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Introduction

Attached are five papers by U.S.S.R. authors that were submitted for
the Proceedings of the International Conference on Nuclear Data for
Science and Technology held from 13 to 17 May 1991 at Jiilich, Germany.

The International Programme Committee had decided that only those
contributed papers should be considered for publication which have been
presented and defended during the conference by one of the coauthors.
Since the authors were unable to participate in the Conference, their
papers could not be considered for publication.

The texts are reproduced directly from the authors' manuscipts.
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NEW MUCLEAR TATA =
C EXFERIMENTS

EET A
TESTING ON MACROSCCFI
V.N,Kosh’cheev.,E. M. Manturov, M.M.Nikolaev,
A.A.Rineyskiy,V.V.5initsa,A.M.Tsyboolya,
S.V.Zabrodskaya

(Institute cf Fhysics and Power Engineering,USSR)

Abs+t-a3gtt The new group constant set ARBN-90 is deve-
lop=3d now., It based on the FOND-2 evaluated newutron
data library processed with the code GRUCON. Some re-
ults of the testing ABRBMN-90 set in different macro-
=ccp.- evseriments are oresented.

v Grzip corstant s=t, FOMND-2, 2walw !
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EMDF/B type libraries now arz the main nuclesxr data
es recommended for practical =2zpliga3tions. There
brar- in the UEER also /1/. H#Hut multigroup mekho
istically used in the engireering calculaticon

= as beFHrn and *hus mairtairarnce of the grouvp

~t et by ro meand lost its importarnce with develoc-ing
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C ket
new versiis ot this group constant
: : wide cossitilities 1s develoscd row.
£ this cet were calculated con the basis of
rary /17 with the code GRUCOM /4/. Thus data <cr
stable materials, for all imeortant actinidz zr
rzzich preducts were included in this corstant set
Yihe main group structure comserves as pra2viczuas — tho
Z2 grcups from (~1)-st to Z56-th (thermal) /2/. But +for
importart reactor materials thke data for ==veral i
ups are given in groups with strong energy dependerc
23 sections. The number of =such fine groups may be as
as 12. The fine group diviceions are sufficient fcor
1p.1on with acceptable accuracy of the =mooth crocs
5 in the fast neutron region ( in the case of
:gnn for example), for description of cross =section
behavier in the vicirnity of strong s—-resonances as such
materials as sodium, iron, uraniuvm-238 etc, and for
descriction of thermalizcation phenomcna. Unresolved
r2zonanze structure is described with the help of Bondarern! o
factors as well as by subgroup approximation. In the last
cacse subgrzus parameters are ccastructed by such a manner
that only subgroup cross sections are temperature dependent.
Because subgrouvp parts are temperature independent the AEEBN-
S0 censtant set may be used for all calculations when
temperature gradient must be taken into account.
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A special teut format is developed for computer
representation of ABBN constants. It is maximally convenient
for visually data control (data presented in the headed
columns in the fixed point form etc). The edition of the
data by users is very easy.

The ABEN-90 constant set includes the data of the next
types:

- main neutron constants ( total, capture, fission, elastic
and inelastic scattering cross sections,b WM s

- inelastic scattering intergroup transfer matrices
(probabilities and average cosines);

- eplastic scattering intergroup transfer matrices (to S-th
angular momentum including);

- resonance selfshielding factors:

- its DPoppler increments;

- subgroup rescnarcse structure parameterss

~ neutron reaction cress sectiens;

- FERMA- factores;

- delayed neutron datas

- neutron reaction photon production data (15 shotan
gQrcocups) i

- photon interaction datasj

~ fission products yeldss

- dzcay data for radionuclides produced in the neutron
rea2cticnss

- radiocactive decay photon spectra(lS groups and 4
strongest discret lires).

Corputer code CONSYST proces=ed the ABEN-20 corstants
to tre forms needed for calculational codes.

Testing of AEBEBN-%0 constants on the banchmart
macrcscopic experiments stored in the INDEKS library /57 1s
rulfilled now.

The first group of such experiments is the criticality
data fcr uranmium and plutonium fueled critical assemblies
with differesnt hardmness of neutron spectra.

As must be waited differerncies between experimental and
calculational data to be found greater that in the case whan
previous constant set version ABBN-78 (adjusted to the best
agreement with these experiments) was used (see Table 1). In
the case ABEN-20 it was decided the adjustment would be
fulfilled not on the level of the group constants but con the
level of evaluated data files. This work is only began now.
So it was investigated for example the dependence of kas
calculational inaccuracy from the blanket thickness of hard
uranium and plutonium fueled critical assemblies when
different version of evaluated data was used (Fig.1). It was
found that using of EMNDF/B-6 2335 data allowed to discribe
the criticalities with better accuracy thanm it is doing
with using ABBN-73 or ABBN-90 constant sets. Further, the
analysis cf descreapancies between many threshold reaction
cross secticn ratios measured in the centra of the hard
critical assemblies cores had show that these descreaparcies
may be essentially reduced if fission neutron spectrum would
be adopted more hard thanm in ABEN-90., In particularly this



aralysis give arguments in favour of the neutron spectrum
induced by the === thermal neutron fissions adopted in
EMDF/E-S5. The average energy of this spectrum as high as
2.027 MeV is confirmed apparently only in one experiment /54/.
Fission spectrum with average energy 1.98 Mev is adopted now
in ABEN-20, This value is followed from averaging of the
data of many authors .

The corclusion that E is greater than 2 MeV is confirmed
and by the data cf the seccrd group of experiments
corsidered by us: measurements of different reaction cross
sections in fission neutron spectra.

The third group of euperiments attracted to RAEEBN-F0
constart set testing are the experiment on the critical
ascamblies with the insertions with koel. Data of ECHERIZIO-
Z.E£ /77 and cther similar experiments in particularl,y with
7. feeding by the fissions of ==%U or =3%FU allow to t=et
Tz =EF8U capture and irelastic scattering cross secticns.
revious zoncluszion /8/ about necescsity of reducing of =384
€.~ 1in handreds keV region relatively data of /8,97 is
conszrvad till now and was confirmed euperimentally /10,117,
Tr2 ccrclusion about necessity of reducing cf 238y . /97
alzo 4ind the corfirmation in the experiments 712/, In the
mour2 latar experiments was founded more lzwer values of =F6U
ture zZross sectiocns /17/ which was indirectly confirmed
tFhe zimultarzously evaluatior of thz capture, =2lastic and
asgtic scatterirg cross sectiorn:zs and of the flat and
re self-indicaticn tranemission data /14/. The authors
.12/ came to the similar conclusiorns despite of deap
nizsion data were not attracted to analyesis.

