general tendency in the strength function variation for the heavy
nuclei, However the calculations by using the generalized optical
model with a common set of potential parameters reproduce well thisg
tendency in the change of S,and S,.

The comperisonbetween the cross-—sections for the total inte-
raction 61 in the casec of 239Pu which we have calculated by use
of the spherical and generalized optical models ghow that the calcu-
leted cross—sections are not different at low energies. Vhile the
usge of the deformed potential allows one to deseribe S, tor 239?u
with en accuracy better than 2 over the whole energy range, in
using the spnerical potential the difference between the calculated
and experimental values of O, amounts to about 8 in some energy
ranges.

The comparison of the elastic-scattering cross-sections calcu-
lated by using the spherical and deformed potentiels with the expe-
rimental data shows that the spherical optical model describes wvor-
se the cross-section for clastic scattering especially at large
engles.

The cross—section for the compound nucleus formation O¢ 1is
most sensitive to the choice of the model (spherical or nonspherical}).

In the spherical optical model calculations fo= 6}-'6L7u,
whereas‘in the coupled-channel method 0. °"*f- 67 - o7/~ i
As 0:,7 depends strongly on energy, the calculation of O by

using the spherical optical model through fitting the model parasme-
ters to 61 proves to be rather doubtful. It can be seen from Fig.10
where Oe for 238U calculated by the coupled-channel method
with the potential paramecters obtained by us and by use of the sphe-
rical optical model with the parameters from /35/ are compared. The
difference between fo and CE""Q. is rather significant and
depends upon energzy, which does not permit one to renormalize the
results of the calculations with the spherical potential to the

50 E Ny

Pig.10, Comparison batween cross-gections for compound
nucleus formation GZ(ZBBU) calculated by use of the spherical op=-
tical model (solid line) and by the coupled-chennel method (da-
shed line).

results of the calculations obtained by using the generalized opti-
cal model. The difference between the ncutron transmission coeffi-
cients calculated on the basis of the apherical and nonspherical
models turns out to be of the same order of magnitude aa the dif-
ference between the values of O,

The influence of the deformation effects on the calculated
cross-gections cannot be substituted by the equivalent set of the
spherical optical potential parameters. As observed in /23/, the
effect of the parameters of both the quadrupole,jéa , and hexade-
capole, /Gy , deformations is significant. This effect is illust-
rated in Fig.11 where the comparison is given for the values of O
in casge of 239Pu caleulated with allowance for the parameter/@¢
alone and the parametersja;andjﬁy. It is seen from Fig.1i that
the difference between the values of J; amounts to ¥10%; and the
conclusion can be dravm that for the accurate cvaluation of the ac-
tinide cross-gectiong the deformation parameters//S2 andd/3vshou1d
be taken into account.

It is clear from the above-citod results that the generalized
optical model ghould be used as a way to cvaluate reliably the ne-
utron cross-gections of the heavy deformed nuclei. The uge of the
gpherical optical model is permissible only in the cases when tae
required accuracy in the calculations of crosga-sections is low
(leas than 20-300).
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Pig.11. Comparison between 62(2391"1) calculated with allowa-
nce for the quadrupole deformation j’, alone (dashed line) and
for both the quadrupole and hexadecapole/Q‘deformationa (solid
1line).

The coupled-channel method desecribed above is developed for
the nuclei with rotational or vibrational bands of levels. There
is 3till no mathematical program which vould allow the coupling of
these bands to be taken into account.

A theory of nonaxial even-even deformed nucleus vas developed
by Davydov and Chaban in /36/. In the framework of this approach
the Hamiltonian of intrinsic motion talkes into ecccount both rotati-
on and vibration of the pucleus. This theoretical approach malkes
it posgible to describs the lowexr band levels with a high accuracy.
This theory, in principle, can be extended to dynamics of neutron
interaction with a nucleus, i.c. can be used to calculate the
neutron scattering by nuclei. The task consolidates cssentially the
solving of two problems (1) determination of the intrinsic Iamilto-
nian paremeters (deformation parameter, softness perameter and parc-
meter of muclear nonaxiality, then the three parameters are fixed),
(2) calculation of the neutron scattering process with determination
of the corresponding parameters of nuclear potential.

This program is being developed in our laboratory. The inte-
raction crogs-sections and other characterigtics of the excited
nucleus has happened to depend strongly on degree of its twisting.
The elements of chamnmel coupling have been calculated for this
model. The allowance for nuclear vibrations has been shovm to lead

to increase in these coefficients, i.e. to increase in the calcu-
lated contributions from direct reactions.

4., IIFLUZNC: OF VARIOUS ITUCLEAR LEVSL DENSITY COLCSPTS
OIl THZ CALCULATION OF ACTIINIDE HEUTRON CROJS~-SLECTIONS

The level density from the Fermi-gas model is widely used at
present in the calculations based on the statistical theory. The mo-
del relationships are founded on the idea of thie total agitation
of collective degrees of frcedom in the excited nucleus,and so they
do not take into account the collective effects., A semimicroscopic
method of level density calculation developed recently by Soloviev
et al. /37~39/ makes it possible to take into account the contribu-
tion from vibrational and rotational motions. When calculating the
level density, the methods of statistical averaging /40-42/ are also
widely used, although a number of problems concerning difference
betwecen the collective motions of the nuclei at different excitation
energies, agitation of collective modes with single-particle ones,
etc. remaing unsolved in the framework of the adiabatic assessment
of collective effects.

These problems can be solved on the basis of the microscopic
methods for direct modelling of the structure of highly-excited nu-
clear states /43/. But these methods of calculating the level den-
sity prove to be rather time-consuming especially at high energies,
limiting the possibility of their application to nuclear data eva-
luation,

That is why to learn the influence of the collective effects in
the level density upon the calculation of average neutron cross-sec-
tions of heavy nuclei we have employed the statistical method of
deseribing the averaged characteristica of the excited nuclei as
developed by Imnatyuk et al. /40, 41, 44/. This method takes into
account the existonce of ghell heterogeneitlesin the single-partic-
le level apectrum, the correlation effecty of the superconlucting
type and the cohercent effects of collective nature. lle have prepa-
red & special computer program allowing one to calculate the level
density and to extract the parameter Q for the followinzg models:
the conventional Permi-gas model, the FPermi-gos model with back
shift in pairing energy, the Fermi-gas model with an energy depen-
dence@ (£ ) for taking into account the shell effects /45/, the



206

Fermi-gas model with collective modes (both rotationel and vibra-
tional) of motion included, the superfluid nucleus model which ma-
kes it possibvle to include the residual interactiona of corrclati-
on type and the simple version of which has been suggested in /41/,
the same nodel but with collective modes included.

The allowence for shell effects in the Permi-gas model is mnde
by including both the dependence of the parameter Q- upon excita-
tion energy and the shell correction W . The energy {copendence of
the parameter @ is most easential for the nuclei with the nearly
completed shell., TFor the nuclei investipated in our work the va-~
lues of shell corrections are comparatively small and this effect
can be neglected.

ilhen including the collective effects the equation for level
density takes the foim

Jo(u/ T/ = Kot /ew"ﬁp,-k. (44: Z') (39)

The coefficients of level density increasec Kot end K?wfstipulated
by the rotationgl and vibrational modes, respectively, and the
factor 0% in accordance with the adiabatic assessment are de—
termined by the cxpressions /44,46/:

Kot = FL E (40)
Kb = exy:ﬂzzszzééf’é}
RN AT AL

s " Vs

(41)

(42)

whexre /i and Fu are the perpendicular and parallel moments of
inertia, respectively, and ¢ i3 the excited nucleus temperature.

The question about validity of the adiabatic assessmeni of Kzot
end Kué at excitation enerpgies above 10 lieV remains undoubiedly
unsettled in the frameviork of the above approach.

The relationships of level density from the superfluid nucleus
model were taken from /44/. Unlike /44/ we have used K, £ in the
form (41) and have not considered the energy dependence of the pa-
rameter Q. which can be neglected ot small dW . The formulas of

- the superfluid model are valid not only for the even-even nuclei,

but also, a&s shovm in /44/, for the odd and odd~odd nuclei if we

define the excitation energy as:
A for odd nuclei

Zf= Z(even—even +
24 for odd-odd nucled.

The considered models of level density lead to different depen-
ces of level dengity upon energy, wvhich affects the values of cross-
sections calculated by using the statistical model.

The allowance for collective effects drastically decreascs the
value of & and when calculating by means of the Permi-pas and the
superfluid nucleus models the values of (L become comparable to
cach other and to the quasiclassical aasesament (@ =0.075A and for
23py: @ =18.22mevY).

The above models of level density do not allow the growing sum
of levels in the discrete spectral range to be degeribed adequately.
The requirement to describe the diserete spectrum of levels would
evidently be too rigid for any model of level density the main para-
meter of which i3 determined from the density of neutron resonances.
So the use of the constant temperature model at low energles vihose
parametersg are determined from the condition of describing the
discrete spectrum and which ensures the joining with the model ac~
cepted at energies close to the neutron binding energy looks natural.

The constant temperature model is usually subjected to eriti-
cism from the angle of its physical gubstontietions. Its succeas
becomes clear from the calculations baging on the superfluid nucle-
us model which gives a weaker drop of‘/o(aé) to the zero excita-
tion energy than the Permi-gas model. At low cnergies Ja(ﬁé) in
accordance with the superfluid nucleus model gives practically a
straight linc in the semilogaritimic scale.

The joining of the level density models (the constant tempera-
ture model and the superfluid nucleus model) was determined from
the conditionsg of description of growing sum of the diserete spec-
trum levels and of equality of level densgities calculated with both
the modelz and their logarithmic deriveatives at the joining point.

In the framework of the constant temperature model the para-
neters of spin dependence of<ff for 41 nuelei with sufficiently stu-
died digerete gpectra have been dctermined by means of the maxi-
nun likelihood method. It proved that O]? for even-cven and odd
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nuclei do not differ and on an averase can be described by a 1i-
near dependence on magg nuwiber A

OF =0.156244-26.76 (43)

thege values of 012 nalkes it possible to describe
adequately in terms of the conatunt temperature law the growing sums
of levels N(%7) for the nuclei 34’1.1 “35U 2391‘11 "40'>u 24)01'1
2""Cm for which a relatively great number of levels with a given J
arc identified. This showrs a possibility of substituting if necessa-
ry the discrete spectrum by the continuous one employing the con-
stant temperature model and the law:

=T(7+y)
@7+ 1) exp [ ~ZLT2E
Flw7)- ;’;z[ ] (44)

The use of

with the parameter 0% given by (43)

The cquation (43) should be used up to an energy where the dis-
crete spectrum cen be considered to be identified quite reliably
(we shall denote this boundary as E b oun)‘ From B ..q t0 Iy (the
point of joining the superfluid nuclecus model end the constant tem-
perature nmodel) 012 would be determined by linecaxr interpolati-
on between Oi° given by (43) and O (Ex) calculated by the
superfluid nucleus model. At higher energies the calculation by the
superfluid mucleus model is to he used.

