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ABSTRACT

New results are presented for the evaluation of the data for
neutron interaction with 236y, A complete system is given for
evaluated neutron data in the neutron energy range 10-°>-20 MeV,
established using up-to-date theoretical models. Application of the
coupled- channel method and of a statistical model with correct
calculation of the transmission coefficients and level density of
nuclei, together with the use of new experimental data, have made it

possible to enhance the reliability of neutron cross-section evaluation
for 236y,

© Byelorussian SSR Academy of Sciences, Institute of Nuclear Power
Engineering, 1987.

INTRODUCTION

The need for a more accurate knowledge of the nuclear data for 236U

ensues from the fact that, in the re-use of spent uranium (regenerated

material), the nuclear fuel registers a substantial increase in the content of
236U, which is a poison and impairs the utilization of neutrons in a

reactor [1]. In order to offset the effect of 236U in regenerated fuel it is
necessary to increase the initial 235U concentration. This depends on the
amount of 236U in the regenerated material and on fuel element design. As

pointed out in Ref.[2], two problems arise during the reprocessing of

irradiated uranium fuel: the 232U content and the high concentration of

2 . . . 236

36U in the reprocessed uranium. An appreciable quantity of 3 U is

accumulated in the fuel (approximately 0.5%), while the residual enrichment of
235

the fuel in U is less than 1% (in WWER-type reactors). Hence, during

reactor operation it is necessary to take account of the effect of reactivity
236 236 .,
from U [3]. Furthermore, U is the source of 232U formation in the

) 238 .
fuel, along with the U (n,2n) process, since after the (n,y) process

236, . 237
U is converted into U, and

y237 _p (6,75 ¢ )237N _(n,2n) 235}5u o (2,B5y ) 232y,



This situation evokes the need to evaluate the neutron cross-sections
for 236U. Application of the coupled-channel method and of a statistical
model of the nucleus with correct calculation of the neutron transmission
coefficients and level density parameters, and also the employment of new
experimental data, have made it possible to increase the reliability of
evaluations of the neutron cross-sections for 236U. The table gives the
values of energies for Q and thresholds T [4, S] for various neutron reactions

with the 236U nucleus, linked by the relationship

T": B n + MiBi'(_O)___ '.0056652""235,0455820 _(_Q)=
Mozs ¢ _ 236,0455820 . .

=1, 00427 (-Q) . .

Values of energies Q and thresholds T for reactions of neutrons

with the g;GU nucleus

Reaction: Q »MeV : T, Kev : Reaction § Qskey : TvHeV

(n,y )- - -5I2  (n,t ) -4,80 4,82
(n,2n} =56,%6 . 6,57 {n,nt ) « 9,997 10,04
(n,3n) = 1I,851 11,90 (n,%e) ~5,048 5,07
(n,4n) = 18,692 18,77 (n,n%Me) - II,222 11,27
(n, p ) =-2,30 2,33 (n,4He) 9,320 - 9,3
( n.np) - 7,160 7,19 {(n,n4He) 4,851 - 4,57
(n,d ) =-4,939 4,9 "
(n,nd) ~11,063 - 1I,I0
236 . . + .
The ground state of U has spin and parity 0 . The level diagram
for 236U has been studied in detail up to 1400 keV. The half-life of 236U

is 2342 x 107 years for alpha decay, and (2.7 t* 0.4) x 1016 years for

spontaneous fission [6].

1. NEUTRON CROSS-SECTIONS IN THE RESOLVED RESONANCE ENERGY RANGE
105 eV-1 keV

Most of the experimental data on cross-sections in the resolved
resonance energy range is inaccessible in numerical form. Hence evaluation of
the cross-sections has been carried out on the basis of the resonance
parameter values quoted in the original studies. This approach to the prceblem
in general reduces the reliability of the results obtained, but for the

specific nucleus 36U it would appear to be sufficiently reliable in view of

the simplicity of the analysis involved, since <D> > 10 eV, and O << Oy



and OY for all resonances. The parameters of the negative and first

resonances can be further refined from measurements of the cross-sections at

the thermal point (0.0253 eV).

=i
=

Experimental work on determination of resonance parameters in the

resolved resonance energy region

In carrying out the evaluation, use was made of the following

measurements in the resolved resonance energy region:

1.

Harvey and Hughes [7] measured the total cross-section o over
the energy range 2.75-700 eV with insufficiently high resolution,

which yielded the resonance parameters only up to 378 eV.

Carraro and Brusegan [8] determined the total cross-section in the
energy range 40 eV-4.1 keV. The parameters for 185 resonances

were determined.

Mewisson, et al., [9] measured dt’ dnY and S in the
energy range 30 eV-1.8 keV, I'n for 97 levels and Ty for

57 resonances.

Carlson, et al., [10] determined the capture cross-section
o up to energies of 20 keV. The resonance parameters were

ny
derived up to 415 eV.

Harlan [11] measured the total cross-section in the energy range
0.01-1000 eVv. He reported preliminary resonance parameter values

up to 376 eV.

McCallum [12] determined the total cross-section in the first

resonance region.

Theobald, et al., [13] measured the fission cross-section and

obtained a value for ', in the region up to 415 eV.

f

The rescnance parameter values obtained in the above studies are given

in Tables 1.1, 1.2 and 1.3. At the thermal point (0.0253 eV) measurements

were made of the absorption cross-section ca [10, 14-17], and the total

cross-section S [12] (Table 1.2). Table 1.3 gives the experimental

values for capture resonance integrals [14-17].



1.2. Evaluated resonance parameters

As can be seen from Table 1.1, the experimental values for the
resonance parameters are essentially not at variance with one another,
although the precise location of the resonances is determined in a rather
arbitrary manner. Hence, in the first instance the resonance parameters were
evaluated, with the exception of the negative and first resonances, since
their values were refined on the basis of the cross-sections, at the thermal
proint and in the region of the first resonance. The resonance energies in our
evaluation up to 415 eV were taken basically from Ref. [10], since the
measurements in the latter were conducted at lower energies and over a wider
energy range (up to 20 keV). In addition, in expetriments on radiative capture
measurement the location of resonances is determined more accurately than in
the measurement of total cross-sections, where the position of the resonance
peaks is affected by interference from potential and resonance scattering.
Above 415 eV the resonance energies were based on those in Refs [8, 9],
performed on one and the same experimental facility and having the same energy

scale.

The resonance neutron widths were derived by averaging, taking account
of the errors in the experimental results from the studies in which total

cross-section was measured.

The radiation widths given in the studies in which cnY was
measured were overdetermined using evaluated neutron widths in sugh ar:ay that
the area below each of the capture resonances was retained, i.e. ,T?f_"?
Then the radiation widths were averaged, as in the case of rni’ with i

corresponding errors.

The fission widths were taken from Ref. [13] for those resonances in
which they were measured. Since experiment did not reveal the fission
cross-section structure which would be expected in the case of sub-barrier
fission, the fission widths for the other resonances were assumed to be equal
to the mean values from Ref. [13]. The first resonance energy and widths were
also determined in accordance with the above-described procedure. They were
then varied within the limits of error so as to describe, taking account of
the negative resonance, the experimental data in the region before the first
resonance and the figure, evaluated by us, for the radiative capture

-28 2

cross-section at 0.0253 ev, i.e. 5.0 x 10 m . The evaluated resonance

parameters are given in Table 1.1.



1.3. Evaluated cross-sections in the resolved resonance region

The evaluated neutron cross-sections in the resolved resonance region
from 10-5 eV to 1 keV were calculated in accordance with the Breit-Wigner
multilevel formula, using the evaluated resonance parameters as in Table 1.1:

&S, (E) 4::R‘+Z[4M‘( )(ﬂ”‘) —Tz“+2v4nit

i

VinR? (%)’4L X } ;

i 1+x*

M 1, 1
Syq(E)=4n X’Z—L“‘ o 1 _

1+ x2
where 4ai = (J%ﬂ—f %% ; A is the mass number; K = 2.60382 x 10522m2°ev;
ri - rni + rYi + rfi; Eoi is the energy of the i-th resonance;
x=9 EzBel s 4pe = 11,4.70<8 R is the evaluated potential scattering cross-

section, derived on the basis of calculations employing the coupled- channel
method and of concordance with the measured values of S, in the thermal
region.

The evaluated cross-sections at the thermal point are:

o, = (18.58 + 1.50) x 10_28m2, o = (13.51 % 1.00) x 10_28m2,
t 28 2 " ~28 2

GUY = (5.00 + 0.14) x 10 m , df = (0.07 £ 0.03) x 10 m .

The capture resonance integral for E = 0.5-1000 eV, calculated in accordance
. . . -28 2

with evaluated figures for the parameters, is 323.4 x 10 m .

For convenience, Tables 1.4 and 1.5 quote the evaluated cross-sections
-5
in the range 10 -10 eV disregarding Doppler broadening and at room

temperature (293 K).

1.4. Evaluated mean parameters from data in the resolved resonance energy
region

In the region up to 1132.1 eV 72 resonances were experimentally
established, giving <D>Obs = 15.87 eV and the mean reduced neutron width
<Fz> = 1.88 (meV)llz. These values must be corrected for the
omission of levels owing to the smallness of the neutron widths and the
presence of multiplets. These omissions were allowed for using the method
proposed in Ref. [18]. The methods of introducing corrections for omissions
of levels described in the literature are based on use of the Porter-Thomas

distribution for neutron widths. The originators, in one way or another,

determine the Porter-Thomas distribution as "distorted" through the omission



of levels. The distribution of the level spacings is not made use of, and no
attempt is made to determine a "distorted" Wigner distribution. Simultaneous
use of these two distributions is made in the method described in Ref. [18],
which is based on a proposed model probability function for omission of
levels, leading to distortion of the theoretical neutron width and level
spacing distributions. Then a comparison of the theoretical and experimental
distributions by the maximum likelihood method was used to determine the
parameters of the model probability function for omission of levels and,
consequently, the mean neutron widths and level spacings. It was assumed that
all the resonances observed are s--levels and therefore the p-resonances were
ignored. It seems to us that consideration of both distributions (Porter-
Thomas and Wigner) makes it possible more accurately to make allowance for the
experimental conditions and more accurately to make corrections for level
omission. Calculations performed by this method have shown that the mean
level spacings <D> are about 10% lower than those derived by other methods.
Application of the method described in Ref. [18] showed that in the region up
to 1132.1 eV approximately 12% of levels are omitted, and that allowing for
1/2

the omission of levels the values <Fz> and <D> are 1.634 {(MeV)

and 14.13 eV.