Messured transmission curves, the fourth group cof
e.periments, allow to essentially increzcse the availability
0t resonance self-shielding factor calculations on the nas:s
=f the evaluated rneutron data files.

The data for structure materials had tested cn the
—asis of the COBRA facility euperiments /15%5/. Descreapancies
petween calculaticns ard measurement of k* and reactivity
ratios in the media with Cr, Fe and Ni with ko 1 showed on
Fig.Z2Z.

It is easy to see that iron constants calculated on the
basis of libraries FOND-2 and ENDF/B-6 lead to the
practically coincident results, ENDF/B-4 based nickel
ccrstants are better than those based on FOND-2Z2 (but only if
failed low energy ©iNi resonance parameters ares introduced
in the ENDF/B-6 data). In the case of chromium the FOND-2
data are preferable. Let us pointed out that the data on
fission neutron removal cross sections (under the ===y
fission threshold) for iron,nickel and chromium calculated
from FOND-Z and ENDF/B—-& data are in the agreement with each
other and with the results of fifth group of experiments -
measurements of fission neutron spherical transmission /16/.

The sixth group of experiments attracted tc AEBERN-90
data testing were transmutation experiments fulfilled on the
EN=-Z50 and BN-600 reactors. Some data from this very
extensive experiments are listed in the Table 2 in
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Table 1.
The ratios C/E using ABBN-78 and ABBN-90

k3®® £8/£5 £9/£5 c8/¢5
assemble
78 90 78 90 78 90 78 90
SCHERZ0-5.56| -1.5 -0.4 2.2 2.0 0.4 1.3 0.5
BIG-TEN -0.2 0.6 -1.1 -1.3 -1.9 0.0 -1.5
ZPR-2-12 0.0 1.0 -0.2 0.0 -1.8 -0.1 |-0.8
ZPH-0-6A -0.1 1.7 -8.6 -6.4 - - - -
ZPR-3-48 0.0 -0.8 -3.4 0.2 0.1 -0.5 -2.9 [-1.8
ZPR-3-53 -0.6 -1.0 5.1 11.1 {-10.5 -7.7 - -
ZPR-6-7 -0.3 -1.4 -8.5 -4.9 -4.3 -5.2 1.4 3.4
ZPPR-2 -0.2 -1.5 2.0 6.2 -1.8 -2.9 - -
Table 2.

The ratios C/E for BN-350 reactor using ABBN-78 and ABBN-90

ABBN-78 ABBN-90
index
core 1 core 2 core PU core 1 core 2 core PU

C8/¢£5 1.00 1.01 0.99 1.00 1.01 1.00
£a/£5 1.01 0.98 0.97 1.04 1.01 1.01
£9/£5 1.01 1.00 0.99 0.99 0.98 0.98
ad 0.99 1.09 - 0.94 1.04 -
a9 0.98 - 0.99 1.09 - 1.05
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corrparisonr with calculated data. Let us poirt cut that
ENDF/B-45 based constants were used only for reacticn rate
calculations by the averaqging over the spectra calculeted by
ARBN-20 zonstants.

ARBN-920 constant set was used also for calculatioral

aralysis of critical experiments with the tight uranium-
water and uranium-plutonium-water latticies. Fully
succezsful results were received.
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The testing of ABRBN-90 constant set is continued.

E ad e os

Zlohin A.I.,Ignatuk A.V.,Kuznetsaov EB.D.,kosh chzev V.M,
£t al, Tkh=2 library of evalustsd data, This corferonce,
Jolizch, may, 1991,

Ssbagyarn L., .2azazyants MN.O. . Bondarsnto IL,I1,,

Mitolssy M.N., Brous Censtant for Nuclear R=zactor
Calculatizons.— N.Y., Conzultants Bureau, 12£4,

Ahagyarn L,.FP, Bazazyarts N.C..Mikolzey M/N, , Tsyboceclya AN
The group censtants f9r reactor ard skhizlding
calzulatior, Erargoizdat, 1921,

Tinitt=za V.Y, VANT,i=z=suet HNuclear Constartese, 1924,

veS.p. T4,

Marturoy .M. VANT.issue! Nuclear Cocrstarnts, 1723,
v.ZS(E9), p.20.

Joharesece F.I. Muzl. Sci1. and Eng., 1?77,v.&204), p.£95,
Chasudat J.F., Darrcuc=t M., Fisher E.A. Eupsriment in
Fure raniom Latticie2 with Unit L. . Aczsembliest SMNEat -
2127, U1l ard WKS in EFMINE and HARMONIE. HFE-12£5(CEA-
R-355Zy, 1574

Zarmnacd E., 2t al. - Froc.Conf. on Nuclear Data for
Feacters, IAER, Vienra, v.2, 1970, p. 1073,

Guenther F,, Emith 4, - PFProc.Ceorf., on Muzlear Crcss
CSections and Technolegy., Washingten, MBS, 19735, v.Z2,

p. 700,

Tsang F.Y.,Erugger R.M. Nucl. Sci. and Eng.. 19782, v.5&S,
p.70,

Litvinskiy L.L..Vartebniy V.P. et al. Atomnaya energiva,
LESR, 1987, LE2(T), p.192.

tacakowv L,E.,Hononov Y.,N., et al. VANT,iscsue! MNuclear
Cornstants, v.Z. 1985, p.37.

Adamchyk U.V., Voskonyan M.Y. et al. - Atomnaya
enerqivya, v.65(3), 1988, p.IS&.

Gecrgiev G.F.,Grigoryev U.V. et al., Measurement and
Aralysis of Resonance Structure of the 238 tptal and
radiative capture cross sections in the energy region
0.4£5-200 keVY. This conferenc=. Julich, may, 199i.
Frothrner F.H. - Nucl. Sci. and Eng., 1989, v.103, p.119
Mikolaev M,N. et al. - Frof.Conf. on Nuclear Data for
Science and Technology. Mito, 1988, p.4135.






