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ANALYSIS OF 2 3 5U NEUTRON CROSS-SECTIONS IN THE FAST NEUTRON ENERGY REGION

A.B. Klepatskij, V.A. Kon'shin, V.M. Maslov, E.Sh. Sukhovitskij

The need to carry out evaluation of the whole system of nuclear data

235
for U has arisen as a result of the appearance of new experimental data

and the establishment of more accurate theoretical models for calculating

neutron cross-sections [1]. New experimental results have appeared on the

fission cross-section, the total cross-section and the a parameter. In the

low energy region, experimental data on the fission cross-section classified

according to the spin of the compound nucleus have been obtained, and this has

made it possible to resolve a large number of close resonances. Progress in

the theoretical interpretation of neutron cross-sections has allowed

evaluation of nuclear data using the coupled channel method (even for nuclei

with large ground state spin values), correct level density and transient

fission state models, and the multicascade statistical model taking into

account the possibility of pre-equilibrium decay.

The present work focuses on the specific aspects of evaluating neutron

data in the fast neutron energy region. Emphasis is placed on the evaluation

of those types of cross-section for which few experimental data are available

or where the data are contradictory.

The total interaction cross-section and the potential and direct

inelastic scattering cross-sections have been evaluated on the basis of

calculations using the coupled channel method with the potential obtained for

the actinide group [2]. Taking into account the proposed isotopic dependence,

235
the potential parameters for U are:

VR « 46,03-0,3E; zR * 1,256 f• ; a R = 0,626
 f-;

w f3,05+0,4E (E^elO " e V ) , ZD « 1,260 f-;
0 [7,05 (E>I0 Hev), a D « 0,555* 0.004E;

Vs0» 7,5 «*V; j3p= 0,201; J>>k - 0,072.

The calculations took into account the coupling between five levels of

the main rotation band at energies close to 3 MeV, while at higher energies
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Fig. 1. Comparison of theoretical (continuous curve) and experimental

(I - 13]; A - [4]; X - [5]; 0 - [6]) cross-sections a
235

for U in the 0.1-20 MeV energy range.

they were performed in the adiabatic approximation. At the same time, the

neutron transparencies needed for calculations using the statistical model

were obtained. Calculated and experimental [3-6] data on the total cross-

235
section o for U are shown in Fig. 1. The discrepancy between the

theoretical and experimental cross-sections is no more than 2%, which is

within the error of the evaluated curve. In Figs 2-4 a comparison is made

between experimental and theoretical (calculated using the coupled channel

method and the statistical model) integral elastic interaction cross-sections

and scattered neutron angular distributions. From Fig. 2 it can be seen that

the earlier data on the measurement of the elastic scattering cross-

section 17, 8], obtained in experiments with inadequate energy resolution,

contain a contribution from inelastic scattering of neutrons at low-lying

levels. This contribution amounts to about 10% in the energy region up to

2 MeV and about 5% in the 3-20 MeV region. Figure 3 shows good agreement with

the experimental data, thus bearing witness to the accuracy of the direct and

compound process calculations, since at 0.7 MeV the contribution from pro-

cesses involving the formation of a compound nucleus is significant (for the
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Fift. 2. Comparison of theoretical and experimental ( D - [7]; 0 - [8])

integral cross-sections for elastic scattering of neutrons by
235

the U nucleus in the 0.1-20 MeV energy range:

1 - calculation for the ground state (7/2~); 2 - calculation

for the ground state taking into account the contribution of

inelastic scattering at the first five levels (73 eV, 13, 46, 52

and 82 keV); 3 - ENDF/B-V evaluation [9).

— 28 o op o
46 keV level, a = 0.168 x 10 m , a.. = 0.143 x 10 m ),

comp air

whereas at 3.4 MeV it is less than 0.02%. From Fig. 4 it can be seen that the

data on the angular distributions of elastically scattered neutrons [11],

obtained with low energy resolution, may be analysed only by taking into

account the contribution from inelastic scattering of neutrons at low levels

(at least two-three). Therefore evaluations based on Legendre polynomial

expansion of the experimental data as a rule significantly underestimate the

anisotropy of elastic scattering.