The number of fission widths measured was too small for determining the
statistical qualities of the selection, and therefore the mean value <Ff>,
equal to the experimental value, was taken for this purpose. The mean
radiation width <FY> was derived by direct averaging of the evaluated
quantities FY, since on the assumption that the distribution of the
experimental radiation widths is subject to a x2 distribution, the number

of degrees of freedom
y = 2<% >t
IV e

was equal to “Y ~ 40,

Thus, assuming the presence of only s-resonances, the evaluated mean

resonance parameters are:

<D> = 14,1
<ro> = 1,63
I

The reduced errors <D>, <Fg>, <Ff> and <S>0 are essentially statistical,

8



determined by the finiteness of the selection; the error <FY> is essentially
systematic, associated with the normalization of GHY' The evaluated

quantity <D>ev is substantially lower than the values (16.2 + 0.8) ev [1],
(16.1 + 0.5) eV {3) and 16.2 eV [4]. Allowing for the corrections introduced
by the authors for the omission of weak levels, the values for <D> are
respectively (16.2 + 0.8) eV, (15.2 + 0.5) eV and (15.4 j i'g) eV, and within
the limits of error are in agreement with our evaluation, aithough the latter
is lower. The given evaluation <D> is preferable, since upon introduction of
a correction for level omission on the basis of the method described in

Ref. [18], it takes simultaneous account of data for two experimental
distributions: level spacing and neutron widths. The evaluated quantity <F2>

virtually coincides with the quantities derived in Refs [8-10], while the

2 is determined by non-coincidence with <D>. The

difference in <S> =477
o) o>

£
<

evaluation <ry)ev rractically coincides with the values (22.0 + 1.5) MeV [9]

and agrees with the result (23. + 1.0) MeV of Ref. [10].

2. NEUTRON CROSS- SECT1ONS IN THE UNRESOLVED RESONANCE ENERGY RANGE 1-150 keV

The unresolved resonance region was considered at energies of from 1-150 keV.

The lower limit was determined by the dimensions of the experimentally
resclved resonance region. At the upper end, the limitations are associated
above all with ignorance of the value of the strength function S_ and the

2
presence of a second level (149.48 keV, 4+).

In deriving evaluated data for unresolved resonance energies, allowance
was made for the contribution of s-, p- and d-waves. Allowance for the d-wave
contribution is associated with the nature of the non-fissioning nucleus,
since owing to the absence of fission competition capture of d-waVe neutrons
constitutes a considerable part of the radiative capture cross-section. The
extent of the energy region made it necessary to take account of the energy

dependence of the mean level spacings and of radiation widths.

2.1. Experimental data on 236U cross-sections in the unresolved resonance
energy range

In the unresolved resonance region, measurements have been made only of

the radiative capture cross-section:

1. Carlson, et al., [10] determined cnY in the region up

to 20 keV (Table 2.1);



2. Bergman, et al., [19) measured the cross-sections OHY in the

0.1-5 keV range (Table 2.2);

3. Kazakov, et al., [20]) determined the mean capture cross-sections

at intervals for energies in the 3-420 keV range (Table 2.3);

4, Grudzevich, et al., [21, 22] measured dnY in the range 0.15-1.1 MeV
(Table 2.4);
5. Muradyan, et al., [72] measured OHY in the range 0.4-80 keV

and 0.2-1.6 MeV using a '"multiplicity" spectrometer.

In addition, the experimental data on fission cross-section in the
unresolved resonance region include one point taken from Ref. [23] at 127 keV

6
(of( U)/of(SU) = 0.0012 + 0.0006) and an upper limit for df of 4.0 x
10 3n? at 24 keV, measured in Ref. [24].

2.2. Evaluated mean resonance parameters in the 1-150 keV range

For deriving the mean parameters use was made of the method recormended

in the ENDF/B format.

The mean--level spacings <D>J of spin J were determined from <D>ev
in the resolved resonance energy region, using the level density from the
superfluid nucleus model taking account of the vibrational and rotational
modes {25, 26]}. The parameters of the model are described in detail in
section 5.2. The evaluated mean level spacings <D>. for the 2 U nucleus

J
are given in Table 2.5. (The model omits dependence of <D>J on parity.)

The mean neutron widths were calculated via the strength functions

S:+ for the ground state

<rn>; = 3:'<D>JEV2P‘ _.'

where P9~ = transmission coefficients of the partial wave %, calculated

with reference to the "black"™ nucleus model.

This "black"” nucleus model was used only for determining the
transmission coefficients of the nuclear surface in a narrow energy range (up
to 150 keV). The strength functions So and S1 were calculated by the
coupled-channel method. Hence the non-correctness of the model had
practically no effect on the final results, particularly since the results of

calculating the transmission coefficients for s- and p-neutrons by the

10



coupled channel method and the "black" nucleus model agree with each other

within limits of < 5% and more up to energies of 200 keV.

. + . .
The strength function Sg in the ground state is taken as equal to

that evaluated from the resolved resonance region S0+ = 1.156 x 10—4(ev)—1/2,

-1/2

and strength function S0+ =1.74 % 10—4(eV) calculated from a generalized

optical model with poteitial parameters, whose choice is described in section 4.2.
With calculations using the coupled- channel method and selected potential parameters
the value Sg+ = 1.164 x 10»4(eV)-1/2 is derived. The strength

functions 32, according to Dresner {27], are taken as equal to SO. The

evaluated mean neutron widths are given in Table 2.6.

The mean neutron inelastic widths <F;>Jx are determined according to

the formula

<= <KDY S B2 R (€90,
s

where eq = (E - Eq) is the neutron energy after scattering in the
inelactic channel with energy Eq (in the unresolved resonance energy region
only one level 2t (Eq = 45.24 keV) is excited); Vg is the number

of degrees of freedom for the given state.

The calculations make allowance for the various strength function
+
values for the ground So and excited S2+ states, reckoned on the basis of
a generalized optical model [28]:

The evaluated figures <Fn'>Jﬂ are given in Table 2.7.

The authors of Ref. [13] found no resonance structure in the fissioning
widths of resolved rescnances for 236U, which may be explained by the
presence of levels in the second well of the fission barrier. Hence in the
unresolved resonance region the mean fission widths <[ _> were calculated

f
to a one-hump approximation according to the Hill-Wheeler model:

<{D> {
<F‘>,x ) m \)‘ ' eﬂP[i’_"'l (Ei" E )1
hw

. . . . +
The fission barrier parameters in the 1/2 channel were so selected
as to ensure that the calculated average fission width <I‘f>1/2+ (E = 0)
was equal to the mean value from the resolved resonance region. The height of

1



172+ .
the barrier here proved to be Ef = 6.328 MeV, taking the curvature

as hw = 0.8 MeV, as follows from systematics.

The fission barrier parameters for the other states were so chosen as
to describe the experimental values appearing in Refs. {23, 241 and making a
smooth link with the fission cross-section from the fast region. For thig
purpose it is necessary to introduce the following increases over the fisgion

+
threshold of state 1/2 :
The evaluated mean fission widths are given in Table 2.8.

The energy dependence of the mean radiation widths <FY>(E) were
determined by the gamma cascade emission model (section 4.3). Since the
dependence of <FY>, predicted by this model, on channel spin {in the
absence of dependence of level density on parity) is considerably less than
the experimental error A <FY> ~ 1%, as determined in the resolved

resonance region <FY> is taken as independent of state spin (Table 2.%).
The number of degrees of freedom of mean width distribution required
for calculation of the mean cross-sections was determined by the number of

open channels contributing to the average width (Table 2.10).

2.3. Analysis of results obtained

The lack of experimental data for Oy s O and S in the unresolved
resonance energy region makes it impossible to carry out a comparison of
experimental and evaluated cross-sections. Comparison is possible only
between the radiative capture cross-sections (Fig. 2.1). Calculations for the
mean resonance parameters were carried out as far as the excitation threshold

of level 61 (approx. 300 keV) taking account of the competition from

inelastic scattering at level 4+. The strength functions for this state

4 -
were calculated by the coupled-channel method: Sg+ = 0.78 x 10 ‘(ev) 1/2,
si* - 3.0 x 10 ey Y2,

It will be seen from the figure that the evaluated dnY figures
are in good agreement with the experimental data of Ref. [72]. In the region
up to ~ 10 keV our evaluation virtually coincides with the data of Refs {19,
721. From 10 to 50 keV it lies between the results of the studies reported in
Refs [19] and [20], which coincide within the limits of error. Between 50 and

160 keV the evaluation is somewhat lower than the data contained in Ref. [20],

12



practically within the limits of experimental error, and further coincides
with the results of studies [21-22). As the calculations showed, it is
impossible to deseribe the experimental data with a single parameter for the
entire 1-300 keV region, unless account is taken of the difference in the
values of the strength functions for the ground and excited states.

It will! be seen from Fig. 2.2 that the calculated value for GnY(E) with
the same strength functions for the ground and for the excited states lies
lower than the experimental data within the area above the threshold for
the {(n,n') reaction. Since comparison in terms of o is impossible owing
to the absence of experimental data, the potential scattering
cross-section cp is taken as 11.4 x 10-28m2, starting from
calculations with a generalized optical model and evaluation in the resolved
resonance region. The cross-section values for energies in the range
1-150 keV, calculated from evaluated mean parameters, are quoted in
Table 2.11. The inelastic scattering cross-section St Was calculated
taking account of the contribution by the direct process mechanism.

3. 236U FISSION CROSS-SECTION IN THE FAST NEUTRON ENERGY RANGE

Fission cross-section measurements for 236U can be divided into two
main groups. The first group comprises measurements of cf(236U)
relative to the cross-sections for 235U, while the second group contains a
nunber of direct measurements. Methods of measuring the cross-section ratios
do not require determination of the neutron flux, and hence the value of the
data derived from the relationships increases in proportion to the degree of

refinement of the reference cross-sections.

3.1. Experimental data on fission cross—sections in the 0.15-20 MeV energy
range

The following experimental data regarding the ratio cf(236U)/cf(235U)

are available:

1. White, et al., [23] carried out measurments at three energy points

(127, 312 and 505 keV) with errors of ~ 50, 40 and 10%.

2. White and Warner [29] determined the ratio at energies 1.0, 2.25,

5.4 and 14.1 MeV with errors of not more than 3%.

(%)

Lamphere and Greene {30] carried out measurments in the 0.7-4 MeV
range with errors decreasing from ~ 20 to 2.5% with increasing

energy.

13



4. Stein, et al., [31] determined the ratio of cross-sections for
energies 1-5 MeV with errors of 2% for an energy in the region of

1 MeV and 1% in the remaining range.

5. Behrens and Carlson [32] measured the ratios in a wide enerpy
range from 0.17 to 33 MeV with errors ~ 4% up to 0.6 MeV,
~ 2% from 0.6 to 0.9 MeV, ~ 1.5% from 0.9 to 2.3 MevV, ~ 2%
from 2.3 to 10 MeV, and errors further rose to ~ 4% with

increasing energy.