NEUTRON CROSS SECTIONS FOR NUCLIDES OF STRUCTURAL MATERIALS

M.V.Pasechnik, I.A.Korzh, V.A.Mishchenko, N.i.Pravdivy and
N.T.Sklyer

Institute for Nuclear Research of the Ukrainian Academy
of Sciences, Kiev, Ukrainian SSK

Abstract. Differential end integrel cross sections of neutron elastic
end inelastic scattering from the structural material nuclides titani-
um-48, chromium-50,52,54, iron-54,56, nickel-58,60,62,64 and molybde-
num-92,94,96,98 are measured in the energy range 1.5-7.0 MeV and ana-
lysed in the energy range 1.0-9.0 MeV together with other authors' da-
ta using sphericel optical model, coupled channel method and statisti-
cal model.As an example, typicel results for molybdenum~96 are presen-
ted. Relative contributions of the direct and compound mechanisms to
the scattering cross sections are determined.

(fast neutrons,?8ri, 20952s54¢y, 544565, 58,60,62,64y; 92,94,96,98;

tergets, time-of-flight spectrometer, differential cross sections, in-~
tegrel cross sections, elastic scattering, inelastic scattering, op~-
ticel models, coupled channel theory, statistical models, comparative
evaluations, direct reactions, compound-nucleus reactions)

Introduction scattered neutron spectrao were measured

in the angle range 20-150" at the flight

The role of structurel meterials in distances 1.5-2.8 m in relative good

nuclear technology is important and be- background conditions. The experimental

comes still more important in the last apparatus and procedure are described in
yeers Dbeceuse of strenghtening the at- detail in the paper /4/.

tention to secure functioning of the nuc-

lear installetions. Koreover,most of the Experimental results
structural materials consist meinly of

the spherical even-even nuclides, forming Differential cross sections of neu-
e nuclide class with charaecteristic pro- tron elastic scattering and inelastic

perties, which are evidently interesting scattering with excitation of one-to-fi-
elso from theoretical point of view,This ve lowest discrete 1levels or level
nuclide class is a constant object for groups of titanium-48,chromium-50,52,54,
experimental and theoretical investiga- iron-54,56, nickel-58,60,62,64 =and mo-
tions, but a vast field for activity in lybdenum-92,94,96,98 were measured in the
widening and correcting the existing da- energy range 1.,0-7.,0 MeV. The measured
ta base remains. cross sections were corrected for neutron

In order to contribute to solution flux aettenuation and multiple scattering
of +the above problems we have carried in the sample and for the geometrical
out &a cycle of measurings the neutron factors. The total errors of the diffe-
elastic end inelastic scettering cross rential cross sections are mainly 3-10 %
sections for the structurel material for the elastic scattering and 5-12 %
nuclides and their theoretical analysis for the inelastic scattering and include
using an optical-statisticel approach. the measuring, normelizing and correcti-

The results ere partly published (e.g., on errors.
/1-3/); they ere presented here in a ge- A comperison of our measured diffe-
neralyzed form and illustrated with new rential cross sections with the existing
date for molybdenum-96. in the literature other authors' date
has shown that a great part of the cross
Experimental procedure sections at the investigated energies

are obtained only by us and the rest of

The differentiel cross sections of our data are,on the whole, in good agree-
neutron elastic and inelastic scattering ment with the date of other authors at
were measured using the modernized ver- comparable neutron energies. Our date
sion of the fast neutron time-of-flight essentially supplement and meke more pre-~
spectrometer at the electrostatic accele- cise the data base on cross sections of

rator EG-5 /4/. The monoenergetic neut- neutron elastic and inelastic scettering
rons in the energy range 1-7 MeV with from nuclides of structurel materiels.
the energy spreads +(50-170) keV were As an example, the measured diffe-

produced in the reactions T(p,n) or rential cross sections of neutron eles-
D(d,n) using solid tergets Ti-T or Ti-D. tic and inelastic scetterings Irom mo-
In the measurements cylindricel highly lybdenum-96 in the energy renge 1.4-5.0
enriched (> 90 %) isotopic samples, ha- l.eV are presented in Fig.1 in which, for
ving masses 30-150 grams were used. The comparison, the data of other authors at



comparable energies obtained for monoiso-

tope samples in analogous procedure /5-7/
are given. It is evident from the Figure,
that a comparison may be performed only
at the energy 1.4 MeV, The elastic scat-
tering cross sections at the energy 1.4
leV are in a good agreement with the
cross sections of the paper /5/ at the
same energy, and the data of the paper
/6/ at the energy 1.5 MeV are slightly,
but conformably different from the both
date sets at the energy 1.4 MeV. In our
experiments the inelastic scattering
cross sections at excitation of five lo-
west levels in moly?denum-96 (lgvel en-
ergy in+keV) 778 $2 s 1148 (0 )  and
1498 (27)+1626 (27)+1628 (47) were mea-
sured. The cross sections measured at
the energy 1.4 LleV may be compared with
the date of the paper /5/ at the same
energy and of the paper /6/ at the ener-
gy 1.5 LieV. On the whole, an agreement
emong the date is satisfactory.
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Pige1., Differentiel cross sections of
neutron elastic and inelastic

scatterings from molybdenum~96.The
experimental deta: e - this work,

e-/5/,8-/6/, 0 -/7/. The
curves are results of the model
calculations of the cross secti-
ons: elastic - OL+5M (solid), CC+
+SL. (Qotted) and inelastic- CC+Sk
(s0lid), S (dashed).

The integral cross sections of the
elaestic and inelstic neutron scatterings
were obteined by anguler integration of
the measured differential cross sections.
loreover, inelestic scattering cross sec-
tions near | the excitation thresholds of
the first 27 levels of the nuclides iron-

56 and molybdenum-94,96,98 (0.9-1.4 lieV)
are obtained using registration of gamma-
radiation from the reaction (n,n'¥) with
Ge(Li) spectrometer. The obtained integ-
ral elastic scattering cross sections, on
the whole, are in satisfactory agree-
ment with the existing other authors'da-
ta in the energy range 1.0-9.0 leV. The
integral inelastic scattering cross sec-
tions are also,on the whole,in an agree-
ment with the other authors' data, but
also essentiel disagreements, particu-
larly neer the excitation thresholds of
the levels, are oserved.

