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ABSTRACT

New results are presented for the evaluation of the data for
neutron interaction with 236JJ_ ^ complete system is given for
evaluated neutron data in the neutron energy range 10~5-20 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 2 3 6U.

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

INTRODUCTION

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

ensues from the fact that, in the reuse of spent uranium (regenerated

material), the nuclear fuel registers a substantial increase in the content of

U, which is a poison and impairs the utilization of neutrons in a
236

reactor [1]. In order to offset the effect of U in regenerated fuel it is
235

necessary to increase the initial U concentration. This depends on the

amount of U in the regenerated material and on fuel element design. As

pointed out in Ref.[2], two problems arise during the reprocessing of
232

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

U in the reprocessed uranium. An appreciable quantity of 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
OQ/1 n Q £

from U [3]. Furthermore, U is the source of U formation in the
2 38

fuel, along with the U (n,2n) process, since after the (n,y) process
o o /r o O "7

U is converted into U, and

U23 7 fi-<6,75 d , ) 237 N p ( n , 2 n r ) 236 p y c* ( 2 , 8 5 y u ) 232 yj #



This situation evokes the need to evaluate the neutron cross-sections

for U. 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
r\ O C

evaluations of the neutron cross-sections for U. The table gives the

values of energies for Q and thresholds T [4, 5] for various neutron reactions
236

with the U nucleus, linked by the relationship

7 - M n + Mtss .( Q ) . 1,0056652 +236.0455820 /_«\
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Values of energies Q and thresholds T for reactions of neutrons
? 36

with the U nucleus

Reaction! Q.HeV ! T, Kev ! Reaction * Q,HeV

tn.r >
( n ,2n ) - 6,546
(n,3n) - H.85I
(n,4n) -18,692
( n,p ) -2,320
( tt,np) - 7,160
(n.d ) -4,939
(n.nd) -11,053

236 +
The ground state of U has spin and parity 0 . The level diagram

236 736

for U has been studied in detail up to 1400 keV. The half-life of U

is 2342 x 10 years for alpha decay, and (2.7 ± 0.4) x 10 years for

spontaneous fission [6].

1. NEUTRON CROSS-SECTIONS IN THE RESOLVED RESONANCE ENERGY RANGE
10-5 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 problem

in general reduces the reliability of the results obtained, but for the
7 36

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

the simplicity of the analysis involved, since <D> > 10 eV, and a « a



and 0 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).

1.1. 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 a over

the energy range 2.75-700 eV with insufficiently high resolution,

which yielded the resonance parameters only up to 3 78 eV.

2. 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.

3. Mewisson, et al., [9] measured a, , a and a in the
t ny n

energy range 30 eV-1.8 keV, fn for 97 levels and Fy for

5 7 resonances.

4. Carlson, et al., [10] determined the capture cross-section

a up to energies of
ny
derived up to 415 eV.

a up to energies of 20 keV. The resonance parameters were
ny

5. Harlan [11] measured the total cross-section in the energy range

0.01-1000 eV. He reported preliminary resonance parameter values

up to 376 eV.

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

resonance region.

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

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

The resonance 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 a [10, 14-17], and the total

cross-section a [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

point 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 experiments 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 a was
ny

measured were overdetermined using evaluated neutron widths in such a way that
Ty. Tn.

the area below each of the capture resonances was retained, i.e. - —

Then the radiation widths were averaged, as in the case of F ., with

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

cross-section at 0.0253 eV, i.e. 5

parameters are given in Table 1.1.

—28 2
cross-section at 0.0253 eV, i.e. 5.0 x 10 m . The evaluated resonance



1.3. Evaluated cross-sections in the resolved resonance region

The evaluated neutron cross-sections in the resolved resonance region

from 10 eV to 1 keV were calculated in accordance with the Breit-Wigner

multilevel formula, using the evaluated resonance parameters as in Table 1.1:

where 4nll = [-jr-)* -~ ; A is the mass number; K = 2.60382 x 10~22m2«eV;

Ti - Tn. + r-y. + Tf. ; E . is the energy of the i-th resonance;
1 1 1 Ol

x _ 2 E-E.L i 4 n R 2 „ ii 4.IQ-28' 2 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 a in the thermal

region.

The evaluated cross-sections at the thermal point are:
O Q p _ 9Q p

o = (18.58 + 1.50) x 10 m , a = (13.51 ± 1.00) x 10 m ,
_OQ O _OQ O

c* = (5.00 ± 0.14) x 10 m , af = (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

range 10 -10

temperature (293 K).

_5
in the range 10 -10 eV disregarding Doppler broadening and at room

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

In the region up to 1132.1 eV 72 resonances were experimentally

established, giving <D> . = 15.87 eV and the mean reduced neutron width
o 1/2

<f > = 1.88 (meV) . These values must be corrected for the
n

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
o 1/2

the omission of levels the values <f > and <D> are 1.634 (MeV)
n

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 <T >,

equal to the experimental value, was taken for this purpose. The mean

radiation width <F > was derived by direct averaging of the evaluated

quantities F , since on the assumption that the distribution of the
'Y 2

experimental radiation widths is subject to a x distribution, the number
of degrees of freedom

a < rt>
2

V. =t ". <ry>-

was equal to u ~ 40.
Y

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

resonance parameters are:

<TD> - 14,1 + 0,5 eV.
<rV>- 1,63 + 0,25 (Nev)I/2;
<5^ - (1,16 + 0,18).ICT4

<T,> - 22,77 + 1,30 MeV;
- 0,354 + 0,100 MeV.

The reduced errors <D>, <f >, <T.> and <S> are essentially statistical,
n f o

8



determined by the finiteness of the selection; the error <f > is essentially

systematic, associated with the normalization of a . The evaluated3 ivy

quantity <D> is substantially lower than the values (16.2 +0.8) eV [1],

(16.1 + 0.5) cV [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
+ 2 2

respectively (16.2 + 0.8) eV, (15.2 + 0.5) eV and (15.4 ) eV, and within

the limits of error are in agreement with our evaluation, although 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 <f >

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

difference in <S> -Slt'2 is determined by non coincidence with <D>. The
O <D>

evaluation <T > practically coincides with the values (23.0 + 1.5) MeV [9]
y ev

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

.?. NEUTRON CROSS-SECTIONS 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

resolved resonance region. At the upper end, the limitations are associated

above all with ignorance of the value of the strength function S and the

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 236{j 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 a in the region up

to 20 keV (Table 2.1);



2. Bergman, et al., [19] measured the cross-sections a in the
ny

0.1-5 keV range (Table 2.2);

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

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

Grudzevich, et al., [21, 22] measured a in the range 0.15-1.1 MeV

(Table 2.4);

Muradyan, et

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

Muradyan, et al., [72] measured a in the range 0.4-80 keV
ny

In addition, the experimental data on fission cross-section in the

unresolved resonance region include one point taken from Ref. [23] at 12 7 keV
6 5

(aA U)/c ( U) = 0.0012 + 0.0006) and an upper limit for a of 4.0 x
-31 2

10 m 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 recommended

in the ENDF/B format.

The mean-level spacings <D> of spin J were determined from <D>
J 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

237
section 5.2. The evaluated mean level spacings <D> for the U nucleus

J

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

The mean neutron widths were calculated via the strength functions

Sfl for the ground state

where P. = transmission coefficients of the partial wave 5., 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 S and S 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 S in the ground state is taken as equal to

that evaluated from the resolved resonance region S = 1.156 x 10 (eV) ,

and strength function S = 1.74 x 10 (eV) calculated from a generalized

optical model with potential parameters, whose choice is described in section 4.2.