6. Nordborg, et al., [33) determined the ratic in the energy range
3.2-8.6 MeV with errors which increased as a function of energy

from 1.5 to 2.5%.

7. Meadows [34] carried out measurements at energies 0.6-10 MeV with

errors of 1-2%.

8. Goverdovskij, et al., [35]) determined the ratio in the energy

range 4-10.5 MeV with errors of 1-1.5%.

9. Fursov, et al., [36] measured the ratio in the energy range

0.34-7.4 MeV with errors of 1.5-2%.

. 6 . .
10. The ratio of the fission cross- sections for 23 U to the fission

5 .
cross-section for 238U [37] and 23 U were also measured in an

old study [38]: o (236U)/o (238U) = (1.593 + 0.97)%
£ 236 £ 235
for En = 14.5 MeV; cf( U)/cf( U) = (0.697 + 2)%

at 2.5 MeV and (0.783 + 2.2)% at 14.1 MeV.

Apart from the measurements of ratios there is an absolute measurement
236 . . . .
of the U fission cross-section at energies of 2.6 and 14.7 MeV [39]:

- -28 2 .
(0.89 + 0.04) x 10 28m2 and (1.62 + 0.08) x 10 m respectively.

3.2, Evaluation of the fission cross-section for 236y and the ratio
df(236U)/Of(235U)
. . 236 .
From the available experimental data on df( U) and with the
help of the presently-adopted standard fission cross-section for 235U [401,

236 .
we have derived absolute values for of( U) (Figs 3.1-3.5).

14



It will be seen from the figures that the data in the most accurate
studies [32, 34-36], with the exception of certain points, coincide within the
limits of experimental error. The data in Ref. [30] for energies above 3 MeV
lie systematically 5-10% higher, while the results in Ref. [31] are,
throughout practically the whole measured range, lower than the data from
other experiments by 7-10%. The results in Ref. [33] at energies of 2-5 MeV
and 7-9 MeV are located lower than the main group of data. 1In the region of
the threshold for the (n,n'fo) reaction at 6-7 MeV, the data in Ref. {32]
are lower than the others, although remaining within the limits of error and

not contradicting them.

The evaluated curve was drawn taking account of errors in the
experimental data, but disregarding errors in cf(235U), and in the
range 0.15-3 MeV is governed by the data in Refs [30, 32, 34, 36]), in the
range 3-7 MeV by the results of Refs [32, 34-36], in the range 7-10 MeV by the
data from Refs [32, 34, 35] and thereafter follows Ref. [32], taking account
of the results of the absolute measurement at 14.7 MeV in Ref. [39]. The

energy dependence of o_. above 10 MeV has been measured in a single

f
study [32]}, and not sufficiently reliably. It was refined using calculations
of partial cross-sections (n,2nf) and (n,3nf) on the basis of a statistical

model (cf. section 5).

The errors reported by the authors of the experimental studies are
smzll, and hence have been evaluated by us on the basis of the actual spread

of the experimental data (Table 3.1).

Table 3.2 gives the evaluated data for the ratio cf(236U)/cf(235U)
in the energy range 0.15-20 MeV. 1In Figs 3.1-3.5 the present evaluation is
compared with the ENDF/B-V evaluation [63]. It will be seen that the results
of the present evaluation are somewhat lower (on average by 3-7%) than the

ENDF/B-V data.

4, CROSS-SECTIONS FOR THE INTERACTION OF NEUTRONS WITH THE 236y NUCLEUS
IN THE FAST NEUTRON ENERGY RANGE 0.15-20 MeV

Experimental data on the cross-sections for the interaction of neutrons
with the 2360 nucleus in the energy range 0.15-20 MeV, apart from oS¢ and
dnY up to 4 MeV, are not available. Hence, evaluation of the neutron
data for these energies has been carried out on the basis of calculations with

generalized optical and statistical models.
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4.1. Optical cross-sections

Recently, extensive use has been made of the coupled-channel
method [41] for evaluating and predicting the neutron cross-sections for heavy
deformed nuclei. Given correct choice of the potential parameters it is
possible with this method to describe all the experimental data for optical
cross-sections [42, 43], and in the absence of information to predict the
total cross-section, the compound nucleus formation cross-section, the direct
elastic and inelastic neutron scattering cross-sections, their angular
distributions, and also the generalized coefficients of transparence
thereafter used in calculations under the statistical model. 1In Ref.[44] we
derived generalized optical model potential parameters unique for the actinide
group. The use of potential [44] for the specific nucleus requires only
definition of 1its BZ and 34 deformation parameters. Available microscopic
calculations of the deformation parameters [45, 46] do not vield a unique
determination of their values, but predict with sufficient reliability their
order of magnitude and isotopic dependence. Use of this dependence and of the
BZ and B4 values for 238U selected by us in Ref.[44] made it possible to
derive ﬁz and B4 for the 236U nucleus. The value of Bz was then
refined by fitting the strength function SO calculated from the optical
model to its value evaluated from the resolved resonance region. This fully

defined the parameters of the optical potential:

Vi = 45,97-0,3E, MeV; 7, 1,256 f; o = 0,626 f;
' {3,02+0,4E (F < 10 MeV) ; t, = 1,260}
> ~|7,02 (E>10KeV) 5 - a, = 0,555+0,0045E f;

We, = 7,5 MeV; fh= 0,213;  p, = 0,090,

These parameters were used for determining the optical cross-sections
for 236U by the coupled-channel method. The calculated values of the
strength functions and the potential scattering cross-section were:

-4 -1/2 -4 -1/2
S =1.164 x 10 (eV) , S, =1.74 x 10 (eV) s cp = 11.42 x

o 1

10—28m2. Up to energies of about 5 MeV the calculations were effected

taking account of the linkage of the first three levels of the basic
rotational band, and at higher energies in an adiabatic approximation owing to

the need to allow for excitation of a larger number of levels.

Figures 4.1-4.3 show the evaluated values of the excitation
cross-sections for the first two levels and the cross-sections for compound
nucleus formation. In Figs 4.1-4.2 the results of the present study are

compared with the ENDF/B-V evaluation [63] regarding the excitation functions
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of the levels at 45.24 and 149.48 keV. 1t will be seen that in the evaluation
performed in Ref.{63] nu account was taken of the direct excitation process of
these levels and therefore the inelastic scattering cross-section for these
levels is equal to zervo at an incident neutron energy of ~ 2 MeV. 1It should
be pointed out that the potential parameters [44] were derived for incident
neutron energies of up to 15 MeV and to some extent overestimated the
experimental data for o, in the narvow energy range 15-20 MeV. Hence the
calculated values for c£(236U) have been slightly corrected (within

iimits of 2-3%) allowing for the relationship between the calculated and
experinental values of the total cross-section for 238U. The maximum

divergence between the evaluated and the calculated values for o, was 3%

at 20 MeV.

4.2. Calculations using a_ statistical model

The cross-sections for processes passing through the compound nuclear
stage were calculated with a statistical model for nuclear reactions. The
effectiveness of this model, an analysis of calculationzl results and a
comparison of theoretical and experimental data are described or given in
Ref.{43)1. The present study employs the results of the above analysis. 1In
the rcalculations use is made of the following 236U nucleus level

scheme [47], given in Table 4.1.

At higher energies there is substantial omission of levels, hence the
experimental information on the level scheme was not used and the density was
regarded as a continuous dependence. Consequently, in the region of energies
for excitation of the discrete level spectrum the calculations were carried
out with the Hauser-Feshbach-Moldauer formalism {48, 49), taking account of
corrections for partial width fluctuations, and at higher energies were

performed in accordance with the formalism of Tepel, et al., [50].

The continuous level density required for the calculations was
determined from the superfluid model of the nucleus taking account of
vibrational and rctational modes [25, 26]. The model parameters were taken

from Ref.[51].

Radiative capture transmissions were calculated by the gamma cascade

emission model, with allowance for competition by fission and emission of

neutrons in the successive cascades of the y-discharge [52]. The energy

dependence of the spectral factor f(E,sY) was regarded as a two-humped
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Lorentz dependence, following from the photo-absorption cross-section [53],
with parameters derived from heavy nucleus systematics [54]. The
normalization of f(E,ey) was determined by the value <Fy>~(E=O) = 22.7] meV.
The fission transmissions were calculated allowing for the two-humped
structure of the fission barrier and for collective, superfluid and shell
effects in the fission channel level density [55]. Calculations by a
statistical model underlay the evaluation of the radiative capture
cross-section and the compound part of the elastic and inelastic scattering
cross-sections. The neutron transmission coefficients, required for
calculating by the statistical model, were determined by the coupled-channel
method. Since this way of calculating radiative capture cross-sections does
not take account of the possibility of direct and semi-direct capture, the
cross-section dny in the energy range abf;i g MeV was made to satisfy,

in the 10-20 MeV range, the value ~ 1.10 m predicted by systematics.
Figure 4.4 compares the evaluated and experimental data for the radiative
capture cross-section. The evaluation is in good agreement with the results
given in Refs [21, 22] and [56]. The data in Refs [57, 58] lie appreciably
higher than those from other experiments and it is not possible to describe
them assuming any reasonable values of the model parameters. Comparison with
the results of the ENDF/B-V evaluation [63] (Fig. 4.4) shows that the
evaluation [63] is systematically higher (by ~ 40%) than the data in the
present study. This difference in evaluations is reflected in the available

experimental data. The results of our evaluation are confirmed by the latest

experiments [21, 22, 56].

Figure 4.5 compares the total cross-sections and the elastic and
inelastic scattering cross-sections obtained in the present investigation and
in Ref. [63]. 1In terms of the total cross-section in the 0.1-1.0 MeV range,
the ENDF/B-V evaluation [63] is higher than the results of the present
evaluation by ~ 10%, while in the range 2-20 MeV both evaluations agree to
within 3%. When comparing the results of the two o and o |, evaluations
for 236U the same tendency as in the case of 235U is obserSZd: the elastic
scattering cross-section in the ENDF/B-V evaluation is greater than the
results of the present work in the 1-2 MeV range by 20%, while the inelastic
scattering cross-section is ~ 20% less. As in the case of 235U, in the
1-2 MeV range this may be explained by the fact that in evaluation [63] the
contribution from low-lying levels, on which inelastic scattering of neutrons
occurs, is included in the elastic channel. The higher values for 236U
obtained in the present work for the range 1-5 MeV are the result of taking

account of the contribution by direct processes at the low-lying levels. At
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higher energies the greater S cross-section values reflect allowance

for pre-equilibrium effects, which was done in the present work.