Tor nuclel whose discrete spectra are identified poorly it is
possible to use depcndence (43) and the following values:

Ebound = 1.2 lleV for even-even nuclei,

Evound = 0.6 lieV for odd nuclei,

E bouna = ©0+3 UeV for odd-odd nuclei.

The resulis of determination of the parameter T in the constant
temperature model show that the temperature T for even~even nuclei
hes very small fluctuetions about the mean value T2‘:0.38‘5 lieV. Tor
odd nuclei the fluctuetions of T are markedly higher and morcover
tlic value of T on an average iz somewhat lower than for even-cven
nuclei, which is a congequence of missing the levels in the agpectra
of odd nuclei. For odd nuclei having the most studied disciete
spectra (for exomple 235U) the temperature T is close to the mecn
value for the even-even nuclei.

The values of the parameter £, in the constant temperature model
for even~even nuclei are grouped very compactly in the vicinity of
zero; for odd nuclei &,=- A, ond for odd-odd nuclei £,= -24,
where Ao is the correlation function in the ground state (u:x
= -0.0397 eV for 27°U; £, ==0.1665 lieV for 237pu). The use of the
superfluid nucleus model taking into account the contribution from
collective modes in the level density ensures the joining of the
models at sufficiently low temperatures and at the points of joi-
ning £, equel to 4, 3.2 and 2.4 lieV for even-even, odd and odd-
odd nuclei, respectively (u,( =3.2, 4.1 and 2.6 leV for ‘35U, 23811
and 239Pu, respectively).

The calculation of the average density of neutron resonances
(D) theor. with the above parameters shows that a great bulk of
experimental data for actinides agrees with the theoretical predic-

tions within #s50.2.

The data on neutron resonance density were ugsed to obtain the
agynptotic value for the main parameter of level density @ in the
range A=225-254. This relationship turned out to look as

9@ =1.487 10724 + 0.4529 (45)

viiich differs from the systematics of [44] by a faster decrease
in Qg’i'ﬁ with increasing A. This decreasc can be caused by clo-
ging the shell as in case of double magic nueclei.

As the cealculated croas-gscctions for figsion at energics above
1 1leV are usually fitted to experimental duata, the crozs-section
for radiative capture G,.y in the calculations by use o2 the statis-
tical theory proves to be moat asensitive to the choice of the level
density model. The queation anout the choice of the level clcnait:;'
model can be unambiguously gettled only for the nuclel for which
there are the experimental deta on 07., in a wide energy range. Tae
nucleus 2 8U vhoge crosg-section fox radiative capture was neasured
in a nunmber of works ig most suitable from this point of view. Let
us inveastigate taking this nucleus as an example the influence of
different level densgity concepts on the cnergy dependence of O_f.r
enalyze also the influence of uncertainties in(.'l))obs end </y)>
on calculation of (57.( and consider the question about choice of
the gpectral factor.
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The neutron transmission coefficients required for the statisti-
cal calculations were calculated by using the coupled-channel method
with the non-spherical optical potential paremeters wvhich have been
obtained by us and carefully optimized over the experimental data.

The conclusion was diravm in a number of works (sce,e.g. /47
that the ileisskopf factor makea it possible in many casezs to attain
the adequate description of Gir, but it does not ensure an egree-

ment as to the enerpy depcendence of radiative strength functions /48/.

The use of the Lorentz dependence is physiecally more substan—
tiated, but in this case the description of the cnergy dependence
of 01{ becomes worse and the calculated values of Tky happen to
ve esgsentially higher than the experimental omnes.

Ls the transmission coefficient for radiative capture depends on
the level density of the campound nuclcus, the above discrepancy with
experiment can be assumed to result from incorrectneszs of the used
level density model (the Fermi-gas model). Such a conclugsion vas
dratm in /49/, but in this work the calculation foxr 238U vas con-
ducted only to en energy of 1 leV ignoring the competition of fissi-
on and above all wvithout the use of thie neutron transmission coef-
ficients calculated by the nonaspherical opticel nodel.

The calculation of neutron cross-sections of 238U vas nade on
the basis of the formalism above deacribed, the Teppel formaliecm
ete, beins used In the calculetions at energies above 1.3 lieV. The
level diagram of the mucleus 230U was taken from /50/.

The calculated cross—gections for excitation of discrete levels
of the target nucleus at incident neutron energies lower than 1.5kieV
vhere the cross-sections practically do not depend on the choice of
the level density model agree well wvith tihie experimentel data.

Thus, the chosen parameters of the statistical model describe
all the neutron cross-gsections except Oy » The calculated croszz-
sectiona for radietive capture depend strongly on the level density
model in use, meking it poscible on the basis of comparison between
the calculnted and experimental values to chose o level density no-
del permitting once to atiain the best agreement with experiment in
a wide energy rangc.

The cross-gections for radiative capiure of neutrons by the
nucleus 238U calculated by using the spectral factors of both types
and the level dengities fron diffevent models are compared in Pig.12
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¥ig.12, Comparison between experimental data on.dAKZBBU) and
theoretical data obiained by use of different level density models:
1 - Fermi-gas model, Lorentz spectral factor; 2 - Fermi-gas model
with collective effects included, Lorentz spectral factor; 3 - super-
fluid nucleus model with collective effects included, Lorentz spec-
tral factor; 4 - Fermi-gas model with collective effects included,
Weisskopt spectral factor KDD,24.8 eV /55/, </p2,= 23,5 MeV, T,
determined by the coupled channel method),

writh the experimental dota on Cﬁy’ in the energy yenge from C.1 to
3,0 lieV (where noncompound mechanisms of radiative capiure can be
neglzacted). The comparison shows that the best fit to the experiment
over the whole range is obtained by use of the level density from
the Fermi-gas model with collective modes included. The use of the
level density from the superfluid nucleus model leads to the discre-
pancy with the experiment in the energy range from 1.2 to 3.0 LeV,
whereas at energies up to 1.2 lieV the agreement is the same as when
using the level density from the Fermi-gas model with collective
modes included.
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The greatest discrepancy between calculation end experiment oc-
curg for the level density from the conventional IFermi-gas model.
The introduction of the enerzy dependence of the parameter G in the
Permi-gas model for level density regults in no essential change
of the calculated values of OT,[ « Thus, at 3 EeV this effect at-
taing less than 4%. It is attributed to comparatively small values
of the shell corrections dw tor 2380 and 239U, allowing the depen-~
dence a(u) in the level density from the superfluid nucleus mo-
del to be neglected.

The use of the Weisskopf spectral factor in the calculations
does not yield the better fit to the experimental data on Onpy
than the f£it obtained with the Lorentz spectral factor and the le-
vel density from the Fermi-gas model with collective modes included
(curve 4 in Fig.12). Therefore, taking into account the better phy-
sical validity of the Lorentz factor, as evidenced by the results
of describing the radiative strength functions/48/ and the experi-
mental data on the ( N, )’f ) process widths, we consider it reaso-

. nable to ugse just this spectral factor in the calculations by the

statistical theory.

It should be noted that yncertainties in such quantities as
<DDoes and < /[y> 4 and the used values of neutrons
transmission coefficients can considerably affect the choice of the
best model of level density for the description of O’,,r (Fig.13).
The width of radiative capture of 2380 was normalized to the
estimated value </;>obs=23.5 meV /52/ that agrees with the
value 23,55 meV estimated by Rahn and Havens /53/ and with the va-
lue 23.43 meV ¥0.11 mev stat 0,70 mev ayst Obtained by Poortmans
et al. /54/. The 4% error in </7) leads to the same error in
the calculated Oj,f .

In case of(.D)obs there are far greater uncertainties due to dif-
ficulties in identifying & -~ and p-levels. Thus, according to the
recent nssessment of De Saussure et al,/32/ <-@>obs=24.7832.0 eV,
being consistently higher than <2> obs=20+8 t 0.3 eV /55/. This
digcrepacy is due to the fact that weak levels considered in /55/

as S-levels are actually, as determined by Corvi et al./56/, the

p-levels. The difference in O';,, due to the use of the two extre-

is about 15%. It should be noted that the re-

me values of (_D)obs
23BU show evidence for a high

sults of the present calculations for
value of <D) . =24.8 eV /32/.

The existing uncertainties in <6’) and <D> do not ellow one
to explain such a considerable discrepancy between experiment and
calculation baged on the conventional Fermi-gas model for level
density.

It is seen in Fig.13 that the neutron transmission coeffici-
ents obtained by using the spherical and nonspherical optical models
affect the calculation of @7.} « The difference between the values
of OT., for these two cases depends on energy and ranges from 5
to 20%.
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Fig.13., Comparison between experimental and calculated data on

Un, (238U) The calculation wes made for the Fermi-gas model with
collective effects included, with the Lorentz spectral factor and
<[2e523.5 meV, Curve 1 .<DD .= 24.8 eV /55/, Tn were determined
by the coupled-channel method for a ground nuclear state alone;
curve 2 = <D = 17.7 eV /51/, nonopherical potential; Suxrve 3
<D>,4= V1.7 eV, spherical potential; cuxve 4 =<Dp,gs= 24.8 ev,

7. were determined by the coupled=-channel method for both ground
aend excited nuclear states,
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The neutron transmission coefficients applied when calculating
the processes of the compound nucleus disintegration by the statis-~
tical model, strictly speaking, should represent the transmission
coefficients for the excited states of the nuclei as they characte-
rize the probability of capture in the inverse reaction of the
particle emitted by the excited nucleus. It is required by the
detailed balancing principle. Vhen using the spherical optical mo-
del the dependence of the neutron transmission coefficients on exci-
tation energy is neglected, as pointed in /57/. In practice, thege
coefficients are identified with the neutron transmission coeffici-
ents for the ground states of nuclei, The coupled-channel method
can be used to calculate the neutron transmission coefficients for
the excited states. Ve have studied the effect of using such coef-
ficients for the two first excited states of the ground rotational
band of 238U. The influence of these states is determinative when
taking into account the competition of inelastic scattering.