With calculations using the coupled-channel method and selected potential parameters

the value S = 1.164 x 10 (eV) is derived. The strength

functions 3 , according to Dresner [27], are taken as equal to S . The

evaluated mean neutron widths are given in Table 2.6.

The mean neutron inelastic widths <rn>>J3i are determined according to

the formula

where c - (E - E ) is the neutron energy after scattering in the

inelastic channel with energy E (in the unresolved resonance energy region

only one level 2 (E =45.24 keV) is excited); v,0, is the number

of degrees of freedom for the given state.

The calculations make allowance for the various strength function

values for the ground S and excited S states, reckoned on the basis of

a generalized optical model [28]:

The evaluated figures <f ,> ir are given in Table 2.7.
n \j

The authors of Ref. [13] found no resonance structure in the fissioning
on/

widths of resolved resonances for U, 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 <F > were calculated

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

'w»Pr^'-
E)i

The fission barrier parameters in the 1/2 channel were so selected

as to ensure that the calculated average fission width <T > (E = 0)

was equal to the mean value from the resolved resonance region. The height of

11



the barrier here proved to be E f = 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, 24] and making a

smooth link with the fission cross-section from the fast region. For this

purpose it is necessary to introduce the following increases over the fission

threshold of state 1/2 :

The evaluated mean fission widths are given in Table 2.8.

The energy dependence of the mean radiation widths <F >(H) were

determined by the gamma cascade emission model (section 4.3). Since the

dependence of <P >, 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 <F > ~ 1%, as determined in the resolved

resonance region <F > is taken as independent of state spin (Table 2.9).

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 cr , a and a in the unresolved
t n nn

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

inelastic scattering at level 4 . The strength functions for this state
4+ -A -1/2

were calculated by the coupled-channel method; S = 0.78 x 10 (QV) ,
S* + = 3.0 x 10~4(eV)~1/2.

It will be seen from the figure that the evaluated a figures
ny

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,

72]. 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 describe 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 a (E) with
ny

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 a is impossible owing
to the absence of experimental data, the potential scattering

— 28 2
cross-section a is taken as 11.4 x 10 m , starting from

P
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 a , was calculated

taking account of the contribution by the direct process mechanism.

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

Fission cross-section measurements for U can be divided into two
236

main groups. The first group comprises measurements of a ( U)
235

relative to the cross-sections for U, while the second group contains a

number 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 a ( U)/o ( U)

are available:

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

(12 7, 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%.

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 energy

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 MeV, ~ 2%

from 2.3 to 10 MeV, and errors further rose to ~ 4% with

increasing energy.

6. Nordborg, et al., [33] determined the ratio 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%.

o o c

10. The ratio of the fission cross sections for U to the fission
238 235

cross-section for U [37] and U were also measured in an
o o ̂  238

old study [38]: a ( U)/<J ( U) = (1.593 ± 0.97)%
236 235

for E = 14.5 MeV; oA M)/aA U) = (0.697 + 2 ) %
n t i

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

Apart from the measurements of ratios there is an absolute measurement
*? *\ ft

of the U fission cross-section at energies of 2.6 and 14.7 MeV [39]:
— 09K 0 — ? ft ?

(0.89 ± 0.04) x 10~ m and (1.62 + 0.08) x 10 m respectively.
3.2. Evaluation of the fission cross-section for 2 3 6U and the ratio

gf(
236U)/<jf(

235U)

236
From the available experimental data on a ( U) and with the

235
help of the presently-adopted standard fission cross-section for U [40],

236
we have derived absolute values for a ( 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. In the region of

the threshold for the (n,n'f°) 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
235

experimental data, but disregarding errors in a A U), 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 a above 10 MeV has been measured in a single

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

small, and hence have been evaluated by us on the basis of the actual spread

of the experimental data (Table 3.1).

236 235
Table 3.2 gives the evaluated data for the ratio a A U)/a ( U)

in the energy range 0.15-20 MeV. In 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 2 3 6U NUCLEUS
IN THE FAST NEUTRON ENERGY RANGE 0.15-20 MeV

Experimental data on the cross-sections for the interaction of neutrons
236

with the U nucleus in the energy range 0.15-20 MeV, apart from 0 and

a up to 4 MeV, are not available. Hence, evaluation of the neutron
ny

data for these energies has been carried out on the basis of calculations with

generalized optical and statistical models.

15



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. In Ref.[44] we

derived generalized optical model potential parameters unique for the actxnide

group. The use of potential [44] for the specific nucleus requires only

definition of its B and 3, deformation parameters. Available microscopic
2 4

calculations of the deformation parameters [45, 46] do not yield 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
900

3 and 3 values for U selected by us in Ref.[44] made it possible to? 36
derive |$ and P for the U nucleus. The value of |3 was then

refined by fitting the strength function S calculated from the optical

model to its value evaluated from the resolved resonance region. This fully

defined the parameters of the optical potential:

V, - 45.97-0.3E, HeVj T,- J.256 F. ^ - 0,626 f;
f3,02*O,4E (E £ 10 KeV) ; t . 1,260 fj
(7,02 (E > 10 MeV) ; . a, - 0,555+0,0045E f;
f

•17

VV50 - 7,5 MeV; £-0,213; ^-0,090.

These parameters were used for determining the optical cross-sections
O Q £

for U 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) , a = 11.42 x
°-28 2 P

10 m . 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. It will be seen that in the evaluation

performed in Ref.[63] no account was taken of the direct excitation process of

these levels and therefore the inelastic scattering cross-section for these

levels is equal to zero at an incident neutron energy of ~ 2 MeV. It 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 a in the narrow energy range 15-20 MeV. Hence the
0 *} (\

calculated values for a ( U) have been slightly corrected (within

limits of 2-3%) allowing for the relationship between the calculated and
2 38

experimental values of the total cross section for U. The maximum

divergence between the evaluated and the calculated values for a 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 calculational results and a

comparison of theoretical and experimental data are described or given in

Ref. [431. The present study employs the results of the above analysis. In

the calculations use is made of

scheme [47], given in Table 4.1.

0 "\ £\

the calculations use is made of the following U nucleus level

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 rotational 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,e ) 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,e ) was determined by the value <r >-(E=0) = 22.77 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 a in the energy range above 5 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]. In 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 a and a . evaluations
236 235 n

for U the same tendency as in the case of U is observed: 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
235

scattering cross-section is ~ 20% less. As in the case of U, 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
236

occurs, is included in the elastic channel. The higher values for U

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 a , cross-section values reflect allowance

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

The evaluated figures for the a. , a , o , a ., or, a „
t n ny nn' f n2n

and a 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
2 38

experimental data, the neighbouring isotope U 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
236

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

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
237

parity at all cascades in the decay of the U 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. In the energy

range concerned, fission may be 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. In this approach, the shell effects are modelled by the

energy dependence of the level density parameter:

U <U
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where a is the asymptotic value of the level density parameter at high

excitation energies; 6W is the shell correction to nuclei deformation

energies; f(U) = 1 - exp(XU) is a dimensionless function defining the

change in the shell effects; and U and E are the critical energy of
cr cond

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

accordance with the generalized model concept:

where p is the density of quasi-partial excitations of the nucleus, and
cr

K are the coefficients of increase in level density through vibrational
rot

and rotational excitations. Shell corrections under conditions of equilibrium

deformation are calculated according to the liquid drop model. The

correlation functions A are selected on the basis of the even-odd
o

differences in nuclear binding energy. The shell corrections in the

fissioning channel <SW = 2.5 MeV and 6W = 0.6 MeV are taken

from Ref. [61]. The correlation functions A are selected from the

description of the energy dependence of a in the first "plateau" region

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 /2u:cf,, times

(a.. = v̂ FJTt, F.j 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 reactions near the thresholds, the level

density in the neutron channel is conceived in terms of a constant temperature

model [51]:

where T = 0.385 MeV; a2 = 0.156 A-26.76.
n exp

The point of linkage of the models U = 10.72-n*A -0.028 A,

E ~ - n A , n = l , 2, 3 for even-even, odd-even (even-odd) and odd-odd

°° 2 2
nuclei respectively. The spin dependence parameter for a is a

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

rp
(even-odd) and odd-odd nuclei. Above this, up to energy U , a values

2 5
were determined by linear interpolation between a and a,(U ) = F*t.

exp _L c J_

The dependence of the level density asymptotic parameter a on mass

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 T was determined from the condition:

±

it—E-'

f o r

for U <

where CJ(U ,) is the inner excitation density; Tf = T = 0.385 MeV;

A,. = fl +0.08 MeV. Such an approximation U . = U for the level
f o cf c

density makes it possible to describe a c and a „ near the3 v 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
? 3

the double-quasi-partial interactions M", was taken as equal to 10/A , as
238 237 236 2^5 234

for ' U. The fission barriers for the U, U, ~" U and U

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 above 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 by ~ 30% when the energy is

increased to 20 MeV. The cross-sections a and a (Fig. 5.2),
n,2n n,3n 6

renormalized to take account of the slight differences in the calculated and

evaluated fission cross-sections, are given in Table 4.1.
6. ENrJKGsf AND ANGULAR DISTRIBUTIONS OF SECONDARY NEUTRONS AND THE

QUANTITY vp(
236U)

Experimental data on neutron energy and angular distributions are

completely lacking. Hence, evaluation was based on theoretical calculations.

In section 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) etc. reactions with no 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].

where E is incident neutron energy; E' is the energy of the emitted
n

neutron; a (E ,E') is the cross-section for the reaction inverse to
c n

neutron emission; p is the density of the residual state of the nucleus;

and B is the separation energy of the neutron,
n

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 nuclei 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:

E,

E -bn

where S(E*,E) is the probability of nucleus A with excitation E1 emitting a

neutron with energy E'-E-B and becoming nucleus A-l with excitation E.
n

The probability S(E*,E) is normalized by the condition:

= rn(E')/r(E') ,

where T (E1), f(E') are the neutron and total widths,
n

the equilibrium state, spectrum I governs S(E',E) with an accuracy up

Considering that the second and subsequent neutrons are emitted from

iilibrium state, spec

to the normalization f(E'):
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S(E'.E)=f(E')et(El-bn-E)-(E
<-b,1-E)j>(E) ,

where rB(E')

T(E') J <5c(E'-bn-EXE'-£»«-E)f(
E)dE

bearing in mind that 6e(E,E') = 6t (£')

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

determined by the formula

; - 5 n A - E')dC .

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

i(i)(En,E')= \ x.f(e)5(efe-BBAH-E
/)d£ .

»«».)• E'

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

E') ~

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

where

• t O , . i f E>E n-B n A

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

E

n,2n ^ ^ T^j, (£-&nA"E')

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
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contributions agreement is reached at a value of a = 30 MeV . 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 IV/T , in the
t n

fast energy region, fitted to the experimental values [67]. As an example,

Fig. 6.1 shows the secondary neutron spectra for an incident neutron energy

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 isotropic. 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 the 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
236

complete file of evaluated nuclear data for U, transmitted to the Nuclear

Data Centre.

6.3. Fission neutron spectrum

236
Measurements of the spectra of neutrons emitted upon U fission 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 Maxweliian distribution:

In Ref. [68] it was shown that, although there are more 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. In Ref. [68] it was determined that the mean

fission neutron spectrum energy E--J-T i-s in a first approximation a linear
2

function of Z /A. Taking account of this relationship from the experimental
235 239

data E"( U +• n ) = 1.970 ± 0.015, I = ( Pu +• n ) = 2.087 ± 0.015,
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- 233
E( U + n ) = 2.015 ± 0.015 [68] the mean energy of the spectrum of

U fission by thermal neutrons is:

? 3 6
E - ( U + n ) -- 1.948 MeV.

It follows from systematics that the dependence of E on incident

neutron energy has the form [69].

E - a + b [1 + vfc ( E ) ]
1 / 2 .

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.

6.4. The evaluated quantity v (E) "' U_

The quantity v was not evaluated. By way of evaluated figures for

u data were taken from Ref. [70], in which, for energies below 6 MeV the
P

evaluation was based on experimental data, while above 6 MeV it was based on

systematics.

Measurements on neighbouring nuclei show that v (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 v was selected having regard to the systematics of the behaviour
o o o o o t : 9 ̂  ft

of the experimental data for the uranium isotopes U, U and U.

Table 6.1 gives the evaluated figures for \J and \S . As a standard,
252 P

use was made of the quantity v ( C ) = 3.757 ± 0.005.

CONCLUSION

O Q C,

There are insufficient experimental data for the U nucleus, and

hence the reliability of evaluated data is governed to a large extent by the

correctness of the theoretical models employed. In carrying out the present

evaluation we have applied theoretical models which had been tested by
237 235 239

reference to the available experimental data for U, U and Pu.

For purposes of analysis use was made of -lodern concepts, which permitted a

more accurate determination of the excitation functions for the (n.n1),

(n',2n) and (n,3n) reactions, and of the angular distributions of elastically

and ine.last ically 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

0 , a and a ,, for which experimental data are lacking. Still

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
0 *3 f\ S

nuclear data for U in the energy range from 10 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 U thermal cross-sections.

, IO""28**2 • <5a, I O " 2 6 ^ : (5Reference . °t • lu M .. u*» lu M . un>

18,7 + 1,7
/I4/ - 5,0 +2,0
715/ - 5,5 + 0,3
/I6/ - 6,0 + 1,0
/I0/ - 5,10 + 0,25
/I7/ - 5,00 + 0,14

Present evaluation , 18,58+1,50 5,07+0,15 13,51+1,0

Table 1.3. Experimental values for U capture resonance
integrals.

Reference j .^°'5.eV I0"28

•
7l4/ ~~ '. 381 + 20
/I5/ 397 + 34
/I6/ 450 + 30
/I7/ 340+15

Present evaluation - 330 + 33

Table 1.4. Evaluated neutron cross-section values for U

in the energy range 1 O ~ 5 ~ I O eV at zero temperature
of the saaple.

E , eV

I

icr°
2 • IO-5

4 • IO-5

io-4

2 • IO"4

4 • ID"4

io-3

2 • IO-3

4 • itr3

IO-2

2 . icr2

0,0253 *
6 • IO-2

0,1
0,2
0,5
1,0
1,5

: Qn t I 0 ^ 8 ^ :

: 2 :

250,960
177,455
125,480
79,361
56,117
39,681
25,098
17,748
12,552 .
7,943
5,621
5,000
3,565
2,533
1,811
1,200
0,952
0,914

6nn .IO"28 U2 !