The evaluated figures for the o o, o c g

t’ n’ "ny’ “nn f’ "n2n

and cn3n cross-sections in the energy range 0.16-20.0 MeV are given

in Table 4.2. The evaluated cross-sections for excitation of discrete levels

'

and continuous spectrum are given in Table 4.3.

5. EVALUATION OF CROSS-SECTIONS FOR THE (n,xn) AND (n,xnf) REACTIONS

In view of the lack of experimental data on the cross-sections for the
{(n,2n) and (n,3n) reactions, the results of existing evaluations show
substantial discrepancies. This is associated with divergences in the
evaluation both of neutron-optical cross-sections and of emission fission
contributions, calculation of which is based on extrapolation of the energy
dependence of the fission cross-section from the first “"plateau" region into
the high excitation region. Thanks to the availability of a large volume of
experimental data, the neighbouring isotope 238U constitutes a unique
opportunity for a coherent analysis of experimental data for the (n,2n),
{(n,3n) and (n,f) reaction cross-sections and for the secondary neutron
spectra. The results of an analysis of this kind [59] formed the basis for

23
the evaluation of the (n,2n) and (n,3n) cross-section reaction for 6U.

5.1. Statistical description of the cross-sections for the (n,2n), (n,3n)
and (n,f) reactions

For describing the fission and neutron cascade emission cross-sections
use was made of a statistical model providing for conservation of spin and
parity at all cascades in the decay of the 237U compound nucleus [60]. The
neutron transparences were calculated on the basis of a generalized optical
model with potential parameters as described in section 4.2. 1In the energy
range concerned, fission may he regarded as a two-stage process of successive
passage through a two-humped barrier. A detailed description of this model
and its application to the analysis of the fission cross-sections for U and
Pu isotopes in the first "plateau' region is given in Ref. [55]. Here we
shall mention only the principal features. For calculating the level density
in the transient states and the neutron channel use was made of a
phenomenological model [26], taking coherent account of shell, superfluid and
collective effects. 1In this approach, the shell effects are modelled by the

energy dependence of the level density parameter:

- {{U-
{0[105W U-E ) ’ U)U
a(U ) U<U

Al

Qa =
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where a is the asymptotic value of the level density parameter at high
excitation energies; d&W is the shell correction to nuclei deformation
energies; f(U) = 1 - exp(AU) is a dimensionless function defining the

change in the shell effects; and Ucr and Ec are the critical energy of

ond
phase transfer and condensation energy. The collective effects are covered in

accordance with the generalized model concept:

’P(U.Jﬂ)=_f)cr (U,Jx) Kvib (U) Krot (U)
where Peor is the density of quasi-partial excitations of the nucleus, and
Krot are the coefficients of increase in level density through vibrational
and rotational excitations. Shell corrections under conditions of equilibrium
deformation are calculated according to the liquid-drop wmodel. The
correlation functions AO are sclected on the basis of the even-odd
differences in nuclear binding energy. The shell corrections in the
fissioning channel 5wA = 2.5 MeV and 6w? = 0.6 MeV are taken

f

from Ref. [61). The correlation functions Af are selected? from the

description of the energy dependence of o_ in the first "plateau" regiocn

f
on the assumption of complete asymmetry of the fissioning nucleus
configuration in the region of the first hump and of mirror asymmetry in the
region of the second. Mirror asymmetry leads to a doubling of level density,
while axial asymmetry in an an increase in level density by V?Fb” times

(c” = JFH{, F” is the parallel moment of inertia of the fissioning

nucleus, and t is the thermodynamic temperature). For description of the
cross-sections (n,nf) and (n,xn) for reacticns near the thresholds, the level
density in the neutron channel is conceived in terms of a constant temperature

model [51]:

’ Qiq o LJU”
P(U,J”): _:._ exp( Tn -g—g—;i— exp’ Zce:p) .
A exp

where T = 0.385 MeV; o> = 0.156 A-26.76.
n exp

The point of linkage of the models Uc = 10.72~n-A°—0.028 A,

Eo ~ - nAo, n =1, 2, 3 for even-even, odd-even {(even-odd) and odd-odd

2

exp

up to excitation energies Urp =1.2; 0.6; 0.3 MeV for even-even, odd-even

nucleil respectively. The spin dependence parameter for 02 is o

(even-odd) and odd-odd nuclei. Above this, up to energy U , 02 values
. . 2
were determined by linear interpolation between o and U = FEet.
y P exp QLK c) J_t
The dependence of the level density asymptotic parameter a on macss

number A here has the form

-

a = 0.484 A - 0.0016 A2
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The density of the lower transient fission states was described in the same
manner. The temperature Tf was determined from the condition:

__UL ;E_-
Le T
f

o wlud
" Vw6

“l

Uy= U 66y (Up)  for U< Urp

®?=6if{Urp> for U < Urp

Ili
E=-nbp: &y=an,
[+]
where m(UCf) is the inner excitation density; Tf = Tn = 0.385 MeV;
Af = AO + 0.08 MeV. Such an approximation Ucf = Uc for the level
density makes it possible to describe o and o near the
nf n2n

thresholds. To describe the cross-sections for the (n,f), (n,2n) and (n,3n)
reactions throughout the energy range recourse was had to parameterization of

the hard portion of the inelastically scattered neutron spectrum in the

excitation model [62]. Here the principal parameter, the matrix element of
) 2
the double- quasi-partial interactions M , was taken as equal to 10/A3, as
) . . 237 235 34
for 238U. The fission barriers for the u 236U U and 2 u

1 ’

compound nuclei, derived from the description of the fission cross-sections in
the first "plateau™ region, are given in Table 5.1, and the level density and
transient state parameters for fission of uranium isotopes are given in

Table 5.2. The fission cross-sections as calculated on the basis of the model
described abeve differ from the experimental data in the 2-20 MeV range by not
more than 3-4% (Fig. 5.1). The "first chance" fission cross-section shown in
this figure is not constant, but decreases hy ~ 30% when the energy is
increased to 20 MeV. The cross-sections on,2n and 0n,3n (Fig. 5.2),
renormalized to take account of the slight differences in the calculated and

evaluated fission cross-sections, are given in Table 4.1.

6. ENERGY AND ANGULAR DISTRIBUTIONS OF SECONDARY NEUTRONS AND THE

QUANTITY Tp(236u)

Experimental data or neutron energy and angular distributions are
conpletely lacking. Hence, evaluation was based on theoretical calculations.
. soection 5, we described the model which in principle made it possible to
derive not only the cross-sections for the neutron successive emission
reactions but also their energy distributions. Unfortunately, available
computer programs [60] permit calculations only of the sum spectra for
the (n.n'x), (n,2n'x) ete. reactions with nc definition of the subsequent

source (x) of the decay of the nucleus.
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6.1. Evaluation of secondary neutron energy spectra

For calculating the energy distributions of secondary neutrons use was
made of a simple model, disregarding the dependence on spin J, but making it
possible to derive the neutron spectra for specific (n,n'y), (n,2n) and

(n,3n) reactions.

In accordance with what was stated in section 5, it was assumed that a
part of the neutrons can be emitted from the nucleus before static equilibrium
is established in it (pre-equilibrium neutrons). The equilibrium part of the

first neutron spectrum was modelled on Ref. [65].

I;(En.E’)=Elf&tfn.fl)ﬁ(fn-g,‘fi),
where En is incident neutron energy; E' is the energy of the emitted
neutron; cc(En,E') is the cross-section for the reaction inverse to
neutron emission; p is the density of the residual state of the nucleus;

and Bn is the separation energy of the neutron.

The sum spectrum of the first neutron is the sum of the pre equilibrium
and equilibrium spectra with the fractions as determined in section 5. This
spectrum governs the distribution of residual nuclel excitation after emission
of the first neutron x'(E). It is then easy to derive the distribution of
the probability of nuclear excitations after the escape of the (n+l)-th
neutron:

En

x" (€)= [ E)S(EL E)AE

£+bn

where S(E',E) is the probability of nucleus A with excitation E' emitting a

neutron with energy E'—E-Bn and becoming nucleus A-1 with excitation E.
The probability S(E',E) is normalized by the condition:

Ejb"s(ﬁ’.f)df = M(E) /T (E),

where Fn(E'), F'(E') are the neutron and total widths.

Considering that the second and subsequent neutrons are emitted from
the equilibrium state, spectrum Iél) governs S(E',E) with an accuracy up

to the normalization f(E'):
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S(ELE)= [(e)6, (8- B,-F)-(E- 5.,—&);:(5) ,

where r (6
I(El)z B~ Bn 4 I3
r(E’) S 6. (E~b,-E)E -bn-E)F(E)dE

bearing in mind that 6. (E,E) = 6 (E")

The spectrum for the second neutron of the (n,2n) reaction was

determined by the formula
E, ' :
(E) 1 1 ( 1
I7(ELE) = § x'(€) S(E,6-Bu- E)E
Baatk ’

The spectrum for the third neutron of the (n,3n'x) reaction:

Eﬂ-bﬂA -
1, 60= | <'€)ste-8,,,-E)ae .

Bart E'

The spectrum for neutrons of the (n,n'y) reaction

M (E,-E')

AN () !
Iny‘.‘(\En'E)— I (EH'E) FI(E“'EI)

The spectrum for the first neutron of the (n,2n) reaction

Fan (B B = T £ P (£, 8,06
where
: 0 , . if EDE, B,
P1('E ,E 'fl): 1 En-E-Bar ‘
e S s(e-e’g)ﬁ*—ﬂ.&—)de, i€ E<E, Ban,
M n e )

and for the second neutron of the (n,2n) reaction

E
Ly CEnef) =E’§b:'(€)5(€,8'bnr E)%:J%%de .

Similar expressions can be written for the spectra of the successively
emitted neutrons in the (n,3n), (n,n'f), (n,2n'f) reactions and so on. As
will be seen from the formulae quoted above, the secondary neutron spectrum
integrals govern the cross-sections for the corresponding reactions. When
evaluating the spectra, the level density necessary for the calculation was
taken from the Fermi-gas model [66]. The basic parameter of the model, the
level density a, was selected in such a way that the calculations for the
spectra of the (n,n'x), (n,2n'x) and (n,3n'x) reactions coincided with the
calculation of these quantities on the basis of a point model (see

section 5). It turned out that with the same pre-equilibrium process

23



contributions agreement is reached at a value of a = 30 Mev_l. In addition,
the calculated values of the cross-sections for the (n,2n), (n,3n) reactions

are in good agreement if use is made of the relation I /Fn, in the

f
fast energy region, fitted to the experimental values [67]. As an example,
Fig. 6.1 shows the secondary neutron spectra for an incident neutron enerpy

of 14 MeV.