Table 3 1lists the values of the neutron strength functions So
and Sy for the ground state and the excited ones which wexre calcu-
lated by use of the coupled-channel method. As is seen from the

Table ,o
Strength functions of $ - and P -neuirons for
the ground state and excited ones of 2380 nucleus
Neutron 5104, ev-1/2 S, 104, ev-1/2
energy, uand 27 4t ground + +
MeV gi:te state state state 27 state 4 state
0.5 10~2 1.163 1,032 0,790 1.947 1,893 3.745
0.005 1.133 1.016 0.780 1,041 - 1,717 A2.997
0,01 1.121 1,006 0,774 1.944 1.721 3.003
0.03 1.00I 0,081 0.757 1.952 1.731 ) 3.010
0.1 1.034 1.003 0.73¢ 1.91¢ 1.731 3,407
0.2 0.990 0.020 0,717 2.109 1.828 3.068
0.4 0.045 0.012 0,712 1.801 1.4€2 2.463
1.0 0,820 0.790 0.695 1.428 1.151 1.183

table, the values of strength functions and,hence, the transmis-
sion coefficients for different states differ essentielly, especial-
ly at low energies of incident neutrons. These differences decre-
ase with increasing the enerpgy. The difference between the transmis-
sion coefficients manifests itself more strongly in the reaction

of radiative capture of neutrons. The performed calculations of Cﬁf
(238U) show (Fiz.13) that the use of the neutron transmission coef-
ficients for the excited nuclear states obtained by the coupled-
channel method permits the experimental date at energies up to

1 lieV to be described significantly better. So to obtain more reli-
able data,it is necessary to use the transmission coefficients

for excited nuclear states althoughit leads to complication of
calculations.

The performed analysis shows that the use of the conventional
Fermi-gas model for level density leads to an appreciamble discre-
pancy between the experimental data and Gar for even-even nuc-
lei calculated with both the types of spectral factor. This dis-
crepancy cannot be explained by uncertainties in the used para-
meters.

The calculated curve of G}r et energies up to 1.2 MeV in
case of the level density from the superfluid nucleus model with
collective modes included and with the Lorentz spectral factor
agrees with experiment as well as in using the level density from
the Fermi-gas model with collective modes included. However, some
uncertainty in the parameters of the uged version of the superflu-
id model, in particular, in the phase transition energy, does not
allow one to affirm that the seme relation between the two calcu-
lated curves will occur also for other nuclei. The calculations
of O;,-(242Pu) show (Pig.14), that the value of Oay calculated
by use of the level density from the superfluid model with collec-
tive effects included seems to be greater than the value obtained
for the level density from the Fermi-gas model with collective mo-
des included. It should be noted that in case of using the level
density from the superfluid nucleus model the calculation of Oy
with the Vieisskopf spectral factor at energies up to 1 MeV yields
higher values than with the Lorentz spectral factor. For the
Fermi-gas model the contrary is the case., The pointed uncertainty
needs its subsequent investigation.
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Fig.14, Calculated data on Gny(242Pu) obtained by use of
different level density models and the Lorentz apectiral factor:

1 - conventional Permi-gas model; 2 - Fermi-gas model with col~ | P 'I 111 |
lective modes included; 3 « superfluid model with collective 0.1 4.0 E &ev

mode included {D>.¢, = 14.233eV; </;,)"‘= 22,60 meV.
Pig.15, Comparison between experimental data on 071,' (239I’u)

and theoretical data obtained by use of different level density
models: 1 = Fermi-gas model, Lorentz speciral factor; 2 -
Fermi-gas model with collective modes included, Lorentz apectiral

. factor; 3 - superfluid model with collective modes included
3 G, 240 242 . ’ ’
o vhen estimating "r for Pu and Pu we have employed Lorentz spectral factor; 4 ~ ¥ermi-gas model with collective

the results of the calculations the level density by using the Fermi-~ modes included, Veisskopf spectral factor,<Dd.: 2.38 eV;
gas model including collective modes and the Lorentz spectral fac-~ <62“=4J.mmv.
tor. It should be noted that at energies ranging from the boundary

between the discrete and continuous spectra of the target nuclear
levels (1.15 lieV) to 2 LieV the calculation yields somewhat overesti-
mated values of OR( due to underestimating the level density of
the residual nucleus at these energies. It is particularly noted in
case of the conventional Fermi-gas model.

The comparison between the experimental data for 0?;(239Pu)
and the theoretical ones obtained by use of the different level
density models is given in Pig.t15. tion.

The use of the nesutron transmission coefficients from the ge-~
neralized optical model and the sllowance for the direct excitation
of the lower levels make it possible to provide the satisfactory
f£it of the experimental and theoretical cross-sections for excita-
tion of the lower levels, as well as of the levels whose crossg—
sections are completely determined by compound nuclcus disintegra-
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The choice of the level density model does not practically af-
fect the value of the total cross-section for inelastic scattering.
The discrepancies between the level densities of the target nuc-
leus teken from different models cause changes in the relation bet-
ween the cross-gections for scattering by the discrete and continu-
ous apectra of levels as well as in the cross-sections for discre-
te level excitation.

As is seen in Figs 16 and 17, the best f£it between the calcula-
ted and experimental cross-gections data for excitation of the 239Pu
levels is provided by use of the level density from the Fermi-gas
model with collective modes included and with the neutron transmis-
sion coefficients calculated by the coupled-channel method.

Using the nonspherical optical potential, the Lorentz spectral
factor and the level density from the Fermi-gas model with collec-
tive modes included it is possible to attain the self-consistent
description of cross-sections of all the types, including Cib/ ’
for the even-even target nuclei of the 238U type in a wide energy
range. Por the odd target nuclel the main thing is the correct
allowance for the competition of fission and,therefore, the choice
of different models for the level density affects to a less extent
the values of the calculated cross-sections in the energy range uaun-—
der considerution ( Gp,! » 6} and 6:, up to 5 lleV; GE” up
to 0.8 lleV).

The thieory of fission has not yet reached a stage when it is
possible to predict 0} quantitatively. Vhen estimating the cross-
sections we carried out the parametrization of 6} s determined
the fisgion traramission coefficients in order to tulie into ec-
count the competition of fission with other processes. The fiagsi-
on process is a conmplicated, insufficiently studied phenomenon.

One of the pubstantial uncertainties in the calculation of Of
lies in tae transition state diagram of the fisgionable nu-
cleus and in the form of level density in the continuous energy ra-
nze. This uncertainty is especially great for the even target nu-
clei, ags for these nuclei it is necessury to take into account

the high centrifugal barrier.
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Fig,16., Comparison between experimental and calculated data
on cross-sections for 23 Pu nuclear level excitation, The calcula~-
tions were made with transmission coefficients from the coupled-
channel method (solid line) and from the spherical optical mo-
del (dashed line): e - sum of 57 -~ keV and 76 = keV levels; b =
285 keV level; ¢ = 330 - keV level; d - 387 keV and 392 - keV
levels; l-total cross-section for inelastic scattering,
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Pig,17. Cross-sections for 239Pu nuclear level excitation
for different level density models: 1 - Fermi-gas model; 2 - super-
£luid model; 3 -~ Permi-gas model with collective modes inclu-
ded,

In an attempt'at describing the cross-gection for fission
it is necessary to consider a number of features such es: (1)
the asymmetry of the firgt hump of fission barrier /58/, as there
is a strong dependence of nuclear level density upon nuclear
symmetry and the level density for the assymetric nucleus increa-
ses in comparison with tlie axially-srmmetricel longitudinal de-~
formation due to the growing numbexr of independent rotational
excitations which become possible;(2) the level density in the
continuous energy range;(3) the temperature dependence of fission
barriers at eaergies higher than 10 leV; 4) the possible exis-
tence of two parallel second humps 0.3-0.5 lieV apart in the ener-
gy range above the threshold.

ilence, with en unified set of paremeters in the frameworl of
the statistical approacihh using the neutron transmission coeffi-~
cients obtained from the optical model it is possible to culcula-
te simultancously the cross-sections for the reactions of fissiona-
ble nuclei going through the compound nucleus formation with an
accuracy of ~55 in O, and Oae , ~ 155 in Ony , 20-300 in Gpye
and to parametdzed} with an accuracy of zwbout 103, In the leck
of experimental data on GA, and Ona' for fissionable nuclei
it is poasible to caleculate them using the developed method with

]E,MeV

the above accuracies. The experimental data on C; , average pa-
rameters < /;) and<P> , and on nuclear level diagran are mini-
mum information necessary to calculate O, and O},r .
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SYSTEMATICS OF FISSION PROBABILITY
CHARACTERISTICS FOR HEAVY NUCLEI

B.I. FURSOV, G.N. SMIRENKIN
Institute of Physics and Power Engineering (FEI),
Obninsk, Union of Soviet Socialist Republics

Abstract

This paper suggests a new approach to a phenomenological description of the
dependence of the fission probability on Z and N. It is based on a
statistical description of the decay widths of excited nuclear levels and a
modern model of the fission barrier. The intention to develop this
systematics for a more precise prediction of neutron fission cross-sections
for a wide set of transuraniuam nuclei near the valley of stability has
required not only a fairly advanced desctiption of the fission barriers Ef,
but also a critical analysis of the reference experimental data and the

correct estimation of the neutron compound nucleus formation cross-section.

INTRODUCTION

The heavy nucleus fission probability characteristics are of
great interest in connection with important practical and scientific
aspects of using the data to be expected, In a wide range of exci-
tation energy values the nuclear fission and neutron emission proces-
ses are dominating modes of compound nucleus decay. The probability
of these competitive reactions is determined by the ratio of appro-
priate mean widths: the fission one, r 1 and the neutron one, r n’
In case of low excitation energies (the "cold" nuclei) the probabili-
ty of above-barrier fission can be characterized to a reasonable ac-
curacy for many purposes by a constant value of rn/l-t. This pro-
perty simlifies significantly a systematization of experimental
data that always attracte our attention,

In spite of the fact that recently a bulk of experimental data
on the fission cross sections and nuclear fissionability has consi-
derably been increased due to a progress in theoretical descriptions

and deep rebuilding in kmowledge of the fission probability, the sci-
entific and practical needs are frequently beyond the scope of it.
In this connection one can emphasize, for example, such problems

ag the neutron-rich nuclear fusion in multiple neutron capture
reactions occuring, for example, in astrophysical media and prac—
tically accomplished in nuclear explosions or, vice versa, the for-
mation of neutron-deficient nuclei occuring in multiple neutron emis-
sion by excited nuclei, particularly, in reactions with heavy ions.
The urgency of constructing the systematics suited for extrapolating
into the Z and N regions up to now inaccessible for experimental
investigation is defined by the following conditions.

Pirstly, the nuclides which fissionebility has been studied in
the (n, f) and direct reactions are concentrated near the valley of
stability and the possibilities of extending this region have been
exhausted to & large extent.

Secondly, a theory for the present is not able to predict the fis-

‘sion process characteristics of interest with required accuracy, the-

refore, a phenomenological approach dominates in describing these
ones as before,

At last, in the third place, the fission cross-sections and
rﬁ/«;systematics used up to now are purely empiric and, as will be
shown, this places very severe restrictions on their epplicability.