The generalized optical model of the nucleus involves a change in the

neutron transparency coefficients for various partial waves. The accuracy of

the neutron transparency calculation affects primarily the value of the

compound nucleus formation cross-section, and consequently the reliability of

the calculation and evaluation of the inelastic scattering cross-section, both

the total cross-section and the cross-sections at the individual levels.
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Comparison of theoretical (continuous curve) and experimental data

(• - [10]) on the angular distribution of scattered neutrons for
235 -

U at 0.7 MeV(a) and 3.4 MeV(b) for the levels 7/2 - ground

state; l/2+ - 73 eV, 3/2+ - 13 keV (curve 1);

9/2~ - 46.2 keV; 5/2+ - 51.7 keV (curve 2) and for the level

ll/2~ - 103 keV (curve 3).

235
In calculating the cross-sections for inelastic scattering of U

using the statistical model, neutron transparency coefficients computed by the

coupled channel method were employed. In the region of energies greater than

the highest discrete level (426.7 keV), a continuous level spectrum was used.

In order to predict the level density energy dependence in the neutron channel

and the transient fission states, the superfluid model of the nucleus taking

into account collective effects was used [12]. Such an approach made possible

a good description of the experimental data on the excitation cross-sections

238 239
for discrete levels of U and Pu [1] and was therefore also used for

235
U.

The main difficulty in experiments to measure the neutron inelastic

235
scattering cross-section for U lies in the subtraction of the fission

8
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FJR. 4. Comparison of theoretical and experimental (• - [11] data on the

angular distribution of scattered neutrons for U at 14 MeV.

Results of the present calculations: curve 1 - sum of levels

(7/2" - ground state; 9/2~ - 46.2 keV; ll/2~ - 103 keV;

13.2" - 170.7 keV); curve 2 - level 7/2~; curve 3 - 9/2~;

curve 4 - ll/2~; curve 5 - 13/2~.

spectrum from the total spectrum and the subtraction of inelastic contri-

butions of low-lying levels from the elastic peak. The authors of Ref. [13]

235
determined the neutron inelastic scattering cross-section for U level

groups in an experiment where the energy resolution was not high enough.

Figure 5 shows a comparison of the experimental data [7, 13, 14] with the

theoretical data obtained by us for three level groups. It can be seen from

the diagram that the theoretical and the available integral experimental data

agree to within the limits of the experimental error. It is difficult to make

a more detailed comparison because of the low energy resolution of the

experiment in Ref. [13] (it is not clear, for example, whether the

150.5 keV level was included in the experimentally measured cross-section

a for the level group 100 < Q < 150 keV). As yet, it is difficult to
nn

draw any definitive conclusions regarding the efficiency of the theoretical

model used to calculate the cross-section a , since no experimental data
nn



Comparison of theoretical and experimental (• - [7], • - [13]
235

x - [14]) data on the excitation of U level groups for

neutron inelastic scattering. Sum of levels: curve 1 - 103,

129.3 and 150.5 keV; curve 2 - 103 and 129.3 keV;

curve 3 - 170.7, 171.4, 197.1 and 150.5 keV; curve 4 - 170.7 and

197.1 keV; curve 5 - 225.4, 291.1 and 294.7 keV; curve 6 - total

inelastic scattering cross-section.

235
are available on the excitation functions for the individual levels of U

in neutron inelastic scattering. Note that the inelastic scattering cross-

sections a , calculated by the authors in the 1-2.5 MeV region are some-

nn

what higher than the experimental data [7, 13] obtained with poor energy

resolution (curve 6, Fig. 5), which confirms the assumption made above that

the contribution from low-lying levels was included in the elastic scattering

in these experiments.

10
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Comparison of the results of the present calculations (curves 1, 3

and 4) with ENDF/B-V data [9] (curve 2) on the excitation

functions for the levels 46.21 (a), 103.03 (b) and 170.73 + 171.36 (c)

in neutron inelastic scattering (3 - direct excitation process;

4 - compound process).

Comparison of the results of the present work with ENDF/B-V data [9]

(Fig. 6) on ievel excitation functions shows considerable discrepancy, due to

the fact that the contribution of direct processes was not taken into account

in Ref. [9]. In that evaluation, the level 170.73 keV is not included and the

excitation cross-section for the level 172 keV evidently includes the excita-

tion cross-section for the two levels (170.73 and 171.36) in our evaluation.