6.2. Evaluation of secondary neutron angular distributions

The angular distributions of neutrons from reactions proceeding through
the compound nuclear stage were taken to be isotvopic. Anisotropy is
considered only for elastic scattering and inelastic scattering on the first
two excited levels. The coefficients of expansion into Legendre polynomials
of the angular distributions of neutrons at these levels were calculated from

a generalized optical model with allowance for the compound contribution.

Figures 6.2 and 6.3 show Lhe angular distributions of elastically and

inelastically scattered neutrons at energies of 4 and 14 MeV.

Owing to their voluminous nature, the coefficients of expansion of the
angular distributions into Legendre polynomials and the secondary neutron
energy spectra are not included in the text. They can be obtained from the
complete file of evaluated nuclear data for 236U, transmitted to the Nuclear

Data Centre.

6.3. Fission neutron spectrum

. 236 .
Measurements of the spectra of neutrons emitted upon U fissicn are
not available. Hence the only source of information remains the application
of systematics for the nuclei studied. The fission neutron energy spectrum is

in the present study treated as a Maxwellian distribution:
. - 2 Y, )
Ny (E) = =T % £ exp (-E/T),

In Ref. [68] it was shown that, although there are mere complex
expressions for fission neutron spectra, they all differ by < 4% in the energy
range 0.01-6 MeV, and only as from ~ 10 MeV, when the neutron yield drops by
more than two orders, do the differences reach 25%, which remains within the
limits of measurement accuracy. 1In Ref. [68] it was determined that the mean
fission neutron spectrum energy €=.§7T is in a first approximation a linear
function of ZZ/A. Taking account of this relationship from the experimental

data £(23%y + ny) = 1.970 * 0.015, E = *%pu + ny) = 2.087 t 0.015,
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- 233
E( U + nT) = 2.015 %+ 0.015 {68] the mean energy of the spectrum of

236 . .
U fission by thermal neutrons is:

E = (236U + nT) = 1.948 MeV.

1t follows from systematics that the dependence of E on incident

neutron energy has the form [69].

E=a+b 1+ vy (E)]l/z.

The coefficients a and b in the second expression were so selected as

to satisfy the value of E for the thermal point and to describe the growth in

235

E by 1% (analogously with U) [68]), accompanied by an increase in

excitation energy of 1 MeV: a = 0.799, b = 0.628.
236

6.4. The evaluated quantitx_§t (E) U

The quantity Up was not evaluated. By way of evaluated figures for
Vp data were taken from Ref. [70], in which, for energies below 6 MeV the
evaluation was based on experimental data, while above 6 MeV it was based on

systematics.

Measurements on neighbouring nuclei show that Bd(E) undergoes
practically no change up to ~ 4 MeV, and then linearly decreases by ~ 40%
up to an energy of ~ 8 MeV, after which it again does not change [71]. The
value of Bd was sclected having regard to the systematics of the behaviour

. . 33 3
of the experimental data for the uranium isotopes 2 U 2jSU and 238U,

3

Table 6.1 gives the evaluated figures for ¥, and vp. As a standard,

t
use was made of the quantity ﬁp(zsch) = 3.757 + 0.005.

CONCLUSICN

There are insufficient experimental data for the 236U nucleus, and
hence the reliability of evaluated data is governed to a large extent by the
correctness of the theoretical models employed. 1In carrying out the present
evaluation we have applied theoretical models which had been tested by
reference to the available experimental data for 237U, 235U and 239Pu.

For purposes of analysis use was made of wodern concepts, which permitted a
more accurate determination of the excitation functions for the (n,n'),
(n',2n) and (n,3n) reactions, and of the angular distributions of elastically

and inelastically scattered neutrons, experimental data for which are

completely lacking.
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The evaluated data obtained for total cross section and elastic
scattering cross-section are based on theoretical calculations using the
coupled- channel method. The fission cross sections were evaluated on the
basis of all the available experimental results. The evaluation of the
radiative capture cross-section which we carried out confirms the latest
experimental data obtained in the USSR, which lie ~ 40% below the results

previously obtained.

Resonance parameters were obtained, describing all available
experimental data in the thermal and resonance energy ranges. For unresolved
resonance energies, a theoretical prediction is made for the cross- sections

o S, and o , for which experimental data are lackinpg. Still

t’ n'
open remains the question of the degree of reliability of introducing
corrections for level omission, since the available methods give values of <D>

diverging by ~ 10%.

The complete system, established in the present study, of evaluated
nuclear data for 236U in the energy range from 10_'S eV to 20 MeV was
recorded on magnetic tape in ENDF/B format and transmitted to the Nuclear Data
Centre of the State Committee on Atomic Energy. The system has been created
with the use of correct theoretical models, reflecting contemporary physical
concepts, and taking account of the total available experimental results. A
comparison of these data with the ENDF/B-V evaluation shows the inadequacy of

the latter evaluation in the light of contemporary concepts.
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Table 1.2. Experimental values for 236y thermal cross-sections.

Reference CS;' 10_28“2 .f Gas IO_ZSMZ Ci” 10_20“2
/12/ 18,7 + 1,7 - -
/18/ - 5,0 + 2,0 -
/15/ - 5,56 + 0,3 -
/16/ - 6,0 + 1,0 -
/10/ - 5,10 + 0,25 -
/17/ - 5,00 + 0,14 -
5,07 + 0,15 13,51 + 1,0

" Present evaluation |

18,58 + 1,50

Table 1.3. Experimental values for 2

36U capture resonance

integrals.
Reference : . I[O'S-EV 10729 )4
714/ 381 + 20
/15/ 397 +
J16/ 450 + 30
/17/ 30+ 15
Present evaluation 330 » 33
. 236
Table 1.4. Evaluated neutron cross-section values for ]
in the energy range 1079-10 eV at zero temperature
of the sample.
E ’ ‘ev : 6”! ’ 10-28 3‘2 6!1!1 110-28 “2 g 6nf110-28M2
I t 2 3 4
10~ 260,960 13,648 3,423
2. 107 177,455 13,548 2,241
4+ 10 125,480 13,548 1,712
104 79,361 13,548 1,082
2 . 107 66,117 13,528 0,765
4. 104 39,681 13,648 0,641
103 25,098 13,647 0,342
2.1 17,748 13,546 0,242
4 .1 12,552 . " 13,543 0,171
1 7,943 13,534 0,108
2. 1072 5,621 13,520 0,077
0,0253 5,000 13,512 0,068
5. 102 3,565 13,477 . 0,049
01 2,533 13,407 - 0,034
0.2 1,811 13,271 " 0,024
0.5 1,200 12,688 0,016
1,0 0,952 12,318 0,012
1.5 0,914 11,803 0,011



Table 1.4. (cont.)

I s 2 H 3 s 4

2,0 0,977 11,313 0,012
2,5 1,141 10,816 0,014
3,0 1,454 10,273 0,017
3,5 2,058 9,616 0,024
4,0 3,378 8,708 0,039
4,2 4,373 8,209 0,051
4,4 5,959 7,673 - 0,069
4,6 8,712 T oemR2 v 0,101
4,8 14,149 5,508 " . 0,164
5,0 27,427 3,641 - - 0,318
5,1 - 42,821 - £ 2,323 < 0,497
5,2 ) 76,579 C0,7% 0,659
5,3 176,125 . . - 0,221 - ° 2,043
6,35 321,434 .. o 3,306 .o 7 3,729
5,40 763,851 - . . 21,716 8,851
5,43 166,74 L« REM . 19,34
5,46  B788,496 - .. - 360,945 .. .. 67,147 -
5,49 - 33472,370 - 2822987 1 . 388,279
6,52 - 67 56,426 ", 631,421 - ., 66,77
6,56 .- 148,610 . 228,203 " . 19,I23 -
5,66 751,396 © 128,170 - 8,716 -
5,65 240,014 | .- 62,147 2,784
5,70 . T 139,160 T 46,420 v 1614
6,8 .5 .0 63,476 L 32,801 ¢ L0731
6,9 i 36,028 ,26,298 107 0,418
6,0 23,114 22,823 0,268
6,2 11,756 19,092 0,137
6,4 7,061 17,122 0,082
6,6 4,686 15,900 0,055
6,8 3,325 15,063 0,039
7,0 2,476 14,451 0,029
7,5 1,365 13,446 0,016
8,0 0,860 12,824 0,010
8,5 0,590 12,390 0,007
9,0 0,429 12,064 0,005
9,5 0,327 11,806 0,004
10,0 0,258 11,594 0,003

Table 1.5. Evaluated neutron cross-sections for 236U in the
energy range 4-8 eV at room temperature of the

sawple (T = 293 KX)

Evev | Gy, 1079BE 1 G 10008 ¢ Gy 1070
1 : 2 : 3 : 4
4,0 3,380 8,707 0,040
4,2 4,360 8,207 0,051
4,4 5,971 7,571 0,070
4,6 8,744 6,717 0,102
4,8 14,241 5,499 0,165
5,0 27,799 3,626 -0,323
5,1 43,941 2,257 0,510
E,2 80,066 0,751 0,929
5,3 196,164 0,902 2,276
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Table 1.5. (cont.)

I 2 : 3 . 4

5,35 405,647 : 7,827 4,706
5,40 1549,024 80,226 17,569
5,43 4395,332 301,030 50,986
5,46 9536,539 - 745,213 110,624
5,49 12538,980 1064 ,584 - 145,452
5,52 9465,898 . 873,143 - 109,805
5,55 4384,012 458,553 50,855
5,58 1563,238 203,895 ‘18,134
5,65 314,093 70,888 . 3,644
5,7 158,114 45,100 - - 1,843
5,8 67,305 . 33,221 0,781
5,9 . . 37,379 26,619 0,434
6,0 23,462 22,901 - 0,272
6,2 . 11,850 - 19,119 0,138
6,4 7,095 , 17,134 . 0,083
6,6 4,702 : . 15,906 0,055
6,8 3,34 . 15,067 4 -07039
7,0 2481 . 14,453 © 0,029
7,5 1,367 S 13,447 - 0,016
8,0 0,860 . - 12,825 0,010

Note: 1In the ranges up to & eV and frow 8 to 10 eV the cross-
sections at T = 293 K coincide with the values quoted
in Table 1.4.

