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VeG.Khlopin Radium Ingtitute, Leningrad, USSR

Abgtract: The y-rays spectra have been umeasured at interaction of

neutrons with 235U, 238U

and 232Th. The energies and excitation cross

gections of several hundred y-transitions have been determined at
neutron energy 3 HeV. The y-transitions of the (n, n'y) reaction have
been identified, as well as the transitions belonging to the prompt
y-radiation of fission fragments. The level excitation cross sections

in the (n, n'y) reaction have been obtained for 2°2Th and 2°°U. The
total cross section of y-ray production has been alsgso determined. The
experimental results have been compared with the results of the stati-
stical model calculation. A good accordance is obtained for the total
Y-spectra and, in general, a satisfactory agreement for the level ex-
citation cross sections. Pogssible reasons are discussed of the dis-
crepancy between the calculated and the measured values of some low=-

lying states population.

(y-rays spectra, 235U, 238U,
statistical model calculations)

Introduction

Study of the y-radiation arising at
interaction of fast heutrons with defor-
med heavy nuclei enables to obtain in-
formation on both the level scheme of
the target nucleus and the reaction's
mechanism. Besides, there is a practical
need for obtaining nuclear data for fis-
gionable nuclei.

At present there are tens of works,
in which inelastic interaction of fast
neutrons with actinides have been inve-~
stigated. Howewer, the complexity and
incompleteness of the level schemes of
these nuclei and a distorting effect of
the fission do not allow yet to achieve
the required accuracy of the results
and their clear interpretation.

Experiment

Most measurements of the spectra of
the y-rays emitted by the nuclides of

235U, 238U and 232Th, were carried out
at neutron energy 3 leV on accelerator
WG-400 working in a pulse mode.

The y-rays were registered with a
Ge(Li)-detector placed at an angle 125°
to the beam and surrounded with a shield
made of lead and hydrogen- and boron-
containing materials. The experimental
information was accumulated in a micro-
computer MERA-60 that also controlled
the parameters of the setup and accele-
rator /1/. The ¥-production cross secti-
ons were determined relative to the ex-
citation cross sggtion of the Y-transi-
tion 847 keV in Fe. The neutron pulsed
beam's monitoring was done by means of a
gcintillation counter with the stilbene

crystal.
Most part of the measurements were

232Th, neutron energy 3 lieV, measuring,

made with the metallic samples prepared
of monoisotopes. They represented cylin-
ders 15-22 mm in diameter and about 30
mm high. The corrections for distorsion
of the neutron and gamma fields in the
samples were calculated by the Monte-
Carlo method /2/. To control the calcu-
lations' correctness, measurements were
carried out with g thin plate 1.5 mnm
thick, the corrections of which are
small and easy to calculate analytically.

The energies and intensities of the
¥ -transitions were determined by the
SAMPO program. To unfold the total gamma
spectrum, a response matrix was used,
constructed by the method of interpola-
tion and extrapolation of the experimen~
tally measured response functions of the
gpectrometer to a monochromatic y-ra-
diation. The regularization method /3/
was used for unfolding. The setup and
the measurement methods are described in
more detail elsewhere /4, 5/.

Results

Fragments of the measured spectra
are shown in Fig., 1. Altogether over
300 y-transitions were revealed for the
three nuclides /5/. Among them in the

f{-ray spectra of 235U and 238U, the
gamma-transitions were identified of

the fission fragments 84Se, 88, 90Kr,
92, 94, 96Sr, 98, 100Zr, 102Mo, 134Te,

138, 140Xe, 1423& and some othgrs+/6/.
the yields of the transitions 2'-0" ter-
minating y-cascades in the named even-
even nuclei, measured as well as all the
r-spectra in the time interval 22 ns,
are in most cases near to the indepen-

dent yields of the said fragments at
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Fig. 1. Ge(1i) pulse-height distribu-

tions (only 0.6 - 0,85 lleV energy in-
terval is shown). y-peacks indicated by:
i - from (n,n'y)
f - from fission fragments
b - background from surrounded mate-
rials
d - from isotope's natural radio-ac-
tive decay.

235U fission induced by thermal neutrons.

134Te is an exclusion, being formed with
high probability at fission in an isome-
ric state. The analysis of the results

allowed also somewhat to specify the le-

vel scheme of 238U /T/.

The calculations of the neutron-in-
duced reactions' cross-sections and the
spectra of the emitted y~rays were done

for 238y and 2321y by the program STAPRE
/8/. The penetration coefficients from
the coupled channels optical model /9/
were used in calculations. For paramet-
rization of the fission barriers and le-
vel densities above and between them we
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Fig. 2. Total gamma-ray production
cross section induced by 3 MeV neutrons.
Curve: those calculated by statistical
model.

used the data of paper /10/. The radia-
tive strength functions were described
by the Wfeisskopf form at normalizing of
the absolute radiative widths to the da-
ta of /11/. The approximation of level
dengity of the target nuclei above exci-
ting energy 1.2 MeV was done according
to the recommendation of work /12/. The
calculation parameters were varied
slightly {to ensure good fit to the cross
sections of the fission and the radia-
tive capture, as well as the other known
experimental data in the neutron energy
range 1-4 MeV. The spectra of the fis=~
sion y-rays were not calculated in the
program, therefore the spectra measured

in /13/ at 235y thermal neutron fission
were added to the calculation's results.
Comparison of the measured and calcula-
ted total y-spectra is shown in PFig. 2.