In addition, there are also discrepancies in the calculated compound contri-

butions to the level excitation functions arising from the insufficiently

accurate methods used in Ref. [9] to calculate the cross-section a . from
nn

the energy-level diagram and for the method of taking into account fission

competition. Naturally, the discrepancies in the level excitation cross-

sections also affect the total inelastic scattering cross-section (Fig. 7).

The results of the present work and the ENDV/B-V evaluation [9] for the cross-

section c vary by a factor of 1.5-2. The majority of discrepancies in

nn
the 0.1-5.0 MeV region result from taking into account the contribution of

235direct processes to the low-lying states of U, which was disregarded in

11
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235.Fig. 7. Total neutron inelastic scattering cross-section for """u from

the threshold to 20 MeV: 1 - result of the present work;

2 - ENDF/B-V 19].

the ENDV/B-V evaluation. In the energy region above 7 MeV, the higher value

for the cross-section or , obtained in the present work is accounted for

by the fact that pre-equilibrium processes were included in our evaluation.

Both these effects lead to hardening of the emitted neutron spectrum.

There are few experimental data on the cross-sections for the (n,2n)

and (n,3n) reactions [15-17], and those that are available are contradictory.

The problem of evaluating the cross-sections for these reactions can be solved

by using a consistent description of the cross-sections for fission and for

the (n,2n) and (n,3n) reactions. In this endeavour, the correct determination

of the contributions to the total fission cross-section from emissive fission

in reactions of the type (n.xnf), where x = 1, 2 ..., calls for a knowledge

not only of the fissilities of the corresponding nuclei, but also of the

spectrum of inelastically scattered neutrons.

The results of Ref. [18] were used to determine the fissilities of the

nuclei. These results show that, if collective, superfluid and shell effects

exerted on the level densities by equilibrium-deformed and severely deformed

states, and also by deformations disrupting the mirror symmetry of the fissile

nucleus in saddle configurations, are taken into account, it is possible, in

the double-peaked fission barrier model, to reproduce the energy dependence of

the experimental fission cross-sections for uranium and plutonium isotopes in

the region of the first "plateau".

12



The availability of experimental data on all types of neutron

cross-section above the threshold of the (n.n'f) reaction and on the secondary

238
neutron spectra for U gives the unique opportunity of making a consistent

description of the cross-sections for the reactions (n,F), (n,2n) and (n,3n)

in the neutron energy region up to 20 MeV. The parametrization of the

secondary neutron spectra for U within the framework of the

pre-equilibrium decay model made it possible to reproduce the fission

cross-section in the energy region 1-20 MeV and, consequently, to evaluate the

cross-sections for (n,xn) reactions. The conditions for the optimum

238
description of the hard part of the spectra for U were used to

determine [19] the main parameter of the pre-equilibrium decay model (a

3
two-particle interaction matrix element equal to 10/A ) which was used

235
for U. In order to describe the cross- sections close to the thresholds,

the level density in the neutron and fission channels was approximated by a

constant temperature model, the parameters of which were determined from the

condition for a smooth "seam" with the super- fluid nucleus model [12].

Such an approach made it possible to reproduce the cross- section c to

nr

within the limits of the errors in the experimental data for virtually the

whole of the energy region examined (Fig. 8). Evaluations of the behaviour of

the cross-section for the first "chance" fission, a f [9, 20], and

consequently, other "chances" are very contradictory and at energies greater

than the threshold for the (n,n'f) reaction differ by several times. The

slight decrease in our calculation of the cross- section a f can be

explained by the increase in the contribution of the non-equilibrium component

to the inelastically scattered neutron spectrum.

Figure 9 provides a comparison of the evaluated cross-sections for the

(n,2n) and (n,3n) reactions with experimental data renormalized to take
235

account of contemporary standards for the cross-section a for U and
nr

238 - 25?
U and for the number v for '"Cf. As can be seen from Fig. 9, our

evaluation of the cross-section a agrees well with the experimental

13
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Comparison of theoretical and experimental (taken from Ref. [1])
235

data on the fission cross-section for U. Calculations of the

present work: 1 - fission cross-section; 2 - cross-section for

first "chance" of fission. Curve 3 - evaluation of the first

"chance" of fission, obtained in Ref. [20].
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FIR. 9. Comparison of the evaluated cross-sections for (n,2n) reactions