Table 2.1. Radiative capture cross-sections measured

in Ref. [10].
E,kev | On , 10982 ¢ E, POy 10728 02
0,55 5,6 3,6 1,64
0,68 6,2 4,4 1,58
0,81 4,05 5,4 1,5
1,03 4,0 6,8 1,2
1,26 2,68 8,4 1,16
1,58 2,6 10,6 0,96
1,9 2,3 13 0,94
2,35 2,04 16 0,90
2,91 1,8 20 0,81




Table 2.2. Data from Ref. [19] for Ciq (236U)
AE, ke¥ . Ony., 10820 aEkev 6, 108,42
0,10 - 0,15 9,797 + 2,2 ® "4 -5 1,277 1,9
0,15 - 0,25 6,746 + 1,9 5-6 1,154 + 2,1
0,25 - 0,3 5,604 + 1,7 6 -7 1,050 + 2,7
f,3-04 - 5,360+1,6" 7 -8 0,9759 + 2,8
0,4 - 0,5 5,196 + 1,6 8-9 0,9088 + 2,8
0,5 - 0,6 5,021 + 1,7 9-~10 0,8925 + 2,8
0,6 - 0,7 4,74 + I,7 10 - I5 ~0,7995 + 2,0
0,7 - 0,8 4,238 + 1,8 15 - 20 0,6685 + 2,4
0,6-0,9 - 3,686 + 1,8 20 - 25 0,5832 + 3,2
0,9 - I,0 3,423 + 1,8 25 - 30 0,5724 + 3,2
I1-2 . 2,475 + 1,5 30 - 40 0,4977 + 3,2
2-3 1,695 + 1,7 40 - 50 . 0,4276 + 3,4
3-4 1,396 +2,0
. *® Values for errors are given in percent.
Table 2.3. Data from Ref. [20] for Gany
E, keV fsn),,m‘iﬂgz ‘B, kev f&v,IO"B]uzf E, keV 6, 107302
12-14 B +46 70-75 342 + 16 210 -220- 203 + 10
14 - 16 873 +45 7580 330 + 16 220 -~ 230 213 . 10
16 - 18 768 +38 80 -85 315+ 14 230-240 214 + 10
I8-20 733+35 8 -90 299 + 13 240 - 250 191 + 10
20~ 22 634 +33 90 -9 288 + I3 250 - 260 196 + 9
22 - 24 705+33 95-100 277412 260270 20249
24 - 26 675 +32 100~ 110 272 + 12 270+ 280 197 +°9
26 - 28 €204 29 II0 - 120 207 4+ 12 280 -R00 ISR +9
28 -30 619429 120~-130 243 + II 290 - 300 20I +9
30 - 35 585+ 27 130 -140 238+ 11 300~ 320 203410
35 - 40 545 1.25 -J40 - 150 223 + 10 320 - 340 197 + 9
40 -45 B31 +24 150 - 160 214 + 10 340 -360 190+ 9
45 - 50 490 +23 160 -~ 170 209 4+ JO 360 - 380 185+ 9
50 - 55 433 +20 170 ~180 216 +10 380 -400 185+ 9
55 - 60 417 + 197 180 - 190 214 + 10 400 - 420 1854+ ¢
60 - 65 339 +19 190 - 200 2II + IO ‘ '
65 ~ 70- 358 + I7 200 - 210 206 + IO
Table 2.4. Data from Ref. [22] for Ony
: : 1 : 1. . 1
B kv Grpy 10731 42 B lev Onr s 10731 2
tRelatively ilielatively[ - ' sRelatively ‘Relatively
, t : . P ‘
: 6n3(137A”) ; Oup ; : Ony (‘97Au): 6 (np)
, 166437 223 + 10,7%. - 459436 153 4+ 6,8 -
168435 213 + 10,7 254 + 4,1 b51+51 161 + 5,1 158 + 3,6
174430 208 + 10,7 251 + 4,1 718444 177 45,1 -
2006426 205 + 7,1 - 890443 163 + 5,1 178+ 3,5
240424 191 1 7,1 - - 1046445 149 + 7,7 - 163 + 3,6
354441 174 + 6,9 188 + 3,8 1146438 126 + 7,7 132 4+ 3,6

»

frror given in percent.
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Table 2.7. Mean inelastic widths for 236y,

En, <R, P <Mdyr, P ATy, F o KMdye, T <P,

keV ¢ MeV LY s KeV ¢ MeV ¢ NeV
45 0,6 0,0 0,0 0,0 0,0
50 0,006 2,312 2,403 46,978 33,380
60 0,086 11,400 11,844 79,797 56,697
70 0,299 23,295 24,202 101,079 71,813
80 0,672 36,685 38,111 117,403  B3,405
50 1,221 50,890 52,866 130,739 92,873
100 1,953 65,489 68,030 142,012 100,875
110 2,873 80,199 83,307 151,751 107,785
120 3,979 94,820 98,491 160,290 113,844
130 5,270 109,212 113,436 167,863 119,214
140 6,740 123,273 128,036 174,636 124,016
150 8,383 - 135,930 142,214 180,735 128,339
236

Table 2.8. Average fission widths for u.

E'\i : <rl>&‘o H <r(>'/r’ H <rf>¥"» 3 <r‘(>”|.,
keV ;- MeV +  MeV + o MeV s~ NeV
1,0 0,356 0,0% 0,016 0,056
1,5 0,358 0,034 0,018 0,056
2,0 0,359 0,03 0,019 . 0,056
2,5 0,360 0,03 0,019 0,05
3,0 0,361 0,034 0,019 0,0%
4 0,363 . 0,034 0,019 0,056
6 0,367 0,035 0,019 10,057
8 0,371 0,035 - 0,019 0,058
10 0,376 0,036 0,019 0,058
12 . 0,30 0,036 0,020 0,059
14 0,385 . 0,036 ., 0,020 0,060
16 0,389 0,037 0,020 0,061
20 0,39 0,038 0,021 0,062
24 0,408 . 0,039 - ' 0,021 0,064
28 . 0,418 0,040 » 0,022 0,065
R’ 0,428 . 0,041 . 0,022 0,066
36 \ 0,438 . 0,042 . 0,023 0,068
40 0,448 0,043 . . 0,023 0,070
45 0,452 . 0,044 . 0,024 0,072
50 0,475 0,045 .- 0,025, - 0,074
60 0,504 .. 0,048 . ~ 0,026 .° 0,079
70 0,634 .. 0,05 : . 0,028 0,083
80 0,666 0,054 . - 0,029 0,088
90 0,601 .~ 0,057 . - 0,031 0,094
100 0,637 0,060 . - 0,033 0,09
110 0,675 ., - 0,064 0,035 0,105
120 0,716 ' 0,068 0,037 0,111
130 0,759 0,072 . 0,039 0,118
140 0,805 0,076 . .. 0,042 0,125
150 - 0,85 - 0,081 0,044 0,133
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Table 3.1. Evaluassg err05§5for the fission cross-section
d

ratio U an u.
Energy range, MeV '§Evauated 3222;’[}3 'th; ratio &;(***U /

0,16 - 0,2 . : 50.
0,2 - 0,5 A : 20
0,7 - 0,9 Lo 5-7
0,9~1,4 35
1,4 ~5,0 : L 23
5-7,5 " 36
7,5 - 20 6

Table 3.2. Evaluated data for the ratioci('“lj)/cx V’stl)

g, P G U)o

oY g, ¢ GPU)
MeV & O;(BPU) % mev

6‘ (ZJSU): He H 6{(235[}')

aa  se

0,16  1,373.10—~ 1,2 0,4795 12,5 0,8361
0,16  1,309.1073 1,4 0,587 13,0 0,790
0,16 1,420,108 1,6  0,5411 13,6 0,778
0,20 1,452.10 1,8 0,596 14,0 0,7650
0,22  1,489:10% 2,0 0,635 14,5 0,7718
0,24 1,522-10 2,2 0,677 15,0 0,796
0,26  1,549-10™ 2,4  0,6909 15,5 0,8285
0,28  1,572.10™ 2,6 0,6958 16,0 0,8549
0,50  1,585.10 2,8 0,7081 16,5 0,8762
0,32  1,%%.1002 3,0 0,719 17,0 0,9109
0,3 1,512:10 3,2 0,702 17,5 0,9240
0,356  1,627+10 3,4 0,755 18,0 0,9366
0,58 1,641°10 3,6 0,767 18,5 0,9383
0,40  2,481:10 3,8 0,7779 19,0 0,9313
0,42  2,503-10~= 4,0 0,7880 19,5 . 0,9407
0,44  3,365-10 4,5 0,788 20,0 0,93%
0,46  3,390-1090 5,0  0,8083 '

0,48  4,264.1C73 5,5  0,7937

0,50 5,141°10~ 6,0 0,848

0,55  7,792.10~3 6,5  0,6556

0,60  1,223:107% 7,0 0,9163

0,66  1,930°100% 7,5  0,9139

0,70  3,762.107% 8,0 0,8822

0,75  6,860°10~ 8,5 0,882

0,80 1,133.107! 9,0  0,80871

0,65 1,595-10°! 9,5 0,887

0,90  0,2123 10,0 - 0,E862

0,95  0,2848 10,5 0,8867

1,0 0,25M 11,0 C,886

1,06 0,3053 11,5 0,883

1,1 0,3726 12,0 0,8770




Table 4.1.

P Spin J and parity ¥

Level No. § Level energy, keV of the level
I 0,0 0"
2 45,242 2*
3 149,475 4%
4 : 309,785 6
5 . ' 822,25 g*
5 687,57 -
7 744,20 3~
8 782,80 10*
9 : 847,60 5~
0 ) 919,16 Coot
I . 958,10 -
12 ' 960,40 . 2+
13 967,0 ' 1-
4 L 988,0 2~
s . 1001,40 - 3’
16 1002,0 T

236 - .
Table 4.2. Evaluated data for U neutron cross-sections in the fast neutron energy range.