Thie lecture suggests some approach to & phenomenological des-
cription of the f},/f; dependence on Z and N freed from themen-
tioned defect of previous systematics. It is based on a statistic
approach in describing the widths of excited nucleus decay and the
modern model of & fission barrier. The intention to develop this sy-

stematics up to more precise prediction of neutron fission cross-sec-

tions for a wide set of the transuranium nuclei near by a velley of
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stability has required not only & fairly advanced description of the -
fission barriers Ef but also a criticel analysis of the reference expe~
rimental date and the correct estimate of the neutron compound nucle-
us formation cross-section.

In conclusion of this paper on the basis of a wide set of
experimental date concerning the fn/f} ratio we shall discusa the
problem of the influence of shell reconstruction in heavy nuclei
when excitation energy is increased ("heated" nuclei) on observed
characteristics of a neutron fission and emission processes probabili-
ty. This question is practieally important in comnection with the pro-
blem of super-heavy nuclear fusion at the boundary of a periodic sy~

stem.

1, TRADITIONAYT; FISSTON PROBABILITY SYSTEMATICS

Any attempts hes been mede to systematize directly these fission
cross-section values in some early works. In the work of Smith et al.
/1/given is the empiric relation for the fission cross-sections of
heavy nuclei in the region of first "plateau" (En= 2-5 HeV)

Gy = ~39,031 + 17,321°2%/47/%  (vamm) (1)
satisfactorily describing experimental'data in the Th-Pu region. The
enalogous systematics has been proposed still earlier by Barshall and
Henkel /2/ which differed from /1/ only by the 24/3/A parameter.
Apparently, both these concepts are equivalent since in the narrow
region Z and A are appreciably only the ratio of exponents in the
2™/A" parameter which is similar in /1,2/, m/n = 1.33. The defect of
these systematics is in indefinite growth of <S}_ with increase of
Zm/An. while 6* should have the neutron compound nucleus formation
cross-section 6CN ag its limit. Defects of this empiric descrip-

tion suited only for the narrow nuclear region of Z £ 94 are apparent,

The approach proposed by Vendenbosch and Huizenga /3/ is more
promising. These authors have considered the ratio of mean neutron and
tigsion widths [y / I $ connected with the fission cross-section by the
following relation:

by /Gy = (1r rn/r,) (2)

Having considered a get of the rh,/[} values involving as

well the more numerous data obtained from the (o ,xn) and (d,xn)

mltiple neutron emission reaction cross-sections for x = 2-4

- |
bun Jben-Px= n(..l‘_n.— < - *'}> N (3)

rn*ﬁ A- At
has been described by a family of the linea; relations:
by (Tn/T)= Cy+ CpA (4)

where C1 is strongly dependent on Z and 02 is slightly dependent(02> 0).
Moreover, Px is the x neutron emission probebility in (3), Ei 18 the
excitation energy of residual nucleus after emitting i-neutrons,
E=[(0)2]-8Mev | A= A-(x-1)/2 .
Developing this approach Sikkeland et al. /4/, on the basis of
the numerous data, mainly in the Z 2> 98 region obtained in the
reactions with heavy ions (HI,xn) for x = 3~8 has proposed the em-

piric relation for transuranium nuclei:

eg(rn/l'{)': 017_ +C2N +C3 + &
N £ 153 (5)

0.140, 5.46
C, = ¢y =
0.050' 19.23 N3 153

= 0.12 for odd - Z nuclides.

where C; = -0.276,

and § = O for even ~ Z nuclides, end §
According to (5) the ea (f}./f}) data make up a set of equidistant
broken lines of equal slope slightly displaced depending on a parity
of 2 and having a salient point et N = 153. The Z = const and

N = const lines in the [ /f} dependence (4) and (5) on the A
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total nucleon number form & regular net. According to the Behrens's
systematics /5/ the similar property 18 revealed in the neutron fissi-
on cross-section ratios for the first "plateau" energies of (En =

375 MeV).

We shall state a problem to analyze primarily the [n /f) de-
pendence on & nuclear nucleon composition end under the traditional
systematics we shall consider the basic concepts of Vandenbosch and
Huizenga /3/ and the concrete definition of these in the work of
Sikkeland et al. /4/.

2. EXPERTMENTAL INFORMATION ON THE [w/l¢
VALUES

Consider the information on fairly "cold" nucleus fission pro-
bability obteined by formule (2) from the 6’_ fission cross-secti-
ong and the 6} / (_;c N fissionability in the first "plateau" region.
The main sources of experimental data are the fast neutron fission
cross-sections /6-24/ and the excitation functions for fission pro-
cesses after the direct (t,pf), (BHe,df), (3He,tf), ete, reactions
/28-32/. In these two excitation processes fisgionabilities fairly
well agree with each other,

The In /f} data obtained from multiple neutron emission reac-
tions conform to the more high excitations E averaged over mass

and energy distributions of the residual nucleus within a decay chain.

We shall not consider these in contrast to traditional systematics /3,

4/ that combine the data related to different excitation energies.
Classification and discriminetion of the data over energy, as will be
seen further, are of principal significance when analyzing the
dependence on the nucleon composition of a nucleus and using the sys-

tematics mentioned above to its description.

The term "plateau" applied above has actually expressed the ma-
in property of fission cross-gection or fissionability involving the
fairly faint energy dependence which permits in some cases to talk
about the independence of these characteristics on excitation energy.
This "rule" is approximate and suitable within the limited energy re-
gion depended mainly on the relation of the fiasion Ef and the neutron
enission B, thresholds.

' As en example in  fig.,1 Presented are the 24°pu (1),%4%py (2),
C£249(3) neutron fission cross-sections measured by the asuthors, the

In /[} values extracted from these for the same nuclei and the
used (SCN values calculated according to the optic model with the
optimized potential parameters.

Pay attention to the fact <that the concept of "plateau" does

not coincide in the fn /f* ratio and the fission cross-section,
as can be seen from the fig.1, It is seen, for example, that the gro-
M /Ty

au" in the 242Pu fission cross-section and the

wing relation of about 8% per MeV conforms to the "plate-

[ /r‘} (E,) values
for two other nuclei are more stable.In general, if one takes into
Mn /r}

cluding the low-energy part (where it is needed to take into account

account the strong changes in a wider energy range in-

the rk radiation width contribution, as well) end the region near
M /0

the (n,n'f)-reaction threshold one should consider the
constency to be not trivial in the "plateau" region.

Data used in the further analysis, which will be given in the
figures and tebles, have been obtained by averaging in the 2-to 4-leV
neutron energy range or the appropriate excitation energies for direct

F /T
given in the first place to the data obtained from the (n,f) reaction

reactions., When selecting the values a preference has been
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$ar agreement of the results by different authors or with the uniquenessa
0 _\/’_\ of the information source as well due to the fact that in the 1
region the error rises as figsionability
G, — . — P§ = 6-}/6cn approaches to unity as
Bt ¢ et oty ¢
e, 2 Aln (Ta/T)) = - AbnP (6)
ts -.. -J.oo 5080450, ° e e, . .o ] 1 - P
...'o;% ca e e attaining about 40% for most light isotopes /33,34/.
KX a00°2%0 couvovane 1. ) )
. IAACIRE . . ° + It is seen from fig.2 that the rh / ['} dependence on nucleon
0§ -.: T composition is much more complicated than it has been imagined by
$° the authors of the traditional systematics /3,4/. The Sikkelands et al.
Wl - ettt & !
°o°°°°°°°°° o IRQ .
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Pig.1. At _the top: the neutron compound nucleus formation cross- v b g .*“r“ L ulm
al P
section for (38U 4+ n). 0} ‘y" ’,.'"° ‘,4"..00 P
In _the middle: the fission cross-sections for Pu-242 (1), ,*'* ‘ tf“ S ulp g
Pu-240 (2), C£-249 (3). } ﬁ e
At the bottom: the In /F‘[ values for the same nuclei. ' 1 .

FA I I A2
and in the second one,to the results extracted from direct reactions 25 30 5 A0 A 253

roceeding under the action of 3He ions
P * Fig.2. The dependence of f“/l} on the nucleon composition of a

The accuracy of the main neutron data in the r" /r:’ >/1 region nucleus (circles are even Z; triangles are odd Z, light signs

is sbout 5 to 10% and the direct reaction data is about 10 to 15%. are only B, and Cg). The dashed line is the Sikkeland's

gystemntics.
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relationahip.(SJ is shovm in fig.1 by the daeshed line, The strongest
effect to be considered is & disturbance of the fg ([n/ly) 1linear
dependence on A or N, In further considering some deviations from
the systematics of (4) and (5) it is suitable to combine the nuclei
studied into the following three groups:

1. The Pa - Np nuclides (their [, / f; un follows traditional
concepts).

2. The Pu -~ Es nuclides (the:l]?s (n /';) slope is decreased when
A rises, while’

d Zg(l'y. /l})/dﬂ derivative chapges its sign).
3. The Ra - Th nuclides, there observed is the patterm of deviati-

, asg for Cf and Es,there is a region where the

ons being mirror opposite to those of the second group.
Then, consider briefly some aspects of the theoretical

description.

3. MATN THEORETICAL RELATIONSHIPS

In the excitation region of interest the statistical approach is
edopted for describing the C.N. decay average widths according to
which £-8n

2/3 .
3,03 242 ) P (U3)(E-Bn-V)dU )
rn/r’= & * E-E‘
S £, (u,2)d]
and J°n are the level densities for the given

excitation energy U and the angular momentum J

where jﬁ

in the transient
state of the A fissioning nucleus and the A-1 residual nucleus after

neutron e%}ssion,respectively. Bn is the neutron binding energy,
+H
< =——'—'2m roi fo)

which does not depend on the reaction inlet channel properties is the

10 MeV. The universal C.N, decay characteristic

f}: / f; ratio for the zero angular momentum, Later, this will be
considered omitting the J = 0 index.

The level densities depend exponentially on the S(U) nucleus
entropy &s well as depend exponentially on the excitation energy and
as a result of this the integrals in expression (7) are appreoximately
the functions of the upper limits only, i.e. it can be written with
the accuracy up to of preexponential factors

n
":n (€)  PalE-Bn) _ Kibt (-8, exp[S, (€8,)-5,(E-E,)]  (®
+(E) E-E ¥ - nEETER TR
Py(E-£)  KkE, (E-E)
In the relation (8) noted are the important factors determining an
ratio including X2 , and KJ

rot rot»
rotational enhacement of level densgity factors. the

energy dependence of the T, /[}
that is the
relation of which can differ strongly from unity if the nucleus has
different symmetry in the ground and transient states /32-34/.