(curves 1 and 3) and (n,3n) reactions (curves 2 and 4) from the

present work (curves 1 and 2) and from ENDF/B-V [9] (curves 3

and 4) with the experimental data: I _ g" f\5/; i - €n Or

data of Refs [17] and [15], with the exception of the point 14 MeV, and the

evaluation of the cross-section o o agrees well with the data
n,3n

in Ref. [16]. The ENDF/B-V evaluation [9] for the cross-sections a
n,2n

and a „ does not agree with the available experimental data,
n, 3n

Full data on the evaluated cross-sections a, , a , a , a ,,
t n ny nn'

<j , (E ), a., a _ , a , and v. , the angular distributions of
nn' q f n,2n n,3n t
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elastically and inelastically scattered neutrons, and the secondary neutron

spectra are contained in Ref. [1].

In view of the above, it may be concluded that the whole system of

235 -5

evaluated nuclear data for U in the energy region from 10 eV to

20 MeV [1] has been established by means of correct theoretical models

implementing modem physical concepts and taking into account all the

available experimental results.
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ENERGY DISTRIBUTIONS OF SECONDARY NEUTRONS FOR 235U

V.A. Kon'shin, Yu.V. Porodzinskij, E.Sh. Sukhovitskij

Reference [1] demonstrates that a self-consistent description of the

reactions (n,2n), (n,3n), (n.xnf) and of the total neutron spectra of these

238 235

reactions for U and U is possible using a theoretical model incor-

porating such features as accurate calculation of neutron transparencies and,

consequently, of the compound nucleus formation cross-section, allowance for

pre-equilibrium emission of neutrons, and calculation of the level density in

the neutron and fission channels within the framework of a superfluid nucleus

model taking into account shell and collective effects.

However, the program embodying the described model [2] is not able to

predict the spectra of each of the sequentially emitted neutrons for specific

reactions: it only gives the total neutron spectra for the reactions (n,nf)

and (n,xn).

Therefore, with a view to calculating the energy dependences of

secondary neutrons in specific reactions, a simple model was developed which

makes no allowance for dependence on spin J, but does permit the neutron

spectra for these reactions to be obtained. The first neutron spectrum for

the reaction (n,xn> was found by summation of the pre-equilibrium neutron

emission spectrum determined by the exciton model [3] and the equilibrium

neutron spectrum determined as in Ref. [4]

where E is the energy of the incident neutron; E1 is the energy of the

emitted neutron; a (E ,E*), is the cross-section for the inverse
c n

reaction to neutron emission; p is the state density of the residual

nucleus; and B is the neutron separation energy.

The total first neutron spectrum is the sum of the pre-equilibrium and

equilibrium spectra in specific proportions. The relative proportions of the

17



pre-equilibrium part of the spectrum and the compound cross-section are

2
determined using the two-particle interaction matrix element M , which is

3
equal to 10/A [5]. This spectrum defines the excitation distribution for

residual nuclei after emission for the first neutron x (E). It is not

difficult to obtain the nucleus excitation probability distribution after

emission of the (n + l)-th neutron:

f
where S (E',E) is the probability that a nucleus A with an excitation E*

will emit a neutron of energy E*-E-B and turn into a nucleus A-l with

excitation E.

The probability S (E',E) is normalized using the condition

\ S (fc, E)dE -,
where F (Ef) and r(E') are the neutron and total widths,

n

Assuming that the second and subsequent neutrons are emitted from the

equilibrium state, the spectrum I defines S (E',E) to within the

accuracy of the normalization f(E'):

SA(E\E) = f(E')oc(E'-Bn-E)(E'-Bn-E)p(E),

where

r(£') J 6c{E'~Bn-E)(£'-Bn-E)jo(E)d£
0

allowing for o (E,E«) = o (Ef).
c c

The spectrum of the second neutron in the reaction (n,2n'x) was

determined using the formula

J ( 2)<En,£')