The degree of such an agreement may
be evaluated in Fig.2 which shows our da-
ta and other authors' date on integrsl
cross sections of elastic and inelas~
tic scattering of neutrons in the energy
renge 1.0-9.0 lLieV from molybdenum-96 /5-
8/ end molybdenum of natural isotope com-
position (for elastic scattering) /9-12/
It may be seen from the Figure that our
elastic scattering deta and these of ot-
her autgors are in a good egreement. The
first 2" level excitation cross sections
genereally are in a good egreement,except
the energy range near the level excita-

tion threshold, where the data were ob-
tained using e gemma-spectrometry me-
thod. Our date and these of other au-
thors for the second level, as well aeas

for the sum of the third-to-fifth levels
are in a sufficiently good agreement,

Theoretical analysis

The measured cross sections together
with the other authors' data on totel
cross sections and scattering cross sec-
tions in the energy range 1.0~9.C ieV we-
re analysed using a spherical optical
model (QOM), coupled channel method (CC)
and modern versions of statistical model
(SL). Procedures of such analyses were
described in the peper /13/. In the op-
tical model celculations a set of avera-
ged optical potential parameters, which
we have detrmined in earlier detailed
analyses, as well as several existing in
the literature optimized parameter sets
were used, In the CC-calculations the se-
me potential peremeters, as in OL,except
the absogBtion potentiel, which was ta~
ken 0.8WVk (for two-channel coupling ver-
sion) or 0.7TWUd (for five-channel
ling version), were used. In the statis-
tical model calculations up to energies
3¢0~448 MeV were accounted discrete le-
vels with known characteristics and con-
tributions of higher levels with unknown
characteristics were accounted wusing a
Permi-ges model with "back=-shift" and
peremeters from the papers /14/.

Comparison of the BO calculated
theoretical cross sections with the ex-
perimental ones has shovm that under
correct accounting the direct and compo-
und scattering mechanisms, even by using
the averaged parameters of optical po-
tentiael,it is possible to obtein & sa-
tisfactory agreement of the theoretical
total cross sections and differentiel
and integral cross sections of elastic

coup-



and inelastic scatterings of 1.0-2.0 LeV
neutrons from nuclides of structurel me-
terials with the experimentel date.
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Fig.2. Integral cross sectionsof neutron
elestic and inelastic scetterings
from molybdenum-96.The exXperimen~
tal data: ® - this work, © - /5/,
8 -/6/,0-~-/7, 6 -/8/, O~
/9/yv‘/1o/s S - /11/9 a -
/12/. The curves are the results
of the model celculations of the
cross sections: elastic -~ OL+SL
(solid), CC+SH (dotted), SN (de~
shed) and inelastic - CC+SM (so-
1id), CC (dotted).

As an example, in Figs.1 and 2 the
theoreticel cross sections of the neu-
tron scatterings from molybdenum-96 in
comparison with the experimental data
are presented. It mey bte seen  from the
Figures that both differentiasl and inte-
gral theoreticel cross sections are I1n
sufficiently good agreement with the ex-
perimental ones. Such an agreement is a
reaeson for practical applications of the
calculation results insteed of experi-
mentel data, if they are ebsent.

Adequate theoretical description of
the experimental cross sections of neu-
tron scetterings from the nuclides under
investigation gave a possibility to make
reliable evaluations of relative roles
of the scattering mechanisms (direct and
compound) and their chenges with the in-

cident neutron energy change /15/. For

example, the cross sections of direct
excitation of the first 2% levels at the
incident neutron energies ~ 1 keV above
the excitation thresholds doesn't exceed
15 percents of the summed cross sections
and to the end of the used energy range
becomes dominant. The two~phonon triplet
levels of the nuclides under investiga-
tion in e large energy range are excited
predominantly through compound nucleus
formation and only to the ends of the en-
ergy and mass ranges contributions of
the direct mechanism to the cross secti-
ons of their excitations become also do-
minant.
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THE SECONDARY NEUTRONS SPECTRA OF 2%y, U
FOR INCIDENT ENERGY RANGE 1 - 2.5 MeV
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Abctract. Spectra of inelastic scattered neutrons and fission neutrons
The solid

with neutron time of flight spectrometer.

were measured

tritiua target was used as a

neutron source. The energy distribution of neutrons on the sample was calculated with

Monte-Carlo code, taking into account interaction income
reaction kinesmatics. The detector efficiency was determined
corrections

sultiple scattering and absorption

protons ;Eside target and
with Cf source. The
were calculated with codes packet

BRAND. Our results confirm ENDF/B-& data library.

( ZQSU,

2“U, neutrons, elastic and inelastic scattering, fission neutrons, multiple

scattering and absorption corrections, Monte-Carlo code, ENDF/B-6& data library)

INTRODUCTION

The requiresent for wseasuring differential
cross-section of inelastic neutron scattering on

fissile elements nuclei in the MeV-energy range
primarily resulted from the needs of atomic power
engineering. These demands can hardly be

considered satisfactory. In a number of cases the
difference between latest experisents [1] and the
evaluation data amounts to 30-50%. In new
estimates for U (2] the 1inelastic scattering
cross-section increased ~1.5 times as cospared
with ENDF/B-3 library that requires an additional
substantiatiaoan. There are discrepancies between
evaluations [2] and ENDF/B-6 in 1-2 MeV energy
range.

An investigation of inelastic fissile
scattering cross-section entails a nusber of
methodical problems. A high density of low states

allow no reliable wmeasurements of scattering
cross—-section on individual levels and distinguish
of contribution of elastic scattering. In
addition, the neutrons spectra geasured are

restricted at low energy by the energy c00-S00 keV

gue to detection threshold. These features hinder
the measurements of total inelastic cross-section
and the cosparison of experimental data. These

problems were basically settled in [1] where the
"pseudo-elastic” scattering cross-section was
seasuredg for a number of fissile nuclei, In this
;;gdyzgsconclus1on was made that for zszTh,nau,

U, U total inelastic scattering cross-
sections are known with reasonable accuracy and

are 1n good agreement with ENDF/B-5 evaluation,

and subsequent refinement is requisite for energy
distribution of scattering neutrons on these
nuclei.