: e, o e, ! 6my, PG, D G,
Ev Mev ! 10-28,2 21 10"'&5;2 ;1 A Gt JOZHE F 028l BT
e e . . s direct ¢ total .
1 ¢ 2 : 3. $ 4 R 6 -

0,16 11,525 10,635 0,002 . 0,212 0,747 0,776

0,18 . 11,250 - 10,205 0,002 0,203 0,808 0,840

0,20 - 10,955 9,64 0,002 0,195 0,855 0,894

0,22 - 10,520 9,403 0,002 © 0,193 0,88 0,922

0,24 10,180 9,057 0,0 0,190 0,830 0,931

0,26 £,840 8,713 - - 0,002 0,185 0,83 0,932

0,28 - 9,54 8,462 . 0,002 0,183 0,876 0,947

0,30 - 9,348 8,185 . 0,02 0,172 0,907 0,082

0,32 - ¢,I80 7,94 . 0,02 DI 0,927 1,009

0,34. 8,990 97,775 0,002 0,171 0,954 1,042

0,35 . 8,840 - 7,58 . 0,002 0,168 0,977 1,072

0,38 ' 8,700 7,430 0,002 - 0,163 1,002 1,105

0,40 - B,566 . 7,269 0,003 0,150 1,026 1,135

0,42 8,440 . . 7,114 0,003 0,155 1,053 1,168

0,44 8,330 6,972 0,004 0,152 1,081 1,202

0,46 - 8,220 6,830 0,004 0,151 1,106 1,235

0,49 8,110 6,653 0,005 0,151 1,135 1,271

0,50 ... 8,02 6,572 0,006 0,152 1,160 1,32

0,55 7,780 6,247 0,009 0,157 1,213 1,367

0,60 7,604 5,997 0,014 0,163 1,257 1,430

0,65 7,430 5,745 0,022 - 0,168 1,306 1,4

0,70 7,280 5,489 0,013 0,172 1,374 1,576

0,75 7,150 5,218 0,078 0,17 1,462 1,679

0,80 7,053 4,934 0,129 0,173 1,533 1,767

0,85 6,970 4,793 0,183 0,169 1,577 1,625

0,9 . 6,900 4,622 0,248 0,164 1,603 1,865

0,95 6,840 4,452 0,342 0,168 1,600 1,688 !
1,00 6,795 4,285 0,354 0,151 1,702 1,596

1,05 6,760 4,183 0,371 0,142 i 2,034

1,1 6,750 3,972 0,453 0,124 1,859 2,181

1,2 6,764 3,754 0,585 0,114 1,852 2,301



Jable 4.2. (cont.)

I ¢+ 2 3 3 4 : 5 s 6 : 7 T 8

1,4 6,850 3,625 0,728 0,090 2,111 2,507

1,6 7,040 3,664 0,681 0,074 ‘2,282 2,718

1,8 7,244 2,638 0,771 0,062 2,205 2,773

2,0 7 7,442 2,70 0,625 0,654 2,303 2,793

2,2 7,62 3,808 0,874 0,047 2,298 2,603

2,4 7,755 4,044 0,633 0,040 2,277 2,7EB

2,6 7,659 4,1€7 0,876 0,031 2,251 2,762

2,8 7,930 4,284 0,E78 0,029 2,221 2,729

3,0 7,985 4,32 0,830 0,024 2,195 2,655

3,2 8,010 4,451 0,889 0,020 2,144 2,640

3,4 7,909 4,802 0,871 0,016 2,101 2,520

3,6 7,970 4,508 0,8% 0,013 2,074 2,555

3,8 7,940 4,514 0,893 0,0II 2,052 2,522

4,0 . 7,891 4,497 0,692 0,009 - 2,031 2,493

4,6 7,712 4,379 0,873 0,007 2,015 2,453

5,0 7,513 4,198 0,860 0,006 2,006 2,424

5,5 7,244 3,964 0,831 0,006 2,023 2,423

6,0 6,992 3,754 0,945 0,005 1,905 2,288

6,56 6,745 3,625 1,167 0,005 1,680 2,048

7,0 6,521 3,313 1,423 0,004 1,358 1,711 0,070

7,5 6,332 3,138 1,571 0,004 1,060 1,39 0,220

8,0 6,161 2,981 1,572 0,003 0,82 1,145 0,460

8,5 6,020 2,648 1,572 0,003 0,685 0,697 0,700

9,0 5,911 2,746 1,672 0,002 - 0,421 0,721 0,870

9,5 5,828 2,675 1,664 0,002 0,351 0,637 0,950

10,0 5,764 2,616 1,550 0,001 0,319 0,597 1,000

10,6 5,721 . 2,587 1,541 0,001 0,298 0,672 1,020

11,0 5,698 2,571 1,539 0,001 0,270 0,547 1,040

11,6 5,688 2,578 1,535 0,00 0,240 0,518 1,056

12,0 5,700 - 2,602 1,533 0,001 0,221 0,499 1,065

12,6 5,719 2,638 1,531 0,001 0,193 0,469 1,065 0,016
13,0 5,746 2,685 1,530 0,001 0,176 0,448 1,045 0,037
13,5 5,781 2,743 1,562 0,001 0,163 . 0,431 0,972 0,082
14,0 5,4 2,804 1,582 0,001 0,162 0,417 0,655 0,165
14,5 6,857 2,861 1,620 0,001 0,14 0,405 0,720 0,450
15,0 5,895 2,922 1,671 0,001 0,133 0,391 0,580 0,330
15,5 5,936 2,974 1,734 0,001 0,123 0,377 0,470 0,380
16,0 6,978 3,037 1,768 0,001 0,111 0,362 0,390 0,420
16,5 6,005 3,081 1,785 0,00I 0,103 0,349 0,336 0,450
17,0 6,048 3,130 1,804 0,001 0,095 0,338 0,295 0,460
17,6 6,080 3,I4 1,811 0,001 0,0%0 0,329 0,260 0,505
18,0 6,111 3,216 1,816 0,001 0,085 0,319 0,240 0,520
18,5 6,143 3,253 1,825 0,001 - 0,080 0,310 0,220 0,534
19,0 6,167 3.284 1,839 0,00 . 0,07 0,302 0,205 0,536
19,5 6,186 3,309 1,860 0,001 0,070 0,24 - 0,190 0,532
20,0 6,192 3,31 1,889 0,001 0,065 0,286 0,176 0,520
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23 . . .
Table 4.3. 6U level excitation cross-sections

Level enerngQ » keV

E'} v . 45,24 - . 149,48 145,24 149,48, 309,78, b22,25, 687,57 . 744,20, 847,60
Ke . . . . ° . . . . .
“direct excitationv’m-zﬁlﬁ:- Cowpound nucleus mechanise

0,16 0,029 0,7470° 0,0

0,18 Co0,082 - .. 0,8074 0,0006

0,20 0,038 - .. . 0,835 0,00I5
‘0,22 . 0,044 - . ..  0,8753.0,0027

0,24 o081 " 0,876 0,004

0,26 - 0,05 ... . 0,873 0,0064

. 0,28 0,067 0,0 . 0,867 0,026

0,30 0,074 0,001 ~0,8792 0,0278

0,32 0,080 0,002 0,896 0,0344

0,34 0,085 - 0,003 ' - 0,9122- 00,0418

0,36 0,001 0,004 ©0,9271  0,0499 -

0,38 0,098 0,006 0,9433 0,0587

-0,40 0,103 : 0,006 0,9577 0,0683

0,42 . 0,108 0,007 0,9743 0,077

0,4 -~ 0,113 . 0,008 - . 0,998 0,0902 0,0

0,46 0,119 0,010 1,0040 0,I019 0,0001

0,48 0,123 0,012 1,0209 0,1149 0,0002

0,50 - 0,128 0,014 1,0319 0,1278 ©,0003

Table 4.3. {cont.)

H Level energy Eq v keV
E,: . . . . . . .
Ney : 45,24 149,48 .45,24 ; 149,48, 309,78 ,522,25 687,57 .744,20 ; 847,60
; direct excitation,lo—zenz:: . Compound nucleus mechanisa
0,55 0,135 0,018 1,0502 0,1622 0,0006
0,60 0,150 0,023 1,0578 0,1979 0,0013
0,65 0,159 0,029 1,0672 . 0,2363 0,0025 0,0
0,70 0,168 - 0,034 1,0828 0,2739 0,0045 0,0428 0,0
0,75 0,176 0,041 I1,0I104 0,302 0,0068 0,132 0,0065 .,
. 0,80 0,185 0,048 . 0,9514 10,3208 0,0034 0,1508 0,0506
0,85 0,193 0,055 0,9184 0,3406 0,0I28 0,2219 0,0833 0,0
0,90 0,201 0,062 0,8801 0,3584 0,0167 . 0,392 0,1C79 0,0007
0,95 0,210 0,069 0,8328 0,369 0,009 0,2422 0,1251 0,0021
1,00 . 0,217 0,077 0,77?03 0,3737 0,0255 0,2330 0,I331 0,0040
1,05 0,225 0,083 © 0,7167 0,3505 0,067 0,R173 0,1285 0,0055
1,1 0,233 0,089 - 0,66I0 0,373 0,027 0,2016 0,1239 0,0071
1,2 - 0,247 0,102 0,828 0,318 0,0335 0,0 0,1669 0,1158 0,0104
1,4 0,274 0,122 0,3617 0,2571 0,0421 0,0001 0,I216 0,0934 0,0153
1,6 0,258 0,137 0,2876 0,2091 0,0451 0,0003 0,0950 0,0851 0,0180
1,8 0,320 0,148 0,2023 0,1532 0,034 0,0004 0,0674 0,0572 0,0176
2,0 0,335 0,15% 0,138 0,1073 0,0308 0,7005 0,0461 0,0515 0,0157
2,2 0,346 0,159 0,0930 0,0731 0,0225 0,0006 0,0340 0,0383 0,0I32
2,4 0,351 0,160 0,06I1 0,0486 0,0157 0,0006 0,035 0,076 0,0105
2,6 0,32 0,159 0,039 0,0319 0,0107 0,0005 0,0160 90,0184 0,0080
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Table 4.3. (cont.)

2 Level energy Eq , keV Continuous
noe , spectrum
MeV : : : : : ' : : +  excitation,
, 915,16 : 956,10 : 960,40 : 957,00 : 988,00 : I0OI,d40 : 1002,00 .
; H H H : : T e H 10’.28 ‘2
0,90 0,0 _
0,95 0,064 0,0 0,0 0,0 10,0
1,00 0,0383 0,033 0,037 0,0358 0,024 0,0 0,0
1,05 0,0484 0,0725 0,0702 0,052 © 0,0336  0,0256 0,0284
1,1 0,058 0,Ic57 0,1037 0,0643 0,0548 0,053 0,0579
1,2 0,0637 0,1404 0,1391.  0,0859 0,0735  0,0914 0,0 0,1858
1,4 0,057 0,1494 0,1487 0,0830 0,084  0,II74  0,000I 0,5575
1,6 0,0474 0,127 0,133 0,009 0,0737  0,1I121  0,0002 0,9755
1,8 0,034 0,1062 0,148 0,0543 0,059 0,025  0,0005 1,3044
2,0 0,0274 0,0808 0,0806 0,0402 0,0458  0,0735  0,0007 1,5616
2,2 0,202 0,0607 0,0606 0,0282  0,0345  0,0569  0,00I0 1,7602
2,4  0,0143 0,0438 0,0438 0,0207 - 0,0251 0,421 0,001l 1,8985
2,6 0,007 0,0306 0,036 0,0144 0,0I78 0,029  0,00I0 1,911
Table 4.3. (cont.)
: Level energy Eq o keV
Ep oy : : : : : :

MeV 45,24 : 149,48

145,24 :149,48 :

309,76 :522,25 :687,57 :744,20 : 87,60

;direct excitation .Io-zshﬁ:

Coxpound nucleus mechanism

10282

2,8 0,350 0,158 0,0253 0,0207 0,0072 0,0005 O,uI07 0,0I33 0,0059
3,0 0,347 0,157 0,0I60 0,0I33 0,0049 0,0004 0,0071 0,0090 0,0042

3,2 0,342 0,154 0,0097 0,0085 0,0035 0,0004 0,0044 0,0058 0,0030

3,4 0,337 0,152 0,0060 0,0053 0,0023 0,0004 0,0028 0,0038 0,0021

3,6 0,332 0,149 0,0037 0,0034 0,00I5 0,0003 0,0018 0,0025 0,0014

3,8 0,324 0,146 0,0023 0,0022 0,00I0 0,0002 0,00II 0,00I6 0,00I0

4,0 0,318 0,144 0,00I4 0,00I4 0,0006 0,000 0,0007 0,0010 0,0006

4,5 0,302 0,136 -~ 0,0 0,0 0,0 0,0 0,0 0,0 0,0

- e Level energy Eq » kev : Continuous spectrus
Moy 919,16 ¢ 958,10 © 950,40 ° 967,00 ‘ 988,00 } I00I,40 * I002,c0 . eXcitation.