3 :

13,548
13,548
13,548
13,548
13,548
13,548
13,547
13,546 '
13,543
13,534
13,520 ; .
13,512 -
13,477
13,407 -
13,271 *
12,888 ..
12,318 ' •
11,803 .

4

3,423
2,241
1,712
1,062
0,765
0,541
0,342
0,242
0,171
0,108
0,077
0,068
0,049
0,034
0,024
0,016
0,012
0,011

36



Table 1 . * . ( con t . )

I J

2,0
.2,5
3,0
3,5
4,0
4,2 .
4,4
4,6 : .
4,8
6.0
5,1 - .;
6 , 2 • •.. • •

5,3
6,35
6,40
6 , 4 3 • • • • ; , ' .

6,46 • ..
6 , 4 9 ' • •

6 , 5 2 • • • • : , • •

6,55
6 , 6 8 • - • • • • • '

6,65 : .. -
6,70 ,.
6 , 8 : • ! • ' , •<.

6,9 : . - ; ^ ' : " . : j .
6,0
6,2
6 ,4
6,6
6,8
7,0
7,5
8,0
8,5
9,0
9,5
10,0

Table 1 . 5 .

E , eV )

I I

4 ,0
4 , 2
4,4
4,6
4,8
5,0
5,1
5,2
6,3

2 *

0,977
• 1,141 .

1,454
2,058
3,378
4,373
5,959
8,712 " " "• -
14,149

' 27,427
42,821 -.-; •

, 7 6 , 5 7 9 •••.;

1 7 6 , 1 2 5 .••"..

321,434 .. .
763,851
1666,714 •;:"
5788,496 • -:

33472,370
67^,426
1 6 4 8 , 6 1 0 ••'••

751,336 .
240,014 , :
1 3 9 , 1 6 9 ••„••

6 3 , 4 7 6 . .'••-

,••' 36,028 :

23,114
11,756
7,061
4,686
3,325
2,476
1,365
0,860
0,590
0,429
0,327
0,258

3 :

11,313
10,816 -
10,273
9,616
8,708 • -

•-• • 8 , 2 0 9 -.

7,573
'6,722 •"

• 5 , 5 0 8 '••' :

:."' 3,64r
•••••• 2 , 3 2 3 -

. 0,776
0,221

•.:.. 3 , 3 0 5 -':.-

"•• 2 I . 7 I 6 ' • ' . -

v 72,879
3 6 0 , 9 4 5 •_.'•

' . . 2 8 2 2 , 9 8 7 •.:

631,421
"••'-...' 228,203
. 128,170 : ;

• 62,147 -y).

'•'. • 46,420•.-'""',.:•

: , ' 3 2 , 6 0 1 • ' : j '

"\ 26,293 X'^i.
22,823 ' "
19,092
17,122
15,900
15,063
14,451
13,446
12,824
12,390
12,064
11,806
11,594

Evaluated neutron cross-sections
energy range 4-8
satple (T = 293 1

. 2

3,380
4,380
5,971
8,744
14,241
27,799
43,941
80,066
196,164

4

' 0,012
0,014
0,017
0,024
0,039
0,051
0,069

• 0,101
. 0,164 .

0,318
•'-• 0J497
:• 0,889 •
.: 2,043
' 3,729

8,861
19,334

':"..:. 67,147
.'. , 388,279

..,- 66,775
'•: 19,123 ;

- ' 8,716
','::: 2,784
: :-. I « 6 1 4

i;;-: 0,737
; - - : 0,418
• • " • • 0 , 2 6 8 '

0,137
0,082
0.C55
0,039
0,029
0,016
0,010
0,007
0,005
0,004

. 0,003

for U in the
eV at rooi temperature of the

*
: 3

8,707
8,207
7,571
6,717
5,499
3,626
2,257
0,751
0,902

; af.io-^w2

•: 4

0,040
0,051
0,070
0,102
0,165
0,323
0,510
0,929
2,276
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Table 1.5. (cont.)

I

5,35
5,40
5,43
5,46
5,49
5,52
5,55
5,58
5,55
5,7
5,8
5,9
6,0
6,2
6,4
6,6
6,8
7,0
7,5
8,0

: 2

405,647
1549,024
4395,332
9536,539
12538,980
9465,898
4384,012
1563,238
314,093
158,114

.67,305
37,379
23,462
11,850
7,095
4,702
3,334
2t48I
1,367 :
0,860 .

: 3

7,827
80,226
301,090
745,213
1064,584
873,143
458,553
203,895
70,888
49,109 • .
33,221
26,619
22,901 '-•

.- 19,119
17,134 ',

. 15,906
; 15,067

14,453 ' :

13,447
12,825

4

4,706
17,969
50,986
110,624

•145,452
109,805
50,855
18,134
3,644
1,843
0,781
0^434
0,272
0,138
0,083
0,055

- 0-t039
0,029
0,016
0,010

Note: In the ranges up to 4 eV and froi 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 aeasured
in Ref. [10].

E,

0,55
0,68
0,81
1,03
1,26 ,
1,58

1.9
2,35
2,91

5,6
6,2
4,05
4,0
2,88
2,6
2,3
2,04
1,8

3,5
4,4
5,4
6,8
8,4
10,6
13

" 16
20

1,64
1,53
1,5
1,2
1,15
0,96
0,94
0,90
0,81
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Table 2.2. Data froi Ref. [19] for (236u)

A E , keV Jnj 10',-28 A E, keV V**£

0,10 - 0,15
0,15 - 0,25
0,25 - 0,3
0 , 3 - 0 , 4
0,4 - 0,5
0,5 - 0,6
0,6 - 0,7
0,7 - 0,8
0,8 - 0,9
0,9 - 1,0
1 - 2 ;
2 - 3
3 - 4

. * Values

Table 2 .3 .

9,797 + 2,2 *•
6,746 + 1,9
5,694 + 1,7
5,360 + 1,6 •
5,196 + 1 , 6
5,021 + 1,7
4,794 + 1 , 7
4,238 + 1,8
3,686 + 1 , 8
3,423 + 1,8
2,475 + 1,5
1,695 + 1,7
1,396 + 2,0

for errors are given

Data froi Ref. [20]

4 -
5 -
6 -
7 -
8 -
9 -
10
15
20
2 5 •

30'•
4 0 •

5
6
7
8
9
10

- 15
- 20
- 25
- 30
- 40
- 50

in percent.

for

1,277 i 1,9
1,154 + 2,1
1,050 + 2,7
0,9759~+ 2,8
0,9088 + 2,8
0,8925 + 2,8
0,7995 + 2,0
0,6685 + 2,4
0,5832 + 3,2
0,5724 + 3,2
0,4977 + 3,2
0,4276 + 3,4

E, keV : E, keV E, keV

12 -
14 -
16 -
18 -
20 -
22 -
24 -
26 -
28 -
30 -
35 -
40 -
45 -
50 -
55 -
60 -
65 -

14
16
18
20
22
24
26
28
30
35
40
45
50
55
60
65
70 •

Table

E ti>l

,166+37
168+35
174+3C
206+26
240+24
354+41

i

i

I

876
873
768
733
694
705
675
620
619
585
545 ,
531 [
490 i
433 •

417 .
389 •
358 •

: 6

+ 46
+ 45
+ 33
+ 35
+ 33
+ 33
+ 32
+ 29
7 29
7 27
+ 25
+ 24
+ 23
7 20
+ 19-
+ 19
t 17

Data

y IO~'