18



The spectrum of the third neutron in the reaction (n,3n'x) was determined as

follows

1 (tn,£)= j % (£)S (E,£-B* -£

ri

The spectrum of the reaction (n.n'y) was determined thus

rA(F -f>\

The spectrum of the first neutron in the reaction (n,2n) was found using the

formula

where

0, if

d£, if

and the spectrum of the second neutron in the reaction (n,2n), using the

following expression

1 " ' ^ ^

n

Analogous expressions can be written for the spectra of the

sequentially emitted neutrons from the reactions (n,3n), (n.n'f),

(n,2n'f), etc. The total secondary neutron spectra and the contributions of

the reactions (n,n')« (n,2n), (n,3n), (n.n'f), (n,2n'f) according to the above

model agree with the results of calculations by the STAPRE program [2] using a

level density from a Fermi-gas model with a fundamental parameter a, some

20% higher than the value used in Ref. [1]. Fission widths in the fast energy

region were determined from the relationship of the fission cross-section to

19



the compound nucleus formation cross-section (the lat ter being calculated by

the coupled channel method). In this way, i t proved possible to use the above

model to calculate partial secondary neutron spectra.

The results of calculating spectra for secondary neutrons emitted in

the reactions (n,2n), (n,3n) and (n,nf) for U are given in Figs 1-4. No

2 3 4 5 6 8 1 0 2 2 3 4 6 8 105 2 3 4 5 6 En,
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68 W2 2 4 6J103 2 4 6S1O4£,

(b)
n ,

Energy distributions for secondary
neutrons emitted by ^ " u for an incident
neutron energy of 6 MeV (a) , 8 MeV (b),
10 HeV (c) : 1 - f i r s t neutron froi the

reaction (n,2n); 2 - second neutron from
the reaction (n,2n); 3 - neutron from the
reaction (n ,n ' ) ; I - experimental data on
the neutron inelastic scattering spectrum
for 2 3 8U [63.
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(b)

- 2 Energy distributions of secondary neutrons emitted by 235U for an incident
neutron energy of 14 MeV (a) and 20 MeV (b): I , 2 - f i r s t and second neutrons
from the reaction (n,2n) respectively; 3, 4 - f i r s t and second neutrons from
the reaction (n,3n) respectively; 5 - third neutron from the reaction (n,3n);
6 - neutron from the reaction (n,n*) .
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Energy distributions of first neutrons
emitted by ^ ^ U for an incident neutron
energy of 8 MeV: I - neutron from the
reaction (n,n'); 2 - first neutron from
the reaction (n,2n); 3 - neutron from
the reaction (n.n'f); 4 - total first
neutron spectrum.
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(b)

Energy distributions of first neutrons emitted by ^35y for an incident neutron
energy of 14 MeV (a), 20 MeV <b>: I - neutron from the reaction (n.n1); 2 -
first neutron from the reaction (n,2n); 3 - first neutron from the reaction
(n,3n); 4 - spectrum of first neutrons from the reactions (n.n'f) and (n,2nf)
[and the reaction (n,3nf) in Fig. 4(b)]; 5 - total first neutron spectrum.

Table

Mean energy values F of secondary neutrons for

Incident neutron
energy, MeV

£ , MeV

First neutron
from the reac-
tion (n,2n)

Second neut-
ron fro* thu '
reaction (n,2n)

First neutron
from the reac-
tion (n,Jn>

Second neut-
ron from the
reaction (n,Jn!

Third neutron
from the reac-
tion (n,5n>

Neutron from
the reaction

0,5
1,0
2,0
3,0
4,0
6,0
8,0
10,0
12,0
14,0
16,0
18,0
19,0
20,0

0,,40
1,03
1,34
1,76
2,88
5,48
7,82
9,13
9,96

0,31
0,36
0,68
0,89
I.I4
1.24
1,10
1,05
1,06

0,67
1,28
1,78
2.00
2,27

0,13
0,73
1,02
1.19
1,30

0,23
0,45
0,63
0,70
0,80

0.05
0,29
0,55
0,69
0,83
1,45
4,13
6,42
8,40
10,40
12,22
14,37
15.38
16.38

Note: The mean energy of first neutrons emitted
neutron energy of 8.0, 14.0 and 20.0 M»V Is 1.08, I

In (n.xnf) reactions for an Incident
.78 and 3.13 MeV, respectively.
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235
experimental data on secondary neutron spectra for U are given. A quali-

235
tative comparison of data calculated for U with the experimental results

238
of Ref. [6] for a U neutron inelastic scattering spectrum for E = 6 MeV

(see Fig. 1) shows that they agree fairly well.