A successive description of intrinsic excitation level densities
with regard to the single-particle spectrum shell structure at Fermi
boundary is accomplished according to a superfluid nucleus model
using numerical calculations complicated enough.

Because this model iz cumbersome, it does not suit for solving
our problem and we shall adopt the simplified models which at the ex-
pense of some uncertainties in description give a possibility to in-
vegtigate the regularities of interest in & convenient analytical
form.

Here we use simple relations of the two models /35/; the model

with a constant temperature

(V)= C-exp (V'/T) s;(u)=Vu'/T )
s ' 8, | (10)
rn/q:ﬂ-&ﬂ .E;'.‘.exp (EL_T____B_"-)

when constructing the gystematics for "cold" nuclei and

Tn/Ty
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the Fermi-gas model as well

Pre (V)= cexp(2Jav’) Spe (V)= 2Vav” (11)

23 .2
F/Ty = %_.{::1 : _Cc_v;\.exp[hﬁ,. (E-B,) —2\)04(5-54’)] ]

in the strongly heated mnucleus fission probability anglyaia. In
reletions (9-12) U' = U + § 1is the effective excitation energy
with inclusion of this the even-odd discrepancies have been taken
into account in level densities due to the pairing effects of nucle-

L]
ons; Ef = Er + 8}

the fission barrier height and the neutron binding energy, in this

and B;l =B + S are the effective values for
case
0 for odd-odd nueclei
8&' na; n= {1 for A-odd nuclei A (13)
2 for even-even nuclei
A is the parameter determined from the even-odd nucleus mass dif-
ferences taken for simplicity to be equal for the neutron and proton
= (E-Es
and {§ ( /] 3 )

ig the level density peremeter and the nuclear temperature in the

'
components; o, and a‘ . tn = (_E_;..l—g—n)
neutron and fissioning decay channels; {L depends on energy &8 OpPpPO=
sed to the T=Tn =T{= const, i,e. & parameter in relations (9) and
(10). The relations (10) and (12) differ from the appropriate
results of the work (35) only by inclusion of the Cn/Ct ratio which
can take into consideration a difference of the level density collec-
tive increase coefficients in the neutron and fissioning channels
(see the relation (8)).

The level density model with constant temperature while not poeses
sing & definite physical meening has well been used for describing

experimental date and in the small (U< 5 MeV) excitation region hes

been considered as an alternative of the noninteracting particle mo-
del (a Fermi gas model). The reason of the simplified parametrization
success {9) cen be understood from the calculations carried out ac-
cording to the superfluid nucleus model which takes into account the
pairing correlations between nucleons. As is seen from fig.3 in the
region below criticel energy the (Ucr’_". 6-8 MeV) phese transition
from the (UL Ucr) superfluid state into the (U> U,,) normal one, ta-
king into consideration a residual interaction,"straightens® the ra-
pidly falling convex curve of the "Fermi-gas" model. Vthile the

energy dependence in a superfluid nucleus model is not strongly line-

A\

€ F )

Uezit

" i

7 8
UMev
Fig.3. The nuclear level density in a superfluid nucleer model and

in a Permi-ges one ( § = E

cond) for the even-odd system.

The arrows show the critical energy values of Ucrit and the

condensation energy of E /3.11.

cona™ Uerit
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ar, at the small U, - U, difference the JJ( U,) /j_)( Uy J=exp (‘ﬁ;-_y-‘)rela_
tion will serve as the fair approximation of the level density ratio
in the relation (8), Exactly this situation is typical 0f describing
the r,./r} ratio in the heavy nucleus region where the Ef and Bn
paranmeters are close. In the U Ucr region the relations (11) and (12)
of the Fermi-gas model are the good approximations to the accurate
superfluid nucleus model results.
The lack of the prominent even-odd differences in [, /g , 88

is shown by experimental data in fig.2, ie not apparantly following
from the relation (10) since the exponent index besides the unequal

64, and ‘Sn. parameters involves the Bn binding energy which changes

by leaps when N is changed by unity, and if N is even, then /36/
Bn(2,N) - B, (2,N-1)=R, (2,8) =B, (2,N+1)=24 U4

Note in the E;

¢leon number and having designated B; ag the binding energy in the

- B; difference the part varying discretely with the nu-

N-even nucleus and,since in accord with (13) and (14),
Bo=Bp -2mA

8}- Sn = (4- ZM)A
obtain the result independent of the N parity

= O N-even (15)
1 N~odd

E;-B.L:E§-3"+8*_5h=5}_3:+A (16)
Thus, we have showed that in the exponential factor in the re-
lation (10) the corrections for pairing to thresholds end level densi-
ties compensate fx each other. Note, that the qualitative interpreta-
tion of this property has still been proposed from common considera-

tions in the work /35/. The (B:1 - A ) difference entering (16) and

equal, in accord with (14), to the neutron binding energy averaged

over the neighbouring nuclides

225 230 235 240 %5

Pig.4. The correlation of the dependences of 23 (r../r,;) and £ B,5
on the mass number of A. The lines connect points with the

fixed values of 2 and N.

Ba-a= 4[8, (Z,N-1)+28, (2,N)+8n (Z,N+1)]= <B,> (T
does not possess even-odd discrepancies and represents the smooth 2
and N function (Bee fig.4). It is proposed that the A parameter
determining even-odd discrepencies of level densitlies in the fissi-
oning and residual nucleus transient state after the emission of ne-

utron is the same, A} = A? , then from (16) it follows

E;—B,:-: E;-<Bp> (18)
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Abandonment of gimplified agsumption leads to the (by - A 8) eppe-

arance in relation (18), i.e.,

E -8 = (4edd) = <Ba>+ 8, -Ay . (19)°
and, consequently, to even-odd discrepancies in fission barrier helg-
hts N 2

(-1) + (- 1) 20
E, =€, (Aodd)~ > (20)

and, respectively, the exp (A;_;__A;) factor involved in (10). In
this case the main result is not changed which consists in the fact
that factors discretely changlmg in the effective E; figasion thresholds
and the B; neutron emission are mutuelly compensated for and, as a
result, the (, / l—j_ relation, in accord with experiment, is smoothly
depended on Z and N. Prom (18) the relation in (10) is transformed
into the form

c= TA 'C;‘exp(! 8)(21)

This is readily generalized in the case of a two-humped fission

l‘n /r‘,: G 'exp (_i__.-———E ‘_f_ 8“>)

varrier where it is needed to take into account the two trensient

state systems connected with the A dinner and B outer humps /37

T/Tp= M /T) 4 0l TP (22)
Tor describing each of the summands in (22) the common relation (7)
is used as well es anyone of its modifications for a gpecified
In the frames of the constant tem-

TB=T

level density model (10) or (12).

perature model and assuming 4= relation (21) is tran-

gsformed into the form
Fdl}—@wp(\ ‘ <B >) ; R
GC= 2TA [c.,/c exp( )+Cn/c exp(.L_..E.L.)

vthere L =max[BA E lis the highest of the humps that has been ob-

gerved in the fission cross section according to a typicel break due

to a sharp fall of the berrier penetrability.

4. Region of traditiomslsvstematics applicability and fission

perrier effect on fn /04 ratio

The values of < B, are shown in the low pert of fig.4 being
calculated in accord with (17) from the nmucleus mass tebles /36/ The
family (Bn) as-a function of 2 and N form a reguler structuresi.e.
grid of approximately equal slope straight lines that can be appro-
ximately described by the relation

<B8,>=C4Z -Ca N+C;y (24)

According to the Sikkeland's systematics (5) the velue of
23 (Tn/ (} ) should follow & similar relationship. It is apparent
that existence of similar dependence for & fission darrier produces
the condition for traditional systematic applicability. However, it
is seen from fig.4 that if the Z = const, N = const lines for
{B ,> form the regular grid within the total nuclear region consgide-
red, then 68 (Fa/ r} ) has this property only within e comparatively
parrow interval involving the first group nuclel as well as the Th
heavy isotopes and the Pu 1light ones. The traditional systematics
is expected to have a region of validity which is limited for "cold"
nucleus fission to this range.with increaseof & number of neutrons in
the second group nuclei and decrease in the third group ones, the
Z = const lines are distorted and then change a nature of the r.,\/f}
dependence on N  so theat the regularity produced for < Bn> is
not seen at all,

Since the ¢ B,"> dependence on Z and N ensures the regulae-
rity described by these systematics (4) and (5') the conclusion is na-

turally suggested that the nature of experiment deviations is connec-
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ted with a figsion barrier structure and the Ef(Z,N) dependence due
to it. This has not been put in question by the authors of tra-
ditional systematics (4) and (5) since, on the one hand, there are
no appropriate data and, on the other hand, the concepts of & fisasion
barrier available at that time have entirely been based on a liquid
drop model thet does not give rise +o doubt in the weak Er dependen-
ce on N. Now we discuss in more detail the influence of fission bar-
rier structure on the [,/ r; dependence on nucleon compogition,
primarily, on the N neutron number.

Correlation between the &3 (fL/ l} ) and Eg relationships on &
nucleon composition can be seen from fig.5. The curves are plotted
“"by eye" through the experimental (/[ } and E}g data / 38-39, 6,
28,30, 32/ for some nuclei with even Z but these are in mutual
agreement. In the upper part of fig.5 8hown 18 gne of the lines of
the Sikkeland's systematics (5) for 2 = 92 being in the best agree-
ment with experiment. The associated straight line within the limits
of point scattering fairly describes the D]: behaviour for urenium
but does not conform to the character of all the family depicted by
the dotted lines, Of course, 88 far as the other (Th,Pu) nuclei
are coupcerned, one can isolate 1linear parts of the E};(N) depen-
dence with about the same slope. The applicability of traditional
systematics (4) and (5) for the l',,/l:} description for cold nuclei
is limited by this region 90 Z < 95, 140 N £ 146, that is well
seen from fig.4.

Thus,in a general case, the E]g(H) dependence is fairly complex,
therefore, the phenomenology in the way of simple relations (4) and
(5) cen be justified only in connection with remarkable scattering of
the r.\/q date and even then in limits of the nerrow Z and N

interval, Once more it should be emphagized that the weak and close
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Fig.5. The correlation of the dependences of Z) (Tw /r}\ and E

on the number of neutrons in & fissionable nucleus.

to linear Ef g/EvI dependence on N in a liquid-drop hodel, on the
contrary, satisfies these relations, It means that nucleon shells in a
fissioning nucleus are responsible for these deviations,

The {\ / r} relation is influenced not only by Elg but the he-
ight of the smallest of humps as well in accord with the G relati-

on in (23). Therefore, the building construction of a new [, / i':}
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systematics, which we are proceeding to, requires developing a rather

simple but at the same time correct description of the A end EIB

b4
berrier heights.