The above feature have specified the

objective of this study: the investigation of
inelastic neutron scattering for the refinement of
total 1nelastic scattering cross—section and
scattered neutron spectra, for the impleamentation
of the probles set out a particular attention was
paid to decreasing the detection threshold to
raising the seasurement accuracy in the region of
low scattered neutron energies, simulation of
experiment, taking 1nte account of unmonoenergetic
neutrons.

EXPERIMENTAL TECHNIQUE

The neutraon spectra were
time-of-flight wmethod on the EG-1
spectrometer at the IFFE. The

seasured by
accelerator
spectrometer

specifications are: pulse width - ~] ns,
repetition rate - & MHz, path length - ~2 s, wmean
current on the target 4-€& pR. The T{(p,n) reaction

1n a solid tritium-scanciume target was used as a

neutron source. Ref. [3] describes the neutron
spectroameter in wsore detail. The specification
featuring this study are only included below.

Disc-shaped samples 10 ma in thickness and
2&53 sr in diameter fabricated of aetallic

U, U were arranged at a distance 3.5 cs frowm
the target. The normal to the sasple surface was
in "source-sample-detector”" plane and turned at the
angle -30° against the incident protons direction.
Thg percentage ofzassalple amount ed ztsoa: 399, 5% zafso'!

U, and 893.6% U and 10.4% U for u
sample. The sample was packed in Al-container with
a wall thickness (.3 wan.

The neutron detector was a plastic
scintillator 80 am in diameter and 20 =e in
thickness. The detector face was coated with lead
absorber 2 wmm in thickness to reduce the
background of inherent gamma-quanta. The detector
efficiency (tgreshold ~60 keV) was @measured with
;g;pect to Cf fission neutron spectrum. The

Cf source was attached in sample location.

The neutron flux on the sasple was w®measured
by scattering on a carbon saeple ( 51 mm diaseter,
15 sm thickness) and with respect to U fission.
In latter case 10nization fission chasbenr,
installed between source and sample was used. All
spectra were measured at the angle 120°,  Each
seasurement consisted of 10U-1Z runs with duration
about one hour. For each 1nitial neutron energy as
sany as two wmeasurements were performed on
investigated sample. In addition the wmeasuresents
were pade of:

- neutron spectra with an Al-container,
- neutron spectra with C-saeple,
- source neutron spectra at the angle OD.

DATA PROCESSING AND DISCUSSIONS

At the first stage of processing the amonitor
time-of-flight spectra were applied for
accelerator performance quality verification in
each run (time resolution, energy stability). The
spectra of ‘“good" runs were susmed up. The
non-correlated background was subtracted fros
overall spectra.The detector spectrum was measured
as two-dimension array (time®amplitude, S1&*32)
therefore the zero-effect time 1interval was known
for each amplitude group. Conternts of channels 1in
this time intervals was reduced to =zero after
background subtraction.This procedure resulted 1n
the 1mproveeent measurement accuracy in low enerny
range for neutron spectrus.

The resulting time spectrum was normalized to
the "long" counter with the backgrounc spectium
measured with Al-container subtracteo frome 1t. The
tise spectrum was transforsed 1into an energy



scale,normsalized to obtain absolute cross-section.
Corrections was sade for detector efficiency and

contribution of U scattering for zasU sasples.
In addaition the "non-monoenergetic" neutron
background obtained froa the "direct flux"

measuresents was subtracted. In this case only
elastic scattering was assumed, that is valid due
to low value of this background 3-5X.

Corrections for different sample size and its
position were calculated using MC code.

The correction for neutron
scattering and attenuation in the sample were
calculated in Monte—Carlo method using the BRAND
code system [4]). The differential cross-section of
carbon scattering was taken froam [5]. The neutron
flux determined from the fission chamber was
systesatically ~3.5% less then carbon scattering
one. Taking into account the accuracy of flux
determination in chasber case being lower ((5X),
the norsalization on carbon scattering was
subsequently applied. However, the employment of
two wsethods enable us to wsore realistically
estisate the accuracy of data absolutization.

Fig. 1,2 show the spectra of secondary
neutrons ( scattering and fission ) together with
calculation results, It should be emphasized that
the calculation presents not only a neutron

sultiple
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Figure 1. Spectra of scattered neutrons and zasU
fission neutrons. Histograms stand for the

attenuation and MS
account these

calculation results without
(dasted line) and taking 1into
processes (splid line).

interaction in the sample, but simulates the
experiment cospletely: fros a source to a
detector. The calculations was made in time scale
and was transferred into energy scale applying the
codes for experimental spectra processing.

The neutron data from NEDAM [8] library only
are currently accessible for the BRAND code
system. As can be observed in fig., 1,2 this set of
neutron data does not describe the experiment. The
correction for multiple scattering and absorption
gained from these calculation can in some case
essentially distort the experiamental results, that
is why the neutron spectra were not corrected for
this effects. The correction was introduced solely
for the integral cross-section where the i1apact of
scattering neutron spectra shape was less
significant. A preliminary procedure for including

ENDF/B-6 library into calculation is presently
underway.

Table 1 show integral cross-section of
inelastic scattering. Colusn 1 give the the

initial energy of neutron on a saaple and its
r.m.s. deviations, column 2 - integration
boundaries, column & integral cross—-sections
including part of fission neutrons corrected for
the effect of sultiple scattering and attenuation.
Coluan S show the cross-section with fission
neutron contribution subtracted, multiplied by 4m.

Coluan 6,7 state inelastic scattering cross=
section on low energy levels (ENDF/B-€) falling
out integration area and total inelastic cross-
section. The fission neutron spectrum 15 assumed

1000
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Figure &. Same neutron spectra for 238,



to be Maxwell distribution with the “"temperature”
T , fission neutron have isotropic angular
distribution. Fission cross-section are taken from
[5], fission neutron spectra teaperature - fros
systematic in (61,

Fig. 3 shows the total cross—section of
inelastic scattering by the data of this and other
studies together with evaluated cross sections
fros various libraries.

For %% a set of levels excluding fros
experisental cross—-section is more unasmbiguous. As
a rule it is the first one or two levels.The
cross—-sections for this levels fros evaluation (9]

and ENDF/B-&  agree. The total inelastic
cross-section of our study and Ref.[1] are in
reasonable agreement, confirs ENDF/B-6 evaluation

and are sxstelatlcally higher evaluation [9].