The mean energy values E of the secondary neutrons emitted in the

individual reactions are given in the table. Naturally, as the primary

neutron energy rises, the secondary neutron spectra become harder. The first

neutron emitted has a higher energy, and each subsequent neutron a lower

energy. Neutrons emitted in the (n,nf) reaction have particularly hard

spectrum.

In Figs 3 and 4, the total spectrum and partial spectra of first

neutrons from the reactions (n,n')t (n,2n) and (n,3n) are given. The spectrum

of pre-fission first neutrons is also given. Their mean energy shows

relatively little variation: from 1 to 3 MeV in the 8-20 MeV incident neutron

energy region. The shape of these spectra differs from a Maxwellian

distribution, especially for high incident neutron energies.

Complete files of evaluated data must include the partial and total

fission cross-sections and the secondary neutron spectra for these processes.
238

Experimental data for U show that, where the initial neutron

energy is higher than the threshold of the reaction (n.n'f), a significant

proportion (about 17%) of the neutrons emitted before fission have a spectrum

which differs from a Maxwellian distribution [7]. As a rule, the spectra of

prompt fission neutrons given in current files do not allow for this

peculiarity. The calculations carried out using the above model permit the

spectra of pre-fission neutrons to be obtained.
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SYSTEMATICS OF RADIATION WIDTHS AND LEVEL DENSITY PARAMETERS
IN THE MASS NUMBER RANGE REGION 40 < A < 250

V.M. Bychkov, O.T. Grudzevich, V.I. Plyaskin

A knowledge of the mean radiation widths of nuclei or, more import-

antly, of the radiative strength functions is required when calculating, on

the basis of a statistical theory, mean radiative capture cross-sections and

cross-sections for reactions of the type (n.yx) and (n.xy), and also

emission spectra of y-quanta in various nuclear reactions.

A number of papers dealing with the systematics of mean radiation

widths at the neutron binding energy have been published. Fairly detailed

information is given in Refs [1-3]. A general disadvantage of these

systematics is the complex dependence of the radiation widths on the relative

atomic mass of the nucleus, which makes interpolation and prediction of data

over a wide range of mass numbers difficult. The present paper suggests a

systematics based on a reduced radiative capture strength function for the

El-transition, which eliminates fluctuations in the analysed quantity with

neutron binding energy, nuclear level density and y-quanta energy.

As a result a smooth dependence is obtained for the fitting parameter

of the radiative strength function for El-transitions in relation to the

relative atomic mass of the nucleus.

PROCEDURE FOR OBTAINING MEAN RADIATION WIDTH iSYSTEMATICS

Basic relationships for mean radiation widths. This paper bases the

systematics of mean radiation widths on a determination of the radiative

strength function

JX'L T
where X,L is the type of transition (electrical or magnetic) and its

multipolarity;
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c the ^-quanta energy;

<F, > the mean radiation width of the transition between the
XYW

states X.Y.p;

<D. > the mean distance between resonances;

X the compound nucleus resonance system; and

V the resonances (levels) at which decay takes place.

The aim of the calculations is to determine the radiative strength

function for El-transitions (fg,) on the basis of existing experimental data

on the mean radiation widths and resonance density at the neutron binding

energy. It is assumed that the El-transitions account for the determining

contribution to the mean radiative capture width; the contributions of direct

and valence captures is disregarded. With those assumptions, the observed

mean radiation width can be written as

J+1

<D>e * T S J

where <F >., <D>9 are the experimental values of the total radiation

width and the mean distance between resonances, which are excited by neutrons

with an orbital angular momentum I; B is the neutron binding energy in

the compound nucleus; p(B -c ,1) is the density of the levels at

which decay takes place; I is the total momentum; and J is the total

angular momentum. According to the Brink-Axel hypothesis, the

function f_,(e ) can be written using the inverse photoabsorption

cross-section:

(2)

where C. is the desired coefficient, independent of the Y-quanta energy;

A is the relative atomic mass of the compound nucleus; and E_ and F_

R K
are the Lorentz dependence parameters of the giant dipolar resonance

-1/3
(EJJ = 80 A MeV, rR = 5 MeV).
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The transparency coefficients T_.(e ) are related to f (c ) by the
c.1 y CJ. y

3
expression T (c ) = 2*f (c )c .

tl Y Hi. T T

The level density p (U,J) must be known in order to establish the

systematics of Cft as a function of the mass number A. The following

subsection deals with the systematics of level density parameters, which is

used later to calculate the coefficient C using expressions (1) and (2).