-Relatively

• 6n (

223 +
213 7
208 7
205 +
194 J
174 +

157Au)

10,7*.
10,7
10,7
V.I
7,1
6,9

70 -
75 -
80 -
85 -
90 -
95 -
100 .

no .
120 •
130 •
140 •

150 •
160 -
170 •
180 .
190 -
200 -

fro*

3 1 K2

75
80
85
90
95
100

- no
- 120
- J30
- 140
- 150
- 160
- 170
- 180
- 190
- 200
- 210

Ref. |

342
330
315
299
28S
277
272
257
243
238
223
214
209
216
214
211,
206

:22]

a

• Relatively""

; • • <

254
251

188

_

+ 4,1
+ 4 , 1
-
— -

± 3,8

,

+ 16
+ 15
+ 14
+ 13
+ 13
+ 12
+ 12
+ 12
+ 11
+ 11
+ 10
+ 10
+ io
+ 10
+ 10
+ 10.
+ 10

for (

keV

459+36
651+51
718+44
890+43
1046+45
1146+38

210
220
230
240
250
260 •

270 ;
• 2 8 0 •

290 •
300 •
320 •

340 •

360 •
380 •
400 •

•

- 220
- 230
- 240
- 250
- 260
- 270
+ 280
Z 290
- 300
- 320
- 340
-350
- 380
. 400
- 420

•Relatively

•; < 5 n r i

153 +
' 161 +

177 +
163 +
149 +
126 +

6,8
5,1
6,1
5,1
7,7
7,7

203
. 213

214
194
196
202
197
192
201
203
197
190
185
186
185

. IO-31

± I 0

j . ^°
+ 10
+ 10
+ 9
+ 9 .
+ 9
+ 9
+ 9
+ 10
+ 9

7 9
+ 9
+ 9
+ 9

1 M2

^Relatively
t
j D (n,p)

158 +

178 >
163 +
132 7

_

.3,6

.3 .6
,3,6
3,6

Error given in percent.
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Table 2.7. Mean inelastic widths for 2 3 6U.

keV : KeV : KeV : KeV : KeV : KeV

45
50
60
70

eo
90
100
110
120
130
140
150

0,0
0,006
0,086
0,299
0,672
1,221
1,953
2,873
3,979
5,270
6,740
6,383 •

0,0
2,312
11,400
23,295
36,685
50,890
65,489
80,199
94,820
109,212
123,273
135,930

0,0
2,403
11,844
24,202
38,111
52,866
68,030
83,307
98,491
113,436
128,036
142,214

0,0
46,978
79,797
101,079
117,403
130,739
.142,012
151,751
160,290
1C7,863
174,636
180,735

0,0
33,380
56,697
71,813
83,405
92,873
100,875
107,785
113,844
119,214
124,016
128,339

Table 2

keV j

i.o
1,5
2,0
2,5
3,0
4
6
8
1 0 •

12
14
16
20
24
28
32
36
40
45
50
60
70
80
90
100
110
120
130
140
150

. 8 . Average

• KeV ' ,

0,356
0,358
0,359
0,360
0,361
0,363
0,367
0,371
0,376
0,300
0,385
0,389
0,399
0,408
0,418
0,428
0,438
0,448
0,462
0,475
0,504
0,534 . .
0,566
0,601
0,637 ' "
0,675 ,
0,716 "
0,759
0,805
0,854

fission widths

•

KeV :

0,034
0,034
0,034
0,034
0,034
0,034
0,035
•0,035
0,036
0,036
0,036 . i
0,037
0,038

, 0,039
0,040 •

. 0,041
0,042
0 , 0 4 3 .'••• .

'• 0,044
0,045
0,048 .
0,051 . . •:
0,054 • .

• 0,057
•' 0,060 ,

0,064
0,068
0,072
0,076 . .
0,081

for U

KeV
0,018
0,018
0,019 .
0,019
0,019
0,019
0,019
0,019
0,019
0,020
0,020
0,020
0,021
0,021
0,0i2
0,022
0,023
0,023
0,024
0,025
0,026
0,028
0,029
0,031
0,033
0,035
0,037
0,039
0,042

' 0,044

m

; KeV

0,056
0,056

• 0,056
0,056
0,056
0,056
0,057
0,058
0,058
0,059
0,060
0,061
0,062
0,064
0,065

' 0,066
0,068

. 0,070
0,072
0,074
0,079
0,083

' 0,088
0,094
0,099
0,105

• o . n i
0,118
0,125
0,133 .
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Table 3.1. Evaluated errors for the fission cross-section
t . 236,, .235,,

ra t io U and U.

Energy range, MeV Evauated error in the ratio (SA* [] /
6t ( ' " [ / ) , *

0,15 - 0,2
0,2 - 0,5
0,5 - 0,7
0,7 - 0,9
0,9 - 1,4
1.4 - 5 , 0
5 - 7 , 5
7.5 - 20

50.
20
10
5-7
3-5
2-3
3-5
5

Table 3.2. Evaluated data for the ratioCj('

E,
MeV

6, 6 L
MeV

E ,
MeV

0,15
0,16
0,1b
0,20
0,22
0,24
0,26
0,28
0,30
0,32
0,34
0,36
0,38
0,40
0,42
0,44
0,16
0,48
0,50
0,55
0,00
0,65
0,70
0,75
0,80
0,85
0,90
0,95
1,00
1,05
1.1

1,373.10^
1.3O9.I0"3

I.420.10-3

1.-152.I0-3

I.489-I0-3

1,522.10"?
1,549-10-3
1,572-T.O-3

I.5&5.I0-3

ilo^-lO-3

l,627-I0~3

I.64I-I0-3

2.46I-I0-3

2,b03-10"3

3.365-10-3

3.390-IO-3

4,264-IC-3

5,141'ICT3

7,792-ICT3

1,223-lCT2

1,930-ICT2

3.782.10"2

6,860-lQ-2

1.I33-10-1

1,595'XO"1

0,2123
0,2848
0,2954
0,3053
0,3728

1,2
1.4
1,6
1,8
2,0
2.2
2.4
2,6
2.8
3,0
3,2
3,4
3,6
3,8
4,0
4,5
5,0
5,5
6,0
6.5
7,0

7.5
8,0
8,5
9,0
9,5
10,0
10,5
11,0
11,5
12,0

0,4795
0,5676
0,5411
0,5986
0,6356
0,6767
0,6909
0,6958
0,7081
0,7219
0,7402
0,7525
0,7674
0,7779
0,7880
0,7858
0,8083
0,7937
0,8498
0,6556
0,9163
0,9139
0,8822
0,8822
0,8071
0,8876
0,e862
0,8867
0,0866
0,8803
0,0770

12,5
13,0
13,5
14,0
14,5
15,0
15,5
16,0
16,5
17,0
17,5
18,0
18,5
19,0
19,5
20,0

0,83b4
0,7990
0,7768
0,7650
0,7718
0,7946
0,8285
0,8549
0,8762
0,9109
0,9240
0,9366
0,9383
0,9313
0,9407
0,9394
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Table A . I .

Table h

E. HeV

I
0,16

.0,18
0,20
0,22
0,24
0,26
0,28
0,30
0,32
0,34- .
0,35
0,33 :"
0,40
0,42
0,44
0,46
.0,43
0,50 .
0,55
0,60
0,65
0,70
0,75
0,80
0,85
0,90
0,95
1,00
1,05
I .I
1.2

Leve l No.