5. Simple description of transurenium fission barrier

dependence on nucleon composition

The potential deformation energy, V (of ) can be represented as

a sum of the two components: the liquid-drop energy V (o) and a shel}

correction Sw (ol ); in accordance with this the E‘;‘ and E? hump -
heights can be expressed as follows
T o~ L
By = V(d)- §Wy+ §W,' (25)
where § Wa is the shell correction for the ground stete of nuclear

equilibrium deformation counted from the '\7 (0) = 0 ground liquid-
drop model state, SW; ig the shell correction for the L ~-th maxi-
mm V (o) counted from the potential liquid-drop model energy at
the appropriate deformation ’\7 () (see fig.6).

7~
The liquid-drop berrier component V ()

In a nuclear fission model in terms of liquid drop widely dis-
tributed is the description of a nuclear shape as the expansion by
Legendre polynomial. In this parametrization the potential nuclear
energy is found to be a hypersurface in the oy ..., 4, deformation
space. However, for the analysis and description of meny properties
of fairly heavy nuclei including the barrier shell structure it can be
restricted by "one dimensional® liquid-drop model which considers on-
dy = o

o« = 0(n)> 2) hypersurface cross section.

ly one parameter of the quadrupole deformation, i.e, the

£
MeY]
5. L '1‘ N
1 ‘%‘
Vi)
Ve

) B\ .
il W »

-$ 3 1 i i 1 i At i :

¢ 4 2 3 4 35 6 7 8 .5 10

Fig.6. The schematic representation of the double-humped fission
barrier structure in the relation of (25).

In this case & nuclear potential energy can be represented as a
power series relative to the o variable in which we shall hold the
first two terms

Vid)= ESD[% (l-x)o(z—;l;-—s. (4+2x)°(3+

22 . (26)
Eco _ Ca 2T (4_k
= 2Eso— 2403 A (1- KI7) (27)
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z?
Eso=02-/12/3(1~‘(12) ) Eco=ca'};-173

where O, , C3 » K

| T=(N-2)/A (2®)

are the parameters in the liyers‘'s and Swia-
tecki's mass formula /41/.

The liquid-drop model barrier calculations
V= Eso}(") (29)
in which o ,, with the even indices have been held (symmetric forms)
up to n = 18 ere carried out by Cohen and Swiatecki (CS) /42,1
(x) tabulated in f42/ in
0.6 region we are interested in,is fairly

The nondimensional function dependence
the (1-x)X£1 up to x=
approximated by

®=(1-x)> [ 0. 7259 - o. 3302(1-x) + 0.6387(1-x)2 + 7.8727(1-x)3 -
- 12.006(1-x)4 1, (30)

which values markedly differ

from analogous ones that corres—

pond to the relation re%ulﬂng from /26/

X) = 98 (1-x)
;‘ =5 T+72X) 31)

Moreover, the extreme deformations (the s.p. saddle points of the

liquid-drop model) differ, too,

5P (xy= 1.3239(1-x) + 5.5608(1-x)2 .. (32)
“es ¢
< F=r 5 (33)

where the first relation represents an approximation of the calcula-
tion results carried out by Cohen and Swiatecki for 1-x4& 1 and the
second one is an analytical result following from the approach / 26/
for A = flxy .

A fit of the A, , Cy » K liquid-drop model parameters to
the nuclear masses experimental data thet gives the mutually agreed
V() and 8W3 values has been carried out by Myers and Swietecki

/43] . later the same authors /41/ having refined the SW3 detini-

tion gave a new set of the parameters
O =17.9439 UeV; €, = 0.7053 HeV,
which is widely used in calculations.

K = 1.7826 (34)

The approximated relation (26) appreciably overestimates Y, (o)
and in order to reach agreement with experiment the authors of works:
Metag et al,, Wigman, Theobald /44/ (their gimple method for the do-
uble-humped barrier structure description 18 used by ue with some im-
provements) have been forced to select arbitrarily the liquid-drop
model paremeters at normalizing the 5W3 (2,N) dependence,

We have tried to eliminate the defects these works / 44/ by pre-
serving the suiteble parametrization (26)

Vi) Egp e )o? =0, () o?] (35)
and the realistic parameters (34) but have defined again in (35) the
Cq (¥) and €y (¥) coefficients, so that with the help of the typi-

cal expressions (31),(32), namely,

— c ) ~Spy . 2 Cim
f(x\ 3“5.[43_&) , L7PW=5 T

oné can reprodute the description of the accurate ‘g (x) and ol cs (. )

values,

As 8 result, the relation (35) is transformed into

2
Vu)“Esog (")[d (x)]‘[g-z"(zc ] >

Shell corrections

In a 1iquid-drop model the barrier is stable relative to the
axial symmetry and inversion symmetry disturbences. In case of a
real nucleus it is not so. Theoretical celculations performed by the
shell correction method show that peaked heights considerably decre-
ase: the A barrier with regard to the x deformation disturbing
nuclear axial symmetry / 45/ and the B barrier when involving the
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o, deformation with odd indices, in particular, the o« 3 octupole
deformation /45,46/. In the p(~a(A region the nucleus is stable re-
lative to the 0(3 » ats plane-asymmetric deformations. The influence
of assumptions about nuclear symmetry nature during fission is shown
in fig.6. The solid curve corresponds to the nuclear symmetric confi-
gurations ([ = 0, "(2\)41" 0) and the dashed one corresponds to the re-
al situation. Of course, both these should be understood as the
min V(d.“’) projections on the L =d, plane,

The 8\6/3 (2,N) shell corrections have been calculated according

to Myers-Swiatecki / 41] es difference between the M experimental

exp
mags and the mass calculeted from & liquid-drop model formula (taking

into consideration even-odd dimcrepancies)

)" (-1
Medm =8y —2

12
aggsuming the A-~dependence of the As':. 14 / A parameter avereged over a

wide nuclear region. However, the unigue § Wamg values reveal an

even-odd structure resulting from the fact that the adopted phenomenolos

gic Aa description does not reflect any more complex dependence of
this parameter, The "toothed” [n/ r*

correspond to experimental data., We have eliminated this effect in

dependence occured does not

such a menner that by snelogy with < Bn> heve introduced a value

< 8w3>=ﬂsw3(u-n)+2sw3(~)+ §wy (N+1)] (37)
averaging even-odd differencies of “experimental" shell corrections
of the ground state in the W-S work [41/.

For building the fission barrier systematics, as it follovia
from the relation (25), it is necessary to set up empiricaelly the law
of changing of two § W{ and & wa shell corrections with a
number of nucleons (fig.6). FPor this purpose we shall take advantage
DCA and &g

of the weak extreme deformation dependence on nucle-

v\\ 250C {

0 05 10 E

Pig.7. The fission barrier structures for different nuclei (the cal-
culated ones). It 1s seen the wean dependence of extreme de-
formationas of € = 3/2X on the nucleon composition of & nuc-

leus.

on composition in the 2 and N 1regions of interest resulting from
the curves in fig.7 and other theoretical calculations / 45,47/, Ve
have ignored it at all, having taken the constant o4 = 0.30 and dg =
0.58 values as is shown in figs 6,7 by thin solid lines (in calcula-
tions We usually use the other perameter of the €= 32 o quad-
rupole deformation; it varies in the GA'—‘-' 0.4-0.5, GB:: 0.8+0.9
limits for the most nuclei of interest),

Knowing the \7 (d1) and < 8W3> values from the relation (25)
and the .Ei experimental date /30,32,38,39,48,49/ one can determine

the SW ;’ shell corrections. At the first stage we have assumed
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these to be constent but then for refining this description we heave

introduced the weak dependence on Z and N

2,6 24 97

Sw;‘ (2) Mevl= {

2,6-0,1(2-97) Z> 97
(38)
0,6+0,1(2-97 Z2<£ 97
sWe (2) Mevl =477 )
4 0,6 2> 97

SWIB(;,N)[MeV]= SWf (F,No) +004(N-No) | No=143
which merkedly improved the description of both the E% barrier he-
ights and the T, /T ¢ ratlo in the 2D 92 regionm.
Hotice, that at A; # A% the relation (25) in accordance with
(19) should be applied for describing the A-odd fissionable nuclei,
but, in general, it should be supplemented with a discrete sum-

mand in eccord with the formula (20)., The given systematics assumes.

A B
= = (
A’ a { A3+o.2 [(Mev] 39)

Discussion
The Eﬁ and E? calculaetion results according to the formlas
(25), (36)-(39) with the parameters mentioned ebove are given in
table 1 (columns 4,5) where these are compared with the B}f experi-
mental values (columns 6,7) taken from the compilation /38/ and for
the Bk - Fm region from the works /39,40]. The similar results are
shown in figs 8,9 for nuclei in the vicinity of AN = 1+ 10 of what

might be called  the valley of stebility /43/.
N-2 =04 /{2/(/)+200) (40)

These ones are given in fig. 8 in a compact and more suitable

in terms of the D% dependence on nucleon com-

for discussion form,
position. Infig. 9 the calculation results are compared with experi-
mental ones obtained from the analysis of the various Ra-Es  heavy

nuclei fission probability cheracteristics,

&
Mev € \ &
[ ™
Re e (3 e} Woﬁ-f\
) w\\ \\\ "\/' N
* [
H
. + - -
-t
™ ™ ] 1% e ne ne o A

Pig.8. The dependence of fission barriers on the mess number of A

in the region of stability velley.

The E? outer hump height is very sharply dependenton the nuc-
leon composition of nuclei, particularly, on 2, On the contrary, the
E; inner hump height changes with Z and N more weakly. The he-
avy nucleus region is divided by uranium into two groups characteri-
zed by different hump height ratios:

B} < E 24 92

(41)

et > &} Z> 92

The Ei properties mentioned above directly result from dependence of
V (oly) liquid-drop model barrier component on the X fissionability

Pt

peremeter (27) as is shown in fig.6. If the V (o) decrease from

Ra to Fm 18 accounted for ~ 1.5 MeV and compensated for with an excess

by Swg shell correction increase, then in this case ’\7 (olg) decre-

A B

ases by a factor of 5. In the Ef and Ef value behaviour markedly re~
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vealed is the Swa (Z,§) ground state shell structure. The E% maxi-
mum in the Z > 98 region is connected with the W = 152 sub-ghell
£i1ling-up; when approaching the N = 126 sub-shell we can Bee a gharp
rise of E} near Re,

The agreement between the E:if calculated values and the expe-

rimental ones over a set of the 2 > 92 nuclei is characterized by

the root-mean-square A E% e A E? = 0,26 lieV deviations that are
compareble with the 0.3 -~ 0.5 MeV scatter calculated similarly by
different authors and the given 0.2 - 0.3 MeV uncertainty in the
barrier determination.