Systematics of level density parameters. The Fermi-gas model is widely

used in various forms 14-6] to calculate nuclear level densities. In spite of

serious defects [7], this model makes it possible to establish simple

systematics based on normalization of the energy dependence of the nuclear

level density with respect to observed values of <n>. over a fairly wide

range of excitation energies. The most widely used level density parameter

systematics is that given in Ref. [6] within the framework of a Fermi-gas

model with "back-shifting" on the basis of experimental data up to 1973. This

systematics is reviewed in the present paper on the basis of contemporary data

on neutron resonance density and low-lying level diagrams.

For a level density p(U,J), the following relationships [7] are used

as functions of the excitation energy U and of the total angular momentum J;

l n

where a is a level density parameter related to the density of single-particle

states in the region of the Fermi-level; A is a fitting parameter in the

Fermi-gas model with back-shifting; t is the thermodynamic temperature

2 2
determined by the equation U - A = at -t; and a is the spin

dependence parameter.
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200 220 240 A

Level density par«neters<c(aj andA(b) and normalization coefficient
radiative strength function CQ (C) versus mass number A for
even-even (0), odd-odd 03), even-odd (*) and odd-even {y/> nuclei.

SO 60 70 80 90 100 110 120 150 140 150 160 170 180 190 200 210 210 240 A

_2. Experimental values for the mean radiation width <r
r>o versus

mass number A for even-even (0), odd-odd (a), even-odd (*) and
odd-even (v) nuclei.
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The following equations are used to obtain the parameters a and A:

AE/2.J);
J

(3)
"0

N 0 = Jp(U)dU,
0

where N is the number of low-lying levels of the analysed nucleus in the

excitation energy range from zero to U .

Experimental values of <D> were taken from Ref. [2] and given in the

table. Values of NQ and UQ were determined from graphs of the energy

dependence of the number of lower levels of the nucleus. The level diagrams

were taken from Ref. [8].

The values obtained for the parameters a and A are shown in the table

and in Fig. 1. Shell effects are clearly visible in the behaviour of

parameter a in relation to relative atomic mass. With this approach, these

effects cannot be taken into account with sufficient accuracy even by

introducing (as suggested in Ref. [9]) a dependence of a on the excitation

energy and a shell correction. Shell and collective effects, together with

pairing effects, combine in a complex manner in the behaviour of the para-

meter A in relation to relative atomic mass. The systematics of the

parameter A are very problematic in this model.

Mean radiation width systematics. We obtained the coefficient C

with the help of Eqs (1) and (2) using experimental values of <D> and

<r > from Ref. [2] and level density parameters based on the above

systematics. It should be noted that in some cases, particularly for medium

and light nuclei, the experimental values of <r >0 and <
n>. are

unreliable owing to statistical problems. Indirect data on the ratio

<F > /<D> obtained from analysis of neutron radiative capture

cross-sections in the unresolved resonance range, in particular at a neutron

energy of 30 keV [10], were therefore also considered.
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level density parameters a. and A normalization coefficient of the radiative strength function Cf

Compound

nucleus HeV eV HeV
a, HeV

1 1
i

HeV 2CQ x 10*.

HeV-1

8*
8*
2 0 C»

8*
g»
S»
48..
22 T 1

49..
22 «•

22 T 1

51 ,,
22 T 1

51 T
23 T

52 T
23 T

S*
S-
54 ,w
24 *
55 c-
24 *
56 Ha
25 *»