I
2
3
4
5 .
6
7
8
9
10
I I
12
13
14 ..
15
16

2. Evaluated data for

' i c r 2 3 * 2

•
1 2

11,525
11,253
10,955
10,520
10,180
9,840

: 9,594
9,348
9,150
6,990
8,640
8,700
8,566
8,440
8,330

• 8,220
8,UO
6,032
7,780
7,604
7,430
7,280
7,150
7,053
6,970
6,900-
6,840
6,795
6,760
6,750
6,754

* •

: 3
10,635
10,205
9,874
9,403
9,057

. 6,713
8,462
8,185
7,964
7,775
7,698
7,430

" 7.269
7,114
6,972
6,830
6,663
6,572
6,247
5,997
5,745
5,489
6,218
4,984
4,793
4,622
4,452
4,285
4,153
3,972
3,754

; Level energy, keV
0,0
45,242
149,475
309,785
522,25
687,57
744,20
782,60
847,60
919,16
958,10
960,40
967,0
988,0
1001,40
1002,0

; Spin J and parity V
of

2 3 6 nU neutron cross-sectzons in

•
: 4

. 0,002 •
0,002
0,002
0,002
0,002

•0,002
• 0,002

0,002
;" 0.002

0,002
0,002
0,002
0,003
0,003
0,004
0,004
0,005
0,006
0,009
0.U14
0,022
0,043
0,078
0,129
0,183
6,248
0,342
0,354
0,371
0,453
0,585

• S*M
t

1 6
0,212
0,203
0,195

• 0,193
0,190
0,185
0,183
0,179
P.I75
0,171
0,168
0,163
0,159
0,155
0,152
0,151
0,151
0,152
0,157
0,163

• 0,168
0,172
0rI75
0,173
0,169
0,164
0,158
0,151
0,142
0,134
0,114

m

; direct

0,747
0,803
0,855
0,876
0,880
0,880
0,876
0,907

.0,927
0,954
0,977
1,002
1,026
1,053
1,081
1,106
1,135
1,160
1,213
1,257
1,306
1,274
1,462
1,533
1,577
1,603
1,609
1,702

1,859
. I.SS2

the level
O"1"
2 +

4+
6 +

8 +

I "
3 "
I 0 +

5"
0 +

2+

2 +

I"
2 "
3 +

7 "

the fast neutron energy range.

; total ; ;

6 : . -7 : 6
0,776
0,840
0,894
0,922
0,931
0,939
0,947
0,932
1,009
1,042
1,072
1,105
1,135
1,168
1,202
1,235
1,271
1,302
1,357
1,430
1,494
1,576
1,679
1,767
1,625
1,865
1,633
1,996
2,094
2,191
2,301
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Table k.2. (cont.)

I

1.4
1.6
i.e
2 ,0
2.2
2.4
2 ,6
2 . 8
3,0
3.2
3,4
3.6
3 . 8
4 ,0
4 , 5
5,0
5.5
6,0
5,5
7,0
7 ,5
8,0
8,5
9,0
9,5
10,0
10,5
11,0
11,6
12,0
12,5
13,0
13,5
14,0
14,5
15,0
15,5
16,0
16,5
17,0
17,5
18,0
18,5
19,0
19,5
20,0

: 2

6,850
7,040
7,244
7,442
7,62
7,755
7,659
7,930
7,905
6,010
7,9W
7,970
7,940
7,891
7,712
7,513
7,244
6,992
6,745
6,521
6,332
6,161
6,020
5,911
5,828
5,764
5,721
5,698
5,688
5,700
5,719
5,746
5,781
5,824
5,857
5,895
5,936
5,978
6,005
6,048
6,080
6,111
6,143
6,167
6,186
6,192

: 3

3,525
3,564
3,630
2,770
2,8^3
4,0^4
4,ie?
4,294
4,402
4,461
4,&C£
4,508
4,514
4,497
4,379
4,196
3,984
3,754
3,525
3,313
3,138
2,981
2,848
2,746
2,675
2,616
2,587
2,571
2,578
2,602
2,638
2,685
2,743
2,804
2,861
2,922
2,974
3,037
3,081
3,130
3,174
3,215
3,253
3,284
3,309
3,321

4

0 .̂728
0,684
0,771
0,625
0,874
0,833
0,876
U,e78
0,830
0,839 '
0,891
0,894
0,893
0,892
0,873
0,860
0,831
0,945
1,167
1,423
1,571
1,572
1,572

,1,572
1,564
1,550
1,541

.1,539
1,535
1,533
1,531
1,530
1,552
1,582
1,620
1,671
1,734
1,768
1,786
1,804

. 1 , 8 1 1
1,816
1,825
1,839
1,860
1,889

: 5

0,090
0,074
0,052
0.G54
0,0-17
0,040
0,031
0,029
0,024
0,020
0,016
0,013
0,011
0,009
0,007
0,006
0,006
0,005
0,005
0,004
0,004
0,003
0,003
0,002
0,002
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001
0,001

•

2,111
'2 .2B3

2,305
2,303
2.2PS
2,277
2,251
2,221
2.1S5
2,144
2,101
2,074
2,052

• 2,031
2,015
2,006
2,023
1,905
1.680
1,358
1,060
0,82
0,685
0,421
0,351
0,319
0,298
0,270
0,240
0,221
0.193
0,176
0,163
0,152
0,144
0,133
0,123
0,111

0,103
0,095
0,090
0,085

• 0,000
. 0,075

0,070
0,065

6

2,507

2,716
£,773
2,793
2, COS
2,763
2,762
2,729
2,699
2,640
2,550
2,555
2,522
2,493
2,453
2,424
2,423
2,288
2,048
1,711
1,399
1,145
0,697
0,721
0,637
0,597
0,672
0,547
0,518
0,499
0,469
0,448
0,431
0,417
0,405
0,391
0,377
0,362
0,349
0,338
0,329
0,319
0,310
0,302
0,294
0,286

7

0,070
0,220 .
0,460
0,700
0,870
0,950
1,000
1,020
1,040
1,056
1,065
1,065
1,045
0,972
0,855
0,720
0,580
0,470
0,390
0;336
0,295
0,260
0,240
0,220
0,205

- 0,190
0,175

8

0,015
0,037
0,082
0,165
O.k&Q
0,330
0,380
0,420
0,450
0,480
0,505
0,520
0,534
0,536
0,532
0,520
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Table 4.3. U level excitation cross-sections

• . Level energy 9 » keV

E " • ! 45,24 ! 149,48 -.'45,24 !l49,48! 309,78! 622,25 .* 687,57 ' 744,20* 847,60
I, y • • • . . • • . .

d i r e c t e x c i t a t i o n •i"-0^»» *• Compound nucleus i c c h a n i s i

0,16
0,18
0,20
0,22

0,24
0,26
0,28
0,30

0,32
0,34
0,36

0,38
0,40

0,42
0,44

0,46

0,48

0,50

0,029
0,032
0,039

. 0,044
; 0,051

0,059
0,067

0,074

0,080
0,085

0,091
0,098
0,103

0,108
0,113

0,119

0,123

• 0,128

0,0
. 0,001
0,002
0,003

0,004
0,005

• 0,006

0,007

• 0,008

0,010

0,012

0,014

0,7470
0,8074
0,8535

0,8753 .
0,8756

0,8736

•0,8674

0,8792
0,8926
0,9122
0,9271

0,9433
0,9577 "

0,9743

0,9908
1,0040

1,0209

1,0319

0,0
0,0006
0,0015
0,0027

0,0044

0,0064
0,0126
0,0278
0,0344
0,0418

0,0499 •
0,0587

0,0683
0,0787

0,0902 0,0

0,1019 0,0001

0,1149 0,0002

0,1278 0,000

KeV

Table A.3

:

: 45,24

; direct

. (cont.)