There are & few methods for the determination of heavy nucleus
barrier hump height. Thus, the near-threshold fission cross section
region contail® the most direct information on the greatest E'i,{ =
max {n‘},n}-"] hump height. Often according to a characteristic break
resulting from the sharp exponentiel barrier penetrability drop at
EL Ebf one can evaluate the Elg value with accuracy up to some

hundreds of keV without recourse to the 5& (E) behaviour analysis.

B
b4

nation has proved to be the spontaneously fissioning isomer excita-

The more effective methods for the E outer hump height determi-
tion functions. Therefore, in the region of distributing the latter
(Z > 92) where E%) E? the data on both hump heights are more re-
liable. Note, that in the Ei theoretical calculations / 45,46/ in
the 2 2 92 region a fair description is attained of the avai-
lable experimental data.

The E‘}é D? inverse relation realized in the Z< 92 region

is far less favourable, particularly, when the hump height differen

ce is not great. Here, there are no reliable methods for the de-
termination of the smaller humps and at selecting considered pa-
rameters one should be governed by the more indirect information:
the vibrational resonences position /32/. In this comnection it is
eppropriate to remember about the "thorium anomaly" where the theo-~
retical calculations [45,46/ predict the Eﬁ: velues for Th being
congsiderably less than the experimental ones extracted from the ana-

lysis.



Table 1,

Experimental deta and calculation results accoding to the systematics, barrier heights E%,

r../l} velues and fission cross sections 64.

A 43> oy, B Ep. Ep Tw/ny b, W 6y, ‘regiren /Ty b4, efe-
3:’;9“" NeV , WeV  MeV  MeV MeV , barn . barn . . barn  rence
“xluscle-_ :ca.lculation :experiment :calculation :experiment(n.*)-regction . experiment,direct react.
s D ) Z : 5 : 6 : 7 : B : 9 10 11 T 12 : 13 ¢ i3 T 15
229 6.89 5.20 4.97 0.03 2.91

220 6.83 5.I5 4.97 0.06 2.86

23L 6.68 5.48 5.25 0.09 2.78 0.19 2.550.53 32
232 6.54 5.40 5.4 5.2 5. 0.I9 2.55 : 0.43 2.12L0.23 32
233 6.0 5.7 5.7% : 0.36 2.24 0.38 2.200.20 I1

234 6.I8 5.53 5.65 5.6 55 0.66 I.84 0.67 1.83+0.07 1I2.I3

235 6.00 570 592 59 56 I.06 I.49 I.06 I1.49+0.06 14 I.32 IL.20.20 31
23 5.88 5.47 58 5.6 55 1A I.22 1.2 1.22+0.04 I.62 I1.1740.18 3I
237 5.73 5.62 6.08 6.1 59 2.29 0.9% 2.46 0.89+0.03 14 2.93 0.780.12 31
238 5.5 5.0 5.9 5.7 57 33 07 : 4.26 0.590.09 31
239 S5.42 5.38 6.I3 6.3 6.1 4,48 0.5 4,74 0.54+0.02 I2.I4

240 5.32 5.08 5.98 5.7 5.5 5.89 0.5 5.32 0.490.08 3
24T S5.22 5.2 6.27 8.54 0.33

242 5.09 4.9 - 6.I5 I2.9 0.22

243  5.00 5.02  6.48 19.8 0.15

231 7.10 5.28 4.3 0.01 2.99

2R 6.96 5.69 4.86. 0.03 2.95

233 6.77 5.63 4.93 0.06 2.87 0.26 2.46+0.32 32
23  6.64 5.97 5.39 5.5 5.I 0.12 2.73 0.2 2.%2:0.28 32
235 6.46 5.87 S.4I 5.5 5.2 0.2% 2.48 0.3% 2.2940.27 3
2% 6.25 6.08 5.73 5.8 5.6 0.42 217 0.36 2,2640.27 R
237 6.0 5.87 S5.63 5.7 5.4 0.62 1.9 - 0.65 1.870.24 3R
238 S5.95 6.03 59 60 6.0 0.9 1.62 0.9% 1.59+0.05 I2.I5 0.84 1.68H0.25 3
239 5.77 S5.7% 5.73 5.9 5.4 I.28 1.37 1.3 1.330.03 X
260 5.63 5.83 5.92 I.56 1.22

24  5.46 5.46 5.66 1.88 1.08

242  5.25 5.0 5.7 2,00 I.04 -

243 5.I5 4.97 5.37 I.8.0 I.I2

235 6.9 5.79 4.63 5.1 0.05 2.92

236 6.7T 5.7 4.69 4.5 0.I0 2.78

231 6.% 6.0I 5.I0 0.I$ 2.58 0.I6 2.650.42

238 6.38 5.87 5.08 5.5 5.0 03I 2.36 0.31 2.360.31 3
239 6.2 6.09 5.4 6.2 5.5 0.9 207 0.3 2.,28+0.I3 16.I7

240 5.9 5.82 5.26 5.6 51 074 I.79 0.67 1.86+0.06 12.1I8

24T 5.83 5.9 547 6.0 5.4 0.92 I.62 0.87 1.,67+0.06 I2.18 I3 1.350.20 31
242 s5.72 sS.6 5.28 5.6 5.1 I.06 I.5I 0.99 1.57+0.05 I2.18 I.4I I1I.00.20 3
243 5.0 5.70 5.48 5.9 5.2 1.25 1.40 1.27 1.38+0.05 I2.18

2484 5,45 5.37 5.25 5.4 5.0 .48 1.27 ' Is4 I1.I190.18 31
245 5.35 5.45 5.4 5.6 5.0 I.66 1.I8 I.65 1I.19+0.05 18

246 5.2 S.JO5 5.23 1.93 1.08

247 S5.03 S5.14 5.3 2.26 0,97

227 6.99 6.08 LR 0.07 2.89

238 6.77 6.41 4.90 0.14 2.72

239 6.58 6.28 4,89 6.2 0.2% 2.4 0.31 2.36+0.33 3

240 6.39 6.48 522 6.5 5.2 0.3 2.28 0.34 2.,32+0.28 3

241 6.21 6.23 509 6.0 5I 0.49 2.09 0.62 1.92+0.2Z 32

242 6.04 6.33 53 6.5 5.4 0.6 1.95 o0.64 1.910.07 I2.1I5 0.5 2.00+0,26 2

243 5.91 6.02 5.JI2 5.9 5.4 0.67 1.88 0.73 I.eI+0.I8 15.20 0.7 1I1,84+0.20 3

244 5.79 6.11 5.32 6.3 5.4 0.7 I8l 0,68 1.87+0.07 I5 I1.55 1.23+0.17 2

245 5.63 S.76 5.08 5.9 5.2 0.8 1.713 1.66 I1.I8+0.I3 3R

246 5.46 5.76 5.19 : 0.84 1.72

247 -5.26 5.28 4,82 - 5.5 0.80 - I.76

248 5.04 5.10 4,7k 0.64 1.93

P&
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4.00
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239 7.00 6.I4
240 6.86 6.09
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The considerable difficulties arise in the light actinide regi-
on and et the determination of the B barrier height. At present
there is an opinion based on both the theoretical estimations and the
experimental date analysis that in the 2 £ 92 region a significant
change of a barrier structure takes place, which is merely far from
being reduced to the sign change in inequelity of (41). The theore-
tical calculations /45,50/ show that an oscillating nature of the
shell correction in cese of the light (2 < 92) nuclei results in some-
vwhat like the B outer hump splitting end the three-peaked barrier

structure appearance, Thig barrier structure with the two intermediate

minima and three maxima calls in question not only the sub-barrier

" fission cross section resonances enalysis (since it is not known with

what states of barrier minima these ones are connected) but the esti-
mations of the greatest hump height too.

The new and imperfectly investigated properties of light actini-
des convince us that theregion of the given L“;‘ ?

application should be limited at the bottom by the 2 2 92 region.

and E; systematics
Moreover, the introduction of uranium into this systematics gave rise
to certein difficulties, since, due t0 the approximate equality of
two maxima over height end the possible B barrier structure for U-
isitopes, one failed to describe the & W,‘B (z,N) velue in the fra-
me of universal dependence (38). Correlation of the calculated va-
Jues in gystematics with the U-isotopes experimental data hes requi-
red 8dding of & term being squere dependent on N into the last re-
lation (38) 2
5\;\/{3 (Z,N)= 5w}5 (2 Ny)+ 004 (N-No)+ 0007 ( N=No)", Ny =143
It should be expected that in the "pure" double-humped barriexr
structure region the phenomenologic E%(Z,N) description obtained by

us will lose accuracy when removed from the valley of stability whe-
re the group of experimentally investigated isotopes is concentrated.
Among the factors which result in this inevitable for semiempiric sy-
stematics effect aside from the apparent ones being connected with

simplifying & real pattern it is necessary to note the inaccuracy of
uged parameters and the model itself employed to describe the
uniform ’\75, (ol ,%X ) component, We believe that using this systema-
tics one should not go from the valley of stability over N by more

than 10 units.

6, The T /Iy ratio systematiecs and (n,f)-reaction

cross_section description
Rewrite (23) in 5he more modified form:
_ Er - <Bu> E; - <Bn>
Mw/f, -G—A-exp[_i__r_——-ls‘cﬂ.e'xp A 1

2/3 by~ A
G. = .&Ia{;- . exp [_J——F-—g'—]

L

(42)

For creating the rh/r} systematics it is necessary to deter-
mine the C'A
values calculated in the previous section by fitting (42) to the

and G, coefficients in (42) from the Ei and B

T/ r} experimental values,

Por this purpose the l}./q ratios obtained from the neutron
fission cross section have been used alone gince these are measured
with high accuracy and, except for individual values, the [n/ I',[
extracted from 4 y ore matually well cgreed within the investiga-
ted nucleus region. The attempt to use for this fitting the Fn/ f’,
values obtained from measurement of fissionability in the direct

reactions because of the poor data precision results in large scat-

tering of these data and the fit found to be less definite.
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The experimental date are presented in table 1 of column 11 eit-
her as the reference work results or the results averaged from the
two works (the references are presented in table 1 of columm 12) cha-
recterized by the highest precision., Whenever possible, these results
are averaged over the En = 2 ~ 4 HeV region., If the reference works
presents the fission cross section ratios, then, as & standard, the
6 3 (2350) value being equal to 1.22 barn obtained by averaging the
ENDF/B-V evaluation for 2350 over the energy region of En= 2-4 HeV
has been used.

The & $ unéertainties presented in teble 1 assume the
standard error to be equal to 3%.