I . : H ¢ L . . ! *

2,8 0,0064 0,027 0,0206 0,0095 0,0I24 0,0205 0,0009  2,0462

3,0 0,042 0,0136 0,013 0,0066 0,0064 0,0I36 0,0008  2,0793

3,2 0,025  6,0085 0,0085 0,0041 0,004 0,06087 0,0007  2,0703

3,4 0,016 B,0053 0,0053 0,0026 0,0035 0,0055 0,0006 2,0539

3,5 0,0009  €,6083 0,0033 0,00I7 0,0022 0,0035 A 0,004 2,044

3,8 0,0006  0;608t 0,002 0,001I 0,004 0,0022 0,0003 2,0328

4,0 0,0004 o0,0ef2 0,0012 0,000? 0,0009 0,00I4 0,0002 2,0I90

4,5 0,0 0,0 0,0 0,0 0,0 0,0 0,0 2,0150

47



Table 4.3. (cont.)

: E keV * Continuous ~ : E ‘ Continuous
E,, : ki '- : spectrum : Ep, ¢ i ! spectrum
MeV : 45,24 ° 149,48 : excitation, ¢ MKeV : 45,24 149,48 P excitation
: : : ;=B : © o : 282
© Direct excitation o 10 o . , Direct excitation X 1079934
. 1028, : | ; X 108 ,2
5,0 0,289 0,129 2,006 13,0 0,211 0,061 0,176
5,6 0,278 0,122 2,023 13,5 0,209 0,059 0,163
6,0 0,268 0,115 1,905 14,0 0,207 0,058 0,152
6,5 0,260 0,108 1,680 14,5 0,204 0,057 0,144
7,0 0,252 0,1CI 1,358 15,0 0,202 0,056 0,133
7,5 0,244 0,095 1,060 15,5 0,199 0,055 0,123
8,0 0,237 - 0,088 0,820 16,0 0,197 0,054 0,111
8,5 0,229 0,083 ' 0,58 16,5 0,154 0,052 0,103
9,0 0,222 0,078 0,421 17,0 0,192 0,05 0,025
9,5 0,213 0,073 0,351 17,5 0,190 0,049 0,090
10,0 0,209 0,069 0,319 18,0 0,187 0,047 0,085
10,5 0,207 0,067 0,298 18,5 0,184 0,046 0,080
11,0 0,211 ' 0,066 0,270 19,0 0,182 C, 045 0,075
11,5 0,213 0,085 0,240 19,5 0,180 0,044 0,070
12,0 0,214 0,064 0,221 20,0 0,178 0,043 0,065
12,5 0,213 0,063 0,193
Table 5.1. Fission barrier parameters for uranium isotopes.
é Compound nuclews
Parasmeter x 27y : By o PU i PfU
Ey , MeV 6,2 5,7 5,8 5,7
hw, , Kev 1,2 1,2 1,2 1,2
Ee » Mev 5,85 5,65 5,75 5,50
hWy  Nev 0,5 0,6 0,5 0,60
Table 5.2. level density parameters fa uraniua isotopes.
§ Cozpound nucleus
$ 23 H £35 : 23
Parameter d Y : U : ‘U
¥ 7/ o* 5/2%
Ba , Mev 6,546 6,305 6,841
Th , Mev 0,383 0,401 0,392
Ee s Nev 0,0156 - 0,9341 0,0186
Ue.) Mev 4,1 3,8 . 4,0
@) g exp 11,25 12,22 11,35
<> [? 0,438+0,038 10,6+ 0,5 0,6I + 0,07
sW exp MeV - 1,624 - 1,700 - 1,704
3, MeV© 24,863 23,500 21,986
alBa), Mey- 22,614 21,251 19,933
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Table 6.1. Average number of neutrons emitted per fission event.

9 v, ¢ ‘E, ¢ Y, v
Ee’v: Voo, Voo 8% eV ¢ ?'. : v bvy
10° 2,348 2,374 0,030 4,0 2,860 2,88 0,022
0,1 2,30 2,3% 0,030 6,0 3,150 3,I71 0,025
0,2 2,371 2,397 0,030 80 3,412 3,428 0,050
0,3 2,383 2,409 0,030 10,0 3,674 3,690 0,060
0,4 2,34 2,420 0,030 12,0 3,93 3,952 0,070
0,5 2,406 2,432 0,028 14,7 4,289 4,305 0,080
0,6 2,417 2,443 0,026 16,0 4,442 4,458 0,100
0,7 2,429 2,455 0,024 18,0 4,678 4,694 0,120
0,8 2,441 2,467 0,022 20,0 4,913 4,929 0,120
1,0 2,464 2,490 0,019 o '
1,6 2,522 2,648 0,019
2,0 2,59 2,605 0,019
2,35 2,620 2,646 0,0I9
3,0 2,714 2,740 0,019

6',',,. 707481

10°

707 . ,

i LI D N |

700 ye /01

Fig. 2.1. Comparison of evaluated (i) and experimental data for 6',’-,7(236U)

in the 1-150 keV energy range.
o - /19/; x - f10/; L - /07— _~ /72/

702 F, keV
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Effects of various force functions for the basic and excited states on calculation of 5: :
1 - Calculation taking account of the difference in S, §
2 - Without allowing for this difference; L. [20];

Fig. 2.2,

the ground and excited states;
{22] (experimental data).

6;‘70'11/71
oy G},W"’M‘
4 -
it
? <
1}V
27 r g L
ar a2
a7t
a1 ¢
0 XY
a5 a7 a8

. ‘:r,HeV
Fig. 3.1. Comparison of evaluated and experimental data
__for 6, in the energy range 0.1-1.1 MeV:
1 - result of the present evaluation; 2 -~ ENDF/B-V evaluation [63];
o - /Ry @ - /6 A - /3 + -/0/; o - /31/;
o~ /239/ '
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Fig. 3.2. Comparison of evaluated and experimental data for 6 in the
1-3 MeV range: 1 - result of the present evaluation; 2 — ENDF/B-V evaluation [63];
e - {32); » - [36); &~ [34]); + - [30]; © - [31].
G-:J,.'O."w‘- R

£
<. Ney

Fig. 3.3. Comparison of evaluated and experimntal data for erc

in the 3-7 MeV range:
1 - result of the present evaluation; 2 — ENDF/B-V evaluation [63); ¢ - {32];

- [36]; o - [34); +-[30]; x-[33); ©-[31]; © - [35].
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Fig. 3.4. Comparison of evaluated and expedmental data for 67 in the 7-11 KeV range;
1 - result of the present evaluation; 2 - ENDF/B-V evaluvation [63); o - [32]; x - [33];
o - [36); O-135); a-[34].
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1 1 !

17 .13 % 7 78 £, eV

Fig. 3.5. Comparison of evalvated and experimental data for o), in the 7-11iMeV range;
1 - result of the present evaluvation; 2 - ENDF/B-V evaluation [63]; § - [32];

§ - [29); @ - [39); & - [38); @ - [37).
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Fig. &4.1. Level 2° (45.24 keV) excitation cross-section: 1 - Total

excitation cross-section; 2 - excitation cross-section for the

direct process (results of the present evaluation); 3 - ENDF/B-V
evaluation [63].
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Fig. 4.2. Llevel 47 (149.48 keV) excitation cross-section: 1 — Total excitation
cross-section; 2 - Excitation cross-section for the direct process (results of

the present evaluation); 3 - ENDF/B-V evaluation [63].
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Fig. 4.3. Cross-section for formation of the U compound nucleus (calculated by
the coupled-channel method).
57/1’0‘”/71 A _

awh~s—_ &
A I

220 t

g,10 +

o R
. o

- I
aos b
00z |
) aa’ 1 .3 i S I N S I S L A 1
: oz os 10 z 10 £, KeV

Fig. 4.4. Comparison of evaluvated and experimental data for 67_1 236[/ :
1 - present evaluation; 2 — ENDF/B-V evaluation [63]; ~\— - [20]; e - [22];
A- [56); © - [57]; & - [56).
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Fig. 4.5. Total cross-section (1) and elastic (2) and inelastic (3) scattering cross-sections
in the energy range 0.16-20 MeV as evaluated in the present work and their comparison with the

ENDF/B-V evaluation: & -65; 5. & . - &
t ne 6 L]
nn

Gy, 10%n?
75 F
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a5 1 L 1 '
g 5 o 75 £, hev

Fig. 5.1. Comparison of calculated and experirental data for fission cross-
section in the 2-20 MeV range: 1 - calculation of 67»- s 2 - 671},/, 3 -671% '@71.7;£
(for notation see Figs 3.1-3.5). .
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Fig. 5.2. Evaluated figures for cross-sections for the (72, 272) % (7, 371) reactions:

1 - present evaluation; .2 - ENDF/B-V evaluation [63]; 3 ~ ENDL-78 evaluation [64].
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Fig. 6.1. Energy distributions for the first neutrons of
reactions: I - (2Z,7%); 2~ (2, n"; 8- (7, 221);
4 - (27, 372) at an incident neutron energy of 14 MeV. The
spectrum integrals are norsalized to the proportions of the
corresponding reactions in the (n,n'x) reaction.
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Fig. 6.2.  Angular distributions of elastically (1) and
— = +
inelastically scattered neutrons at levels 2 (2) and

* {3) at an incident neutron energy of 4 MeV.
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Fig. 6.3. Angular distributions of scattered neutrons at an
energy of 14 MeV (for notation see Fig. 6.2).
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