In U case situation is sore difficult. We
don't know exactly the set of levels, However, by
virtue of the scattering cross-sections at
individual levels being small, it does not results
essential error. The data of this study within the

limits of errors agree with the data of Ref.[1]
and ENDF/B-6 estimation. The ENDF/B-5 estimations
etc. covers the experisental points with the

scattering cross-section on low~lying levels not
added. In the 1-2 MeV energy range our data and
those of Ref. (1] do not confirm the cross-section
course put forward in Ref,[2].
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Figure 3. 35U and 3eU inelastic neutron
scattering cross-sections.

We are
spectra
checking

neutron
data for

fission
base of our
neutrons subtraction and
calculate wmultiple scattering correction with
ENDF/B-6 library. However, we can nmade some
conclusions now. As can be observed from fig.3 the
further investigations of the inelastic scattering
cross—-section is required for U in the energy
range (1 MeV with the ais for solving a
contradiction between the evaluated cross~sections
and data of Ref(1l.

The main coaponents of the errors in
experiaent are: the accuracy of
cross-section including statistical
detector efficiency

planning to analyze
shapes on the
fission

this
integral
accuracy and
deteraination 2-5%, the
norsalization accuracy 2.5%, the accuracy of
calculation for waultiple scattering corrections
2-3%. The uncertainties of initial neutron energy
was 5-10 keV,
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Table 1. Inelastic scattering cross-sections.
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Abstract: Using time-of-flight technique neutron spectra

and 14.7 MeV neutron-induced fission of
have been measured. The experimental

from 2.9
232Th, 235U, 238U and 23’Np

evidence of non-equilibrium

neutron emission priocr to fission has been obtained. The results of
analysis of neutron spectra for the multiple-chance fission made in

the framework of statistical model,

which take 1into account the

equilibrium and non-equilibrium neutron emissicn, are presented.

(232Th, 235U. 238U. 237

Np, neutron

spectra, fission, emission,

time-of-flight technique, statistical model)

Introduction

In this paper we report on the
results of our neutron spectra
measurements and consider some
improvements in description of
multicomponent fission neutron spectra.
The data on fission neutron spectra are
of particular impcrtance for applied
purposes and development of theoretical
description of neutron emission
mechanisms.

In accordance with now available
data in the case of the first chance
fission (it means En<6 MeV) +the fission

neutron spectrum is determined mainly by
neutron emission from accelerated
fragments. The contribution of other
possible mechanisms (such as so-called
"scission" neutrons, neutrons emitted
during fission fragment acceleration,
etc.) is not significant. Although the

analysis of numercus experiments has
shown that neither Maxwell nor Watt
type distributions do not provide the
absolutely accurate reproducing of

experimental spectra, the deviations are
not so remarkatle and both of them are
commonly used to describe and compare the
fission neutron spectra parameters and
their behavicur via incident neutron
energy.

At incident

MeV, +the shape of neutron spectrum
essenrtially differs from Maxwell or Watt
distributions due to significant
contribution of neutrons emitted priocr to
fission. In this energy region the
experimental data on fission neutron
spectra are limited in number and quality
and most of them were taken with
insufficient accuracy. Due to these
reasons the present status of knowledge
about features of neutron emission in the
case of the multiple-chance fission is
not satisfactory. Some efforts to
investigate this topic with use of pure
thecoretical description in the frame of
statistical approach were made by Nix and
co-workers /1/ and Marten et al./2/.
Despite the remarkable progress achieved
in the refinement 1in the thecretical
medeling, +there remain open questions

neutron energies En>6

which are important to understanding of

the pre~-fission neutron emission
mechanisms. It might be reasonable +to
continue both theoretical and
experimental study of fission neutron

spectra in this field.

Experimental arrangement

Measurements of fission
were performed using time-of-flight
technique at Radium Institute NG-400
facility. Primary neutrons with energies
2.9 and 14.7 MeV were obtained as a
continuous beam 1irn Di(d,n) and Tid,n)
reactions. In order to carry out these
measurements we used 4-gectional
multilayer ionization chambers to signal
the occurrence of fission events (each
section incorporates 12 layers with

2mg/cm2 in thickness and 100 mm in
diameter). The gross weight of the
isotope under analysis was about 5 g.

neutron spectra

Each section being connected with
separate time-of- flight channel. The
fourth "monitor" section contained two

targets made of the isotope under

analysis with the isotope 252Cf uniformly
embedded in them. Thus, fission neutron
spectra measurements were made with

respect to standard spectrum of 2520f and

both spectra were measured
simultanecusly. The identity of all
sections for count and amplitude

characteristics was tested by measuring
fission fragment spectra.

The neutron detector (stilbene
monocristal, 10 ¢m in diamster and 4 cm
thick) was housed in a massive shield and

located at an angle 90 degrees at flight
path length 2.05 m. The overall timing
resclution was 2.5 nc. To reduce
gamma-quanta background the pulse-shape

discriminator with suppression

coefficient about 180 for the +thresholad
about 200 keV for neutrons was employed.
The additional analysis of rieutron

detector pulse amplitude was carried cut
with an aim to decrease the random
coincidence background in the range of



low neutron energies. Time-of-flight
spectra were corrected for the effects of
distortion due to finite energy
resolution and differences in flight path
for each section of fission chamber. 1In
our measurements background was entirely

time independent and its magnitude could
be estimated unambiguously. The detailed
description of the experimental

arrangement was presented earlier /3/.

Experimental data and analysis

The characteristics of the fission

neutron spectrum of 252Cf have a status
of standards /4/, and being used, the
neutron detection efficiency, neutron
spectra themselves and integral fission
neutron yields can be determined from the
results of measurements.