As for extracting the [,/ 4 value from b 4 @8 consistent
with (2),the data are needed about the neutron compound nucleus for-
mation cross section. The estimation of the (JCN value can be

carried out according to the unified optic model calculation /51/
6CN = ét— ésef'— 62'0 ""6“0 (43)
wvhere 6{; is the total cross section, 6sel is the shape elastic
cross section (elastic scattering acrose the compound nucleus is ne-
6~# are the direct iLnelastic

gligible and ignored), 62* and

scattering cross gections at the lower-lying vibration levels of the

even-even target-nucleus. Another possibility of estimating 6c~ is
by identifying it with the total inelastic cross section
6CN génn"*é**bnr (44)

where énn' is the neutron inelastic scattering cross section minus
the direct inelastic scattering at the 2* and 4% levels, 6,.( is

the radiative capture cross section. The partial cross sections in
(44) are known well enough from evaluating the nuclide constants of

importence for nuclear pover engineering, in perticular, 238U /52,53[.

Table 2.

(2380 + n) compound nucleus formation cross section in the

En = 2 - 4 eV region

° ) ° - ° ]
°* Data of ° ° ° *Adopted °
: works : /10/ H 1/ 2 /12/ : value H
: O compeb2rm , 3.22 , 3.06 3.10

3.10

The eppropriete data for the En = 2 - 4 HeV energy range listed
in teble 2 allows us +to edopt for the A mass number target-
: . 2/3

38 .__’L
6CN(A)=6e~ (2 U)'(z's%)

ben (B3U) = 3,4 bouns

nucleus

(45)

The r;\ / r; values extracted from the & 4 experimental valu-
es with due regard to (45) are presented in table 1 (column 10).

The procedure of fitting relation (42) to the Ta/ I:‘ experi-
mentel values is shomn in £ig.10. At E°E E} > E] = B} " to be car-
ried out for the Z » 93 nuclel when the argument exp (E"-——_;_—E—L— \)

values are equal to O or 1 (abscissae), the ordinate takes the G‘
and Gﬁ + GB values, respectively (the extreme values at the lower-

lying straight line are plotted by the least squares method through

M
:LM ist i
= ——
sg——"__ i
Yy
0,5' ¥ g J
~ v
o - ™
0 02 04 0.6

08 . 1
A _ X

expw

values according to

Pig.10. The determination of the G, and G

A B
the relaetion of (42) from the experimentel velues of l'.../l‘i

(see the text).
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the experimental Np - Cf nucleus values). For the U nuclides the
barrier ratio is inversged to E?in = E‘;( E? = E’;&x. In accord with
this at the argument values to be of 0 or 1 the ordinate takes the
G@ and GB “+ Cw values (the extreme values at the upper stra-
ight line are plotted through the experimentﬁl U-nuclide velues).
In consequence of fitting, the values
G4 =03Tend Gy =1.00
are obtained that correspond to the C.\/C: = 0.064 and C, /C*s =
0.174 values.
The n / r+ and 6_} values calculated using the G'A end
C}B conagtants are presented in table 1 ( columns 8,9, respec-
tivelyde
As is seen from fig.11 the systematics (the calculated &* va-

lues for different nuclei are connected by solid line) are compared

with the experimental 6; data, the neutron fission cross sections
"derived" from measurements of fissionability in the direct reactions
/31, 32/ using the values in accordence with (45) as well as the sy-
stematics by Behrens /5/ (the dashed line).

In table 3 for the three investigated nuclear region spaces
the value 185 given
erp syst,
2 n 64.;. — 6k£
= Z Syst. . (46)
i=1 e} b

to serve as the agreement criterion between the systematics and the
experimental data: at falr description %l/n A 1 where wn 1is
the number of the points considered. It follows from table 3
and fig.11 that the given systematics describes favourably, on the

whole, the neutron fission cross sections throughout the nuclear regim,

o

-
-

g
F W

N 4
-

| I ST S A |

2’101’.‘-268‘25225
\

A

1‘ D I~
| e ]
228 232 236 240 244 234 230 247 74 250 238 242 246 250 254 240 b 28 22 H

Fig.11. The comparison of the neutron fiasion cross-sections values

calculated according to the present systematics for En-2-4MeV
with the experimentel ones. The black points are the data
measured in the (n,f) reaction: the light points are the re-
sults "simlated" fron the fissionability measurements in
the direct reactions. The s0lid line is the present syste-
matics (8 calculation), the dashed line is the systematics
by Behrens /5/ (a calculation ).

Comparison with the direct reaction data.

The direct reactions are widely used for investigating low-ener-
gy fission allowing us to measure Pf fissionevility value weakly de-
pendent on the inlet channel properties throughout a distribution of
the angular momenta transmitted to the nucleus. This condition allows
us to wse the deta for evaluating and predicting 6& for a wide nu-

clear region unaccessible for direct measurements in (n,f) reection.



Table 20

Pission cross section systematics Oﬁz/bﬁ eriterion fit to

experimental data

as
@

2 ! (n,f)-resc~ ‘direct reac-* Sum
t ton data tion data of data

: . 3 ) 3
present /157 ¢ pre~ : /15/7° pre- : /15/°

Yy

work sent gent
. . . , work , work .
“gp.94 - om T 13 T3 fg fig f32 f3p
. %% . 0.8 1.4 0.8 8.5 0.8 5.6
95,96 1 9 9 1 1 20 20
. X/n 0.9 7.9 3.1 6.4 2.1 T.
97-99 B 3 3 8 8 1 1
. X%/n 0.6 21.2 4.7 28.2 3.6 26.3,
92-99 1 25 25 38 38 63 63

*Yn 0.8 6.1 2.3 12.0 1.7 9.7,

Such the ettempts are undertaken in the works by Britt et al.(in
/32/ from the experimental P, data for (’He, xf) remctions X = o

or t , in /31/,for (t,pf) reaction),However, it is imposaible to take

these ones without supplementary analysis due to conflicting assumpti-
ons about the fagt neutron compound nucleus formation cross section
value needed for fitting direct reaction results to neutron data:

ben =3-1 barns for ell the nuclei in case of (PHe,xf) reaction
/32/ end considerably higher in (t,pf) reaction, 6cN =3.7 barns
/31/. This discrepancy can not be connected with some difference in
the values being equivalent.in neutron energy excitation: 2-4 leV in
/32/ end 2-2.25 MeV in /31/, the b, = 3.1 barns in /32/ is adop-

ted for En = 1~5 MeV region, For the most part, the discrepancy in

Table 4.
The mean square angulaer momente 7] (J + 1) values at the exitation
energies being equivalent to En= 2-4 HeV and fission probability

correction ranges.

* Reaction ° J(J + 1) ‘Fission probability®

: : :  correction- :

: n,f ! 10.8 ¢ - :
e, at 15.8 0.2 - 2.5%

. t,pf 28.6 6.5 - 13% . .

the <>cnl velue in these two cases is explained by the J-dependen-

ce of (5, /f} not taken into consideration and its effect on fissi-
onability.
In - table 4 listed are the mean square J (J+ 1) enguler

momenta values trensmitted to the nucleus in the (n,f), (3He,df) and
(t,pf) reactions according to /54/ at the excitation energies being
equivalent to En a 2+4 MeV as well as the fissionability correction
ranges due to difference in the anguler momenta transmitted in (t,pf)
and (3He,df) reactions, on the one gide, and (n,f)-reaction, on the
other side. From the tableit follow® that for (n,f) and (3He,df)
reactions the J (J+ 1) values glightly differ and this leads
to the negligible correction which decreases with the 2 nucleus
growth (at the same time increases with the XN growth for fixed Z).
In the (t,pf)-reaction the mean square angular momentum is conside-
rably greater and this lecads to the prominent Pf decreege (i.e., the

increase in correction) in comparison with the similer nucleus fissi-

Vonability in previous cases, explaining to a greater extent why for

agreement with the neutron data in /31/ one has to take the unre-

asonably large C.N., formation cross section.
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In £ig.11 and table 1 ( column 1) given are the fission
cross section data "similaeted" from fissionability measurements in
the (3He,xf) and (t,pf) reactions with regard to difference in the
anguler momenta trensmitted to the fissioning nucleus, The b,y va-
lues in accord with (45) have been used for calculating. The errors
presented in table 1 { column 14 involve the experimental errors
and the uncertainty in the 6“, value evaluated to be 10%. As it

3 the inclusion of these data into consi-

follow8 from table

deration in accord with (46) does not make considerably worse the

agreement criterion between the systematics and the experiment.

Notes on empirical systematics by Behrens /5/

In fig.11 the 64

systematics is compared with the empi-
rie systematics by Behrens /5/. Here we do not consider <+the absolute
fission cross sections but the ratio of these ones to 6} (235U),
which have been presented as combinations of the third order polyno-
mials, the eight coefficients of which are found by fitting to the
neutron data set. The dashed curve representing in fig.11 the syste-
matics / 5/ is obtained by renormalization to the 6; = 1.22 barn
value for 2%y in the energy range of E, = 2-4 MeV (in /5/ the ave-
raging has been carried out through the energy 3-5 lMeV region for
which (6* (®°¥y) = 1.16 varns). Thus, the present systematics and the
Behren's results /5/ have been reduced to the uniform stendard.

Both systematics give the close, consistent with experiment
values for the U-Pu nuclei in the vicinity of the valley of the
most stebility where the most precise neutron data are concentrated.
wWhen going away from if, in perticular, into the neutron-deficient re-
glon,as well as with the 2 growth,the agreement is disturbed and in

this case the systematics /5/ congiderably differs from experi-

mental data, At the sufficiently great deficiency of neutrons the
Behrens's systematics from the physical point of view gives e meanin-
gless result of 6; > GChl' This is not fundamental disadvantage,si~
nce it is readily elimineted following the &,
ugh the T,/ 3
3 the discrepancy is more eppreciable between the systematics /5/ and

determination thro-
ratio according to (2). As is seen from table
experimental date for the nuclei heavier than curium, here this one

can be discarded as inconsistent with the experiment. The description
proposed in this work corresponds to the experimental data throughout

the nuclear range studied. The relstive mean square error in this sy~

stematics exp sysi 4
42 b — b xR
£=[wg, (252 ) ] o
= +"_

for the experimentel N = 63 points in the U-Es region hag accoun-
ted for 15%, this satisfies requirements for the "“exotic" nuclide fis-
sion cross section accuracy. The developeq description can be used
for estimating or predicting the 6* . E; and [w/ rf values in

case the experimental data are not available or discrepant.

1. On the heated heavy nucleug fission probability

Iet us return to the problem of traditional systematics which, as we

have noted, in the region of heavy actinides 18 completely based on

the multiple neutron emission probability experimental dete for which
the excitation energy averaged over evaporation chain is considerably
higher then that considered in previous sections (