In tables 1 and 2 the experimental-
ly determined cross sections of

238U and 232’I.‘h level excitation in the
(n, n'y) reaction are compared with the
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Table 1. Population of the levels of

238U in (n, n'Y¥) reaction
at neutron energy 3 lieV

Table 2. Population of the levels of

2320y in (n, n'y) reaction
at neutron energy 3 eV

results of calculations., On the whole,
the data are in a satisfactory agreement
In a detailed comparison, however, some
discrepancies are found which are syste-
matizable.

Discugsion

For example, the level 993 keV O+Ot
1037.3 keV 2¥0% and 1126.5 kev 4to* of
238U as well as the levels 730.4 keV
otot, 774.1 kev 2*0% and 873.0 kev 470"

of 232Th, exhibit themselves in the ex-
periment weaker than it should be expec-
ted. All these states are members of the
rotational bands constructed on A-vibra-
tional states for which EO-transitions
are probable /14/.

On the other hand, the bases of the
other rotational bands and their first
members (I = K) are populated stronger
than the calculations predict. One of
the probable explanations of this fact
may be the following: by the calculati-
ons it was assumed that the probability
of the yY-transitions populating low-ly-
ing states from the "continuum"

»*
(E > 1.2 MeV) depends only on the dif=-
ference of the energy of the levels and

Elev. i Population {mb) hlev. IfKﬂ Population (mb)
(keV) r Exper. Theor, Exper. Theor.
0 otor 2758 0 ovor 3822
44.9 2t0 2539 49.4 270
148,4 4ot 1287 16241 4707 1563
307.2 6,07 310(90) 436 333.2 6,07 320(70) 468
51749 8*o 30(10) 58 55649 8ot 27(9) 66
680. 1 1707 225(24) 152 714.2 1707 186(13) 133
731.9 3,00 240(25) 204 ;32'? S+8+ 23(4) 32
77507 10%0 2 . Tor
826.8 | 507 100(15) 115 TT4.4 | 3707 225(15) 329
927.0 0rof 15 78544 EHEN 170(15) 136
930.8 1717 115(15) 55 829.6 3,2, 131(9) 154
950,0 271" 140(30) 72 873,0 4707 22(2) 124
966, 1 7707 25(4) 28 883.6 5,0, 100(10) 113
96741 2tot 80(10) 64 890, 1 4727 110(20) 120
D | I | en | B | PR BB Z
99745 3717 105(20) 80 042.5
1037.3 2*ot 17(7) 53 1072.9 27 67(5) 77
1057 470 15 59 1077.3 1 61(5) 61
1059, 7 3t3t 140(20) 62 1078.7 or 23(4) 17
1060, 6 2ot 100(15) 50 1105.7 37 81(9) 88
1105, 5 4337 45(10) 48 1122.8 2 83(9) 7
110642 372 80(15) 55 1143.3 41(4)
112645 a*o? (25 47 1148,3 - 9(2)
1128.7 2”2~ 140(15) 45 1182.5 3 47(4) 78
1150, 3 970 1
e | Br | B |
1169.7 3727 60(15) 48
1223.9 2t 35(4) 41 their spins, and the structure of the
+
1239.4 52 27(7) 23 states and, for instance, the quantum
number K were not taken into considera-

tion. It is clear that taking into ac-
count the K projection in the descrip-
tion of the level density and introdu-
cing a corresponding K-inhibition factor
into probability of the y-transition
must improve the situation.

The observed excess of the yields
of some y-transitions over the calcula-
ted values may be attributed also to the
direct mechanism of neutron inelasgtic
scattering. The calculation of its con-
tribution using the coupled channels mo-~
del for the states of the octupole bands

(K’= 07) of 238y and 232mh and compari-
gson with the results of the experiment
at En< 1,5 MeV, showed that this contri-
bution may be 10 - 15 mb /15/., This con-
clusion was also drawn by the autors of
reference /16/. It seems that the cross
gections of the direct excitation of the
states calculated in /17, 18/, are some-
what overestimated, because such great
values, in our opinion, could not fail
to exhibit even in rough direct measure-
ments of the inelastic scattered neu-
trons spectra.

A good agreement between the total

spectra of Yy-rays for 238y and 232Th

nuclei measured at neutron energy 3 MeV
and those calculated by the statistical
model (Fig. 2} also evidence for general
prevalence of the statistical mechanism

of the population most of the exciting




states, It may be noted here that intro-~
duction the dependence of the probabili-
ty of ¥ -transitions on the K into the
calculation must cause an increase of
the soft component of the spectra, which
would improve the agreement of the cal-
culation results with the experiment.

Conclusion

However, these arguments are not
decisive due to a great error in measu-
ring the total cross section of ¥Y-quanta
production (10-25%) and an insufficient
definiteness of the calculation parame-
ters. A more rigorous answer to the
question about the role of direct reac-
tion mechanism in excitation of indivi-
dual states may be obtained by a direct
measurement of the inelastic scattered
neutrons spectra., As in this case very
complex and prolong experiments are
required in order to obtain the necessa-
ry accuracy, the measuring the ¥-spectra
of the (n, n'¥ ) reaction may be become
quite competitive in this respect. But
for this is necessary first to consider-
able improve the level schemes of trans-
actinide nuclei.
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