: 149,

excitation

48

.io-28.

•

2:

5,24

Level energy

! 149,48* 309,78
•

'522

;

, keV

,25 .'687,

Cospound

57 .'744,

nucleus

?0 * 847,60

•echanisa

0,55 0,136 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 1,0528 0,2739 0,0045 0,0428 0,0
0,75 0,176 0,041 1,0104 0,3021 0,0068 0,1362 0,0065 ,
0,80 0,186 0,048 0,9614 0,3208 0,0094 0.J908 0,0506
C,85 0,193 0,055 0,9184 0,3406 0,0128 0,2219 0,0833 0,0
0,90 0,201 0,062 0,8801 0,3584 0,0167 • 0,2392 0.IC79 0,0007
0,95 0,210 0,069 0,8328 0,3695 0,0209 0,2422 0,1251 0,0021
1.00 . 0,217 0,077 0,7703 0,3737 0,0255 0,2330 0,1331 0,0040
1.05 0,225 0,083 ' 0,7157 0,3605 0,026? 0,2]73 0,1285 0,0055
1.1 0,233 0,089 0,6610 0,3473 0,0279 0,2016 0,1239 0,0071
1.2 . 6,247 0,102 0,5328 0,3128 # 0,0335 0,0 0,1669 0,1158 0,0104
1,4 0,274 0,122 0,3617 0,2571' 0,0421 0,0001 0,1216 0,0994 0,0153
1.6 0,298 0,137 0,2876 0,2091 0,0451 0,0003 0,0930 0,0851 O.OIBO
1,8 0,320 0,148 0,2023 0,1532 0,0394 0,0004 0,0674 0,0672 0,0176
2,0 0,335 0,156 0,1385 0,1073 0,0308 0,:005 0,0461 0,0515 0,0157
2,2 0,346 0,159 0,0930 0,0731 0,0225 0,0006 0,0340 0,0383 0,0132
2,4 0,351 0,160 0,0611 0,0486 0,0157 0,0006 0,0235 0,0276 0,0105
2,6 0,352 0,159 0,0395 0,0319 0,0107 0,0005 0,0160 0,0194 0,0080
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T a b l e 4 . 3 . ( c o n t . )

HeV

0,90
0,95
1,00
1,05

I . I
1.2
1.4
1,6
1.8
2,0
2,2

2.4
2,6

*
. 919,16

0,0
0,0164
0,0383
0,0484
0,0585
0,0637
0,0572
0,0474
0,0364
0,0274
0,0202
0,0143
0,0097

• •
: 956,10 :
• •• •

0 ,0
0,0392
0,0725
0,1057
0,1404
0,1494
0,1327
0,1052
0,0808
0,0607
0,0438
0,0306

•
960,40 :

••

0,0
0,036?
0,0702
0,1037
0,1391'
0,1487
0,1323
0,1048
0,0806
0,0606
0,0438
0,0305

Level energy E^ ,

•
967,00 :

••

0,0
0,0358
0,0521 •
0,0683
0,0859
0,0830
0,0709
0,0543
0,0402
0,0292
0,0207 •
0,0144

•
988,00 :

•

.0 ,0
0,0124
0,0336
0,0548
0,0735
0,0804
0,0737

i 0,0594
0,0458
0,0345
0,0251
0,0178

keV

IOOI

o,
o,
o,
o.
o.
o,
o,
o.
o,
o.
o,

•.40 :
••

,o
,0256
,0513
,0914
1174

1121
0925
0735
0569
0421
0299

1002

o,
o,
o.
o.
o.
o,
o.
o.

,00

,0
,0001
,0002
0005
0007
0010
OOII
0010

••
•
•

0
0
0
0
0

o,
I,
I,
I ,
I ,
I ,

Continuous
spectrui
excitation,

,0
,0294
,0579
,1858
,5575
,9755
,3044
,5616
,7602
,8985
,9911

T a b l e 4 . 3 . ( c o n t . )

n .
KeV

2
3
3
3
3
3
4
4

_̂

.0

.0
,2
,4
,6
,6
,0

" n »
KeV

2,
3,
3,
3 .
3 .
3 .

4 ,

• > >

, 8 "
,0

,2
4
5
8
0

5

:

:
: 45,24 : 149,48

. direct excitation

0,350
0,347
0,3-42
0,337
0,332
0,324
0,318
0,302

:

: 9I9, I6 :

0,0064
0,0042
0,0025
0,0016
0,0009
0.00C5
0,0004

0,0

o,
o,
o,
o,
o,
o,
o,
o.

958,10

0,0207
0,0136
G»0035
6,0053
e,tX333
OjOO^t

o.oeifi
0,0

158
157
154
152
149
145
144
136

-2,

: 95C

o.
o.
o.
o,
o.
o,

o,

Level energy E«j .

:45,24

0
0
0
0
0
0
0

• • • o

),40

0206
0136
0085
0053
0033
0021
0012

0

,0253
,0160
,0097
,0060
,0037
,0023
,0014
,0

Leve]
: 96-,

o,
o,
o.
o,
o.
o.
o.
o,

:149,48 :309,76

Compound

0,0207
0,0133
0,0085
0,0053
0,0034
0,0022
0,0014
0,0

I energy

0,0072
0,0049
0,0035
0,0023
0,0015
0,0010
0,0006
0,0

E<* •

',00 : 988,00 :

,009d
,0066
,0041
0026
0017
OOII
0007

0

0,0124
0,0064
0,0054
0,0035
0,0022
0,0014
0,0009

0,0

keV

:522,25 : 687,57 :744,20

nucleus nechanisn

0,0005
0,0004
0,0004
0,0004
0,0003
0,0002
0,0001
0 , 0

keV

1001,40

0,0205
0,0136
0,008";
0,0055
0,0035
0,0022
0,0014

0,0

0,

o,
o,
o,
o,
o,
0,

,uI07 0
,0071 0
,0044 0
,0028 0
,C0I8 0
,0011 0
,0007 0
,0 0

1002,00

0,0009
0,0008
0,0007
0,0006
0,0004
0,0003
0,0002

0.0

,0133
,0090
,0058
,0038
,0025
,0016
,0010
.0

•

: 847,60

0,0059
0,0042
0,0030
0,0021
0,0014
0,0010
0,0006
0,0

: Continuous spec

: e x c i t a t i o n , 10

2,
2,
2,
2 ,
2 ,
2 ,
2 ,

2 ,

,0462
,0793
,0703
0539
0441
0328
0190

0150
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Table 4.3. (cont.)

n *
KeV

• 5,0
5,5
6,0
6,5
7,0
7,5
8,0
6,5
9,0
9 ,5
10,0
10,5
11,0
11,5
12,0
12,5

: E^ , keV

. 45,24 : 149,48

Direct excitation

0,289
0,278

'0,268
0,260
0,252
0,244
0,237
0,229
0,222
0,213
0,209
0,207
0,211
0,213
0,214
0,213

i2 ;

0,129
0,122
0,115
0,108
0,101
0,095
0,088
0,083
0,078
0,073
0,069
0,067
0,066
0,065
0,064
0,063

• Continuous
spectrum
excitation,

10 tr

2,006
2,023
1,905
1,680

' 1,358
1,060
0,820
0,535
0,421
0,351
0,319
0,298
0,270
0,240
0,221
0,193

• En
• *< n »
; KeV
* •

13,0
13,5
14,0
14,5
15,0
15,5

- 16,0
• 16,5

17,0
17,5
18,0
18,5
19,0
19,5
20,0

: E

45,24

S *

' 149,48

Direct excitation
l o - 2 8 w2

0,211
0,209
0,2a/
0,204
0,202
0,199
0,197
0,194
0,192
0,190
0,187
0,184
0,162
0,180
0,178

0,061
0,059
0,058
0,057
0,055
0,055
0,054
0,052
0,051
0,049
0,047
0,046
C.045
0,044
0,043

" Continuous
': spectrum

excitation.