The results of our measurements are
showni in Fig.l in the form of the ratio
R(E) of measured spectra Ni(E'En) to the

reference spectrum NCf(E ). The
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Fig.1. Ratios of spectra R(E,En) for
£32Th, 235U, 238U, 23(Np versus

neutron energy E for En=2.9 MeV
(on the left) and En=14.7 MeV (on
the right).

characteristics of measured spectra are
presented also in the Table 1. As shown
in Fig.1, in the case of En=2.9 MeV these

ratios are practically straight lines. It
means that the shape of neutron spectra
are very close to Maxwell distributicon
and the slope of lines is determined by
temperatures difference TCf—Ti'

At 14.7 MeV incident neutron
the shape of fission neutron
quite different due to
prior to fission. The contribution of
pre-fission neutrons is clearly
identified by the deviation from the
Maxwell type distribution corresponding
to neutron emission from fission
fragments. There are some features in the
fission neutron spectra. The rise at E«2
MeV is due to evaporative part of
pre-fission neutron spectrum, and the
maximum at E~8 MeV is connected with the
non-equilibrium one. Its right slope
corresponds to pre-equilibrium spectrum
cutting-off by the threshold of residual
nucleus fission. At energy range E<5 MeV
our data are in a good agreement with
previous measurements carried out at
incident neutron energy En=14.3 MeV /5/.

energy
spectra is
neutron emission

The last one were satisfactory described
with use of simple superposition of Watt
and Weisskopf distributions. It is clear
now that the high energy part of neutron
spectrum 1is of great importarce for
understanding of the fission process and
the traditional empirical approaches must
be refused in favor of a more
sophisticated theoretical analysis.

Some improvements have been made to
describe the fission neutron spectra /6/.

It was 8hown to achieve a reascnable
agreement with experimental neutron
spectra measured at En=14.7 MeV the

partial fission cross-sections must be
calculated with high accuracy.

To describe the energy dependence of

the fission cross-section of(En)
(including the behaviour of the &separate
chances) we used:

a) the pre-equilibrium neutron emission
and Hauser-Feshtach statistical model

calculations performed by using a version
of the code STAPRE /7/, where neutrons
penetrabilities were taken from /8/, the
pre-equilibrium neutron emission was

calculated with use of exiton mode 1
/9,10/;
b) the calculations of potential energy

and level density as a function of

nuclear deformation made on basis of
/117

c) the adiabatic description of
collective enhancement of level density
/12,13/.

At present time the
the neutron spectra in

description of
the case of the

235U(n,f‘) and
238U(n,f) has been done /6/. For example

multiple-chance fission of

L]
the neutron spectra from 238y (n, 1)
calculated at different incident neutron
energies are shown 1in Fig.2. A good

agreement with experiment in the most
part of +the fission neutreon spectra
(including the non-equilibrium emission)
was obtained. At the same time, there is
an excess of neutrons in the low energy

part of spectra which can not be
reproduced in the frame of our
description.



Table 1. Characteristics of measured spectra.

Target |[E_,MeV| E,MeV T,MeV v
2327y | 2.9 [1.9340.03(1.28520.018(2.27+0.06
14.7 |1.8720.03 3.92+0.09
235y 2.9 [2.0240.03[1.34420.015|2.770.07
14.7 (2.0120.03 4.3920.11
238y 2.9 |2.0020.03(1.33220.016(2.7120.07
14.7 (1.9620.03 4,25+0.10
237\p | 2.9 |2.0520.03|1.36920.010|2.98:0.07
14.7 12.1120.03 4.45+0.08
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- o T. M. Uhl, B. Strohmier, Report
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10 " - | N Paschenko, Yadernaya Physica, 1683,
’ v.47, p.355,
0.0 10.0 0.0 ) 10.0 11.V.V. Pashkevich, Nucl.Phys.A, 1971,
E, MeV v.169, p.275; Int.School-Seminar on
238 Heavy 1Ion Physics, Alushta, 1983,
Fig.2. The neutron spectra from Ulnm, $) Dubna, 1983, p.405.
reaction at different incident 12.3. Bjornholm, A. Bohr, B.R. Mottelson,
neutron energy. The points Phys. and Chenmn. of Fission
represent data of our (Proc.Simp., Rochester, 1973), Vienrna,
measurements. The sclid lines are IAEA, 1974, v.1, p.361,
the results of calculations. 13.G.A. Kudyaev, Yu.B. Ostapenko, G.N.
Smirenkin, Yadernaya Physica, 1987,
The yields of this "additional” v.45, p.153s,
pre—fission neutrons are 0.3 ©both for
235U and 238U and their spectra can be
described with use of Weisskopf
distribution with the temperature r=20.4
MeV. Up to now we have no any reascnable
explanation for this effect.
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ROTATIONAL MODES CONTRIBUTION TO THE OBSERVED LEVEL DENSITY
E.M. Rastopchin, M.I Svirin, G.N. Smirenkin

Institute of Physics and Power Engineering,Obninsk,USSR

Abstract: Attempt is made to apply the level density systematics within the

of the generalized superfluid model to

the

framework

A<150 region. The analysis of some

properties of these nuclei le.g deformation energy, neutron resonance density, neutron

evaporation spectra) shows the existence of large groups of nuclei, for which
the contribution of rotational modes to their level density is considerable (in spite
of the traditional classification according to low-lying discrete level spectra).

istatistical model, level density of excited nuclei, collective enhancement factor,

neutreon resonance density, evaporation neutron spectra , low-lying excited levels)
Fer a long period of time freedom to the level density 1is taken
experiments preceded theoretical work 1in account of by multiplying the internal
ruclei deformation research. density of excited nuclei levels by the
Fhenomenclogical analysis of various corresponding enhancement factors
spectroscopic characteristics led to the (rotational K _, and vibrational K, )
discovery of two nuclel regions, the
lantcnides and the actinides, with - . .
sphercidal form and guadrupocle pLUII=p (UL DK (U i
deformation £20.2-0.3. Theory evened up . Ry . -
the score with the development of shell Keon (UKL (UIK 4 TUD (2}
correction methed 1[1,2). It not only
revealed the physical nature of nucledl _ _ _
deformation, but alsc showed that the In (1) p, (U,J) is described using well

number of deformed nuclei is much greater

known expression:

than one can find out from properties of wlU) (J0d+1)
systematics of low-lying excited levels. pi“(U,J)=—————3(2J+])exp[— = ] (39,
Experimental data concerning higher-lying Y8n o 2o,
levels near neutron binding energy " 5
. eTe wl Clea ate 7y . =
menfirm the latter statement [3,4).The wgcrc w g) ;S nuclear state densityio
present paper alsc deals with this Ospn’ O1%spm is the spin cut-cof f
rroblem.
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Fig.1 Dependence of the cocllective enhancement factor K__,(B ) on the mass number

Aiwhere (O - designates the wvalues, at which the NED description 1s made
according to GSM systematics 17,9); solid curve- K__,=K_,,, dashed curve-
KC;1=Kvierot. Arrows show the magic nuclei, which are placed on ths - stability
line.