JO IT

0,176
0,163
0,152
0,144
0,133
0,123
0,111
0,103
0,095
0,090
0,085
0,030
0,075
0.C70
0,055

Table 5.1. Fission barrier parameters for uranium isotopes.

Parameter

j^A
. "eV

, KeV

t KeV

. KeV

:
2
t

1*7 u

6,2
1,2
5,85
0,5

Compound
: Ufiy

5,7
1.2
5,55
0,6

nucleus

* ?i5U

5,8
1.2
5,75
0,5

* 2^4T T

5.7
1,2
5,50
0,60

Table 5.2. level

:

Parameter j

B n , KeV
T n , KeV
E - » KeV
U ' 2 , KeV
6 * exp

<D> [?] 0,
5W exp *eV

a , MeV"1

alNi), KeV"1

density parameters fcr uraniui

236 u
7/2"
'6,546
0,383
0,0156
4 , 1
11,25

438+0,038
- 1,624

24,863
22,614

Coapound nucleus

o+

5,305
0,401

. - 0,9341
3 , 8 .
12,22

10,6+ 0,5
- 1,700

23,500
21,251

isotopes.

5/2+

6,841
0,392
0,0186
4 , 0
11,35

0,61 + 0,07
- I,704
21,986
19,933
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Table 6.1. Average number of neutrons emitted per fission event.

E,
HeV

HeV

O.I
0.2
0,3
0,4
0,5
0.6
0.7
0,8
1,0
1,5
2,0
2,35
3.0

2,348
2,360
2,371
2,383
2,394
2,406
2,417
2,429
2,441
2,464
2,522
2,579
2,620
2,714

2,374
2,336
2,397
2,409
2,420
2,432
2,443
2,455
2,467
2,490
2,548
2.605
2,646
2,740

0,030
0,030
0,030
0,030
0,030
0,028
0,026
0,024
0,022
0,019
0,019
0,019
0,019
0,019

4,0
6,0
8.0
10,0
12,0
14.7
16,0
18,0
20,0

2,860
3,150
3,412
3,674
3,936
4,289
4,442
4,678
4,913

2,886
3,171
3,428
3,690
3,952
4,305
4,458
4,694
4,929

0,022
0,025
0,050
0,060
0,070
0,080
0,100
0,120
0,120

10
10

Fig. 2.1. Comparison of evaluated (i) and experimental data for
in the 1-150 keV energy range.

O - /I9/; x - /IO/; "L - /20/; ~\_- p2/

1OZ E, keV

U)
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Fig. 2.2.

'fO . SO 6O 100 . MO ZPO . *0ff [ |(ey

Effects of various force functions for the basic and excited states on calculation of
1 - Calculation taking account of the difference in So jn the ground and excited states;
2 - Without allowing for this difference; ~"L [20];

g
[22] (experimental data).

_ 0,9 £, MeV

Fig. 3.1. Comparison of evaluated and experi»ental data
for ffy in the energy range 0.1-1.1 MeV:
1 - result of the present evaluation; 2 - ENDF/B-V evaluation [63];

B - /36/; A - AM/; + - /30/; o -

50



£. KeV

Fjg. 3.?. Comparison of evaluated and experimental data for (T^ in the
1-3 MeV range: 1 - result of the present evaluation; 2 - ENDF/B-V evaluation [63];
• - [32]; to - [36]; & ~ [34]; • - [30]; O - [31].

7 /• MeV

Fig. 3.3. Comparison of evaluated and experi«ntal data for tf-V^
in the 3-7 MeV range:
1 - result of the present evaluation; 2 - ENDF/B-V evaluation [63]; • - [32];
K - [36]; A -[34]; * - [ 3 0 ] ; x - [33]; © - [31]; O - [35].
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r'W

1,1 -

1,6

1.5

" • . ! . , • / .

a

X

1

y
X

X

' %

X •

— • * . .

—^vqr

9 • £, HeV

Fig. 3.U. Comparison of evaluated and experimental data forff^in the 7-11 KeV range;

1 - result of the present evaluation; 2 - ENDF/B-V evaluation [63]; • - [32]; x - [33];

O - [36]; 0 - [35]; ^ - [3*].

19 £,. HeV

Fig. 3.5. Coiparison of evaluated and experimental data for <r̂ . in the 7-11: HeV range;

1 - result of the present evaluation; 2 - ENDF/B-V evaluation [63]; 1 - [32];

§ - [29]; ̂  - [39]; f - [38]; £ - [37].
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£. HeV

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].

J.SO

225

T:

\ v

t \

° : . 1 Z f * /, MeV

Fig. 4.2. Level 4 (149.A8 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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1.5
•2 10 /,/7eV

237.,
Fig. 4.3. Cross-section for formation of the U compound nucleus (calculated by
the coupled-channel «ethod).

GOf

Fig. A.*. Comparison of evaluated and experimental data for S^J^^U ;

1 - present evaluation; 2 - ENDF/B-V evaluation [63]; "~» [20J; e - [22];
^- [56]; O - [57]; £ - [56].
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O.f
02 0,5 ' 1,0

Fig. 4.5. Total cross-section (I) and elastic (2) and inelastic (3) scattering cross-sections
in the energy range 0.16-20 HeV as evaluated in the present work and their comparison with the

ENDr/B-V evaluation: 4 - «~1
1

5 _ er" . 6 _
n1

nn1

Fig. 5.1. Comparison of calculated and experiiental data for fission cross-

section in the 2-20 KeV range: 1 - calculation of <?nF \ 2 - (fni\ 3 - Gnj-

(for notation see Figs 3.1-3.5). '
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•>•&:

1,0

0,?

_ 2
i

in 17 n /, HeV

rig. 5.2. Evaluated figures for cross-sections for the (n , 2n) t (n , 3/t) reactions:
1 - present evaluation; 2 - ENDF/B-V evaluation [63]; 3 - ENDL-78 evaluation [64],

V

10-'

A

A l

10 12 £, HeV

Fig. 6.1. Energy distributions for the first neutrons of
reactions: I - (n%n'X)\ 2 - (/2 , n'); 3 - ~(/Z, 2/7);

4 - (/2, 3/Z) at an incident neutron energy of 14 MeV. The
spectrum integrals are normalized to the proportions of the
corresponding reactions in the (n.n'x) reaction.
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isd 8 ,w

Fig. 6.2. Angular distributions of elastically (l) and
inelastically scattered neutrons at levels 2 (2) and
i* (3) at an incident neutron energy of A MeV.

Fig. 6.3. Angular distributions of scattered neutrons at an
energy of H HeV (for notation see Fig. 6.2).
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