The level density piU,J) for the parameter for spherical nucled and o =
given excitation ensrgy U and angular b Zo el .. e d ehees o a
momentum 3 of the nucleus depends upon o oy oy=e - for the deformed onesio, =F,T
ccllestive properties of the excited {i=1,4), F, is ths corresponding momsnt
nuclei. In the adiabatic approach 5-T1 !

p ¢f insrtia and T is nuclei temperaturs

the contributicn of collective degrees of



The rotational enhancement factor for
nuclei with spheroidal form can be prese-

nted in the following form K__,=o° [51.

If we put K__,;=1 into (1), then the
analysis of the observed neutron
resonance density (NRD) leads to a
considerable overestimation of the
asymptotic (for great U) level density
parameter afA) as compared to the
microscopic calculation results {the

level density parameter obtained from the
single @particle energies 1in a Woods-

micpo’ A= 1710+ 1/11
-1 ©

MeV . In this case the fermi- gas model

for piU,J) gives azA/7 MeV-i, while the

superfluid model gives still greater

value aA/5 MeV '. This discrepancy is
eliminated by taking 1into account the
collective modes and in the last variant,
rnamed the generalized superfluid model

obtain the

Saxon potential [61]) a

{GSM),one can value of ag&

This result of GSM systematics

amicro'
proceeds from the NRD analysis for the
nuclei with well- defined collective

properties: the deformed ones for Az 150-

190 and A»230 (K__,»1) and the spherical

ones in the vicinity of closed nucleonic
shells (K__,=1) [7]. What will happen if

all these restrictions concerning the
nuclecon structure are lifted?

The curves in fig.1 show how the
..3 description 1is applied to GSM

systemztics in two variants:

K

v ) K,ip for spherical nuclei (49
‘kol K K for deformed
rot 'viv nuclei
where the upper one is marked by solid
curve, and the lower one- by dashed
curve. The experimental points K:;f(Bn)

in fig.l correspond to the values of this
factor, which represent the observed NRD

in GEM systematics. One can see that
K::f(Bn) of magic and near magic

{spherical) nuclei are close to the solid
curves, while the ones for lantanides and
actinides lie close to the dashed curve
as the GSM systematics prescribes. In the
most part of Ax150 region the K__,(B )

values are much greater +than one can
expect for the spherical nuclei. For AZ
70+85 and 105+125, K__, 1s closer to
Kcol=Kvierot’ just as for the
nucled.

Fig.Z shows the potential energies
Vic} as functions of the guadrupocle
deformations € for a few representatives
of "ancmalous” groups of nuclel as well

T o¢
as for +the gDPt

transition regicn tbtetwsen the
nuclel ilantanides) and doubly

“98ry. 411 of them have

deformed

nucleus from the
deformed
magic

minima Vieg) at

> ]
=0
—_—~
w4
S’ J
>
04
i
. 196
] Pt
-
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Fig.2 Nuclei deformation potential

energies in the vicinity of
equilibrium deformations e=c .

e#0) and this fact may be connected with
the raised rotatiocnal modes contribution
to p(U,J).

To determine which case is nearer to
the real nuclei level density, i1.e what
is the rotational modes contribution to
it,we can use two more sources of experi-
mental information, examples of which
are shown in fig.3 and fig.4. They are:
1) the experimental information of the
energy dependence of the nuclel level
density, especially when U=B_, which is

obtained from the evaporation spectra of
{p,n) reactions, just as in [&];
2) the level density of almost cold
nuclei, shown in the form of histograms.
The latter ones are the numbers of levels
per the interval of the excitaticon
energy, calculated with +the help of
spectroscopic data, e.g (8], without any
spin or parity restriction.
Fig.3 shows that for +the

rnucleus 1Ong mutually corresponding NRD

residual

103 :
information and =‘Ag(p,n)w;Cd reaction
neutron spectrum match the intermediate
109
case for (4). Experimental data for Cd
are closer to the cones predicted by GSM
systematics for +the deformesd nucletd,

which corresponds qualitatively +to the
behaviour character of deformation energy
Vie) in fig.2.

Fig.4 demconstrates much more clearly
the transition from spherical nucleil to
deformed ones in the vicinity of lead. It

shows the full level density ptU)
( summed over all arigular momenta
according to the GSM systematics (dashed

curves) and microscopical calculations
(solid curves). We calculated p, iUl Just

like for the spherical nuclei, so the
deviation of experimental data from +the
calculated curves. which grows as Z and
A diminish, can be viewed as evidence of



rotational modes contribution
We would like to stress the
of the discrepancies at low

increase.
significance
excitaticon

energlies when Kvibzl.
The general case is more
complicated. It does not contain such

systematized classification of collective
and shell properties, as it does 1in the

vicinity of doubly magic ‘OBPb. Fig.1
shows that in  the vicinity of B-
stability valley most nuclei (A<150) are
far from clcsed shells either by both
sorts of nucleons, or by one of them (in
contrast to the nuclei in the vicinity of
‘OBPb). This fact determines the

which

special
character of A<150 region, cannot
yet be put into G3SM systematics [7,91].
This regicn deserves special attention
from the practical point of view because
it includes most of the actinides fission

fragments.

p(U,0),MeV™"

10 -t [ T/ T T 177171 T T I T T 1
0 U,MeV 10
Fig.3 Energy dependence of the level
density ptVU,J=0) for +the 109Cd
nucleus. O -#tB_,J=0) (obtained
from NRD), ¥ — and ~——— from
{3), where — — —1is the GSM
caleulation of [7]) for K =1
rot _
— «— .15 the same for K__, =o".
rot i

Insertion: ptlUJ,the Curves are

marked just as in the main part,

histogram shows the density of
low-lying levels (8] (see the
texti.

)

~1

oy

5 p(U),MeV™!

rrrrrrrr1ryprorT

0 10 0 10
U,MeV
Fig.4 The full (summed over J) lewvel
density pt(U). Where =————— - is
microscopic calculation; — — —
is the GSM systematics [7,9],

, G
0D - # B ), {obtained from
NKD), the histogram is [(81].
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