8»
I"
26 **
59 -.
26 *•
60 Co
27 C o

59 „
28 H 1
61 M 1
28 H 1

M«
§«
65 _4
28 *1

64 ^
29 C B

66 e_
29°*
65 ,.
30 to

8*

8,363

7,933

11,132

7,415

8,760

8,680

11.628

6,142

10,945

6,372

11,051

7,311

9,261

7,940

9,719

6,246

7,270

9,299

7,646

10,044

6,581

7,492

9,000

7,820

10,598

6,839

6,098

7,916

7,067

7,980

7,053

10,198

45000,0

8600,0

1500,0

16000,0

1300,0

20000,0

2200,0

13000,0

5000,0

125000,0

2700,0

4400,0

15000,0

45000,0

7100,0

60000,0

2700,0

20000,0

25000,0

6500,0

24000,0

1100,0

16700,0

16000,0

1800,0

19100,0

19900,0

1040,0

1470,0

2008,0

4700,0

510,0

1500,0

1100,0

700,0

1300,0

640,0

1400,0

1200,0

1400,0

810,0

1100,0

600,0

1500,0

1500,0

1850,0

2100,0

2500,0

750,0

1800,0

850,0

1000,0

3000,0

560,0 .

2600,0

1700,0

2200,0

910,0

2400,0

490,0

385,0

726,0

400,0

460,0

5,16

6,95

6,20

7,39

5,94

5,52

5,50

7,04

5,67

5,91

5,55

5,72

5,84

5,65

5,85

6,42

5,88

5,50

5,70

6,07

6,39

7,30

5,48

6,30

6,82

6,62

7.65

7,47

7,92

8,91

8,65

8,24

-0,46

-0,65

0,63

0,20

-2,55

-1,27

0,13

-0,12

1,36

-0,21

0,49

-2,54

-0,80

-0,70

0,43

-0,77

-3,27

-1,03

-1,85

0,05

-1,86

-1,94

-1.81

-1.74

0,51

-1,35

-0,60

-1.96

-1,78

-0,93

-1,13

0,72

1,36

2,00

0,50

3,60

0,44

0,63

0,38

1,72

0,46

1.39

0,23

0,85

0,65

1.00

0,95

3.19

0,32

0,55

0,39

0,36

2.37

0,40

0,63

0.71

0.86

0,74

3.93

0,25

0,28

0,67

0,40

0,28
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(cont.)
Coipound

nucleus

to9-
3 *
3 1 s *

31 ^
71 G«
32
7 3 G«32
7 4 G«
32 W

3"
3 >
7 6 ^
33

3*
34 s*

34 s*

a*
3*
3 ^ S -

35 te

82 Br
35

36 ^
81 KT
36

36*1"

3 ^ -
8 6 Bb3 7 "

3 ^

3
8 i -

3 B S r

38 *

S t e

9 0 ,
39 1

40 ^
9 2 ^
40 **
93 Jy
40

fin-
MeV

6,482

5,835

7,655

6,521

7,416

6,782

10,200

6,506

6,072

7.328

8,028

7,418

10,497

6,961

6,701

5,896

7,892

7,593

8,360

7,882

7,465

10,519

8,650

6,078

8,524

6,428

11,113

6,364

6,857

7,193

8,639

6,732

cV

5770,0

6900,0

181,0

225,0

930,0

960,0

82,0

3000,0

3750,0

75,0

420,0

667,0

146,0

1390,0

2000,0

6700,0

47,0

94,0

230,0

200,0

382,0

326,0

200,0

1760,0

383,0

3000,0

380,0

62000,0

4000,0

8600,0

640,0

3100,0

MeV

320,0

-

262,0

237,0

165,0

162,0

145,0

195,0

115,0

300,0

280,0

230,0

300,0

230,0

230,0

-

293,0

300,0

230,0

230,0

230,0

200,0

205,0

-

290,0

260,0

290,0

220,0

130,0

130,0

140,0

135,0

a, ReV *
3 -

, l

9,31

9,58

10,62

10,38

10,18

11,01

9,42

10,38

10,59

11,08

10,31

10,65

10,07

10,43

10,19

9,82

11,67

11,62

10,73

12,25

12,10

8,33

9,28

9,94

11,05

9,13

8,65

7,51

8,92

9,67

9,51

12,17

H
-0,69

-1,05

-0,92

-2,04

-1,23

- I . II

-0,02

-0,71

-0,76

-1,88

-1,45

-1,23

0,26

-1.09

-1,18

-1,00

-1,37

-0,99

-1,46

-0,75

-0,64

0,57

-1,05

-0,82

-0,48

-0,09

1,76

0,02

-0,74

0,34

0,54

0,56

2C0 x 105,
-1

•UV

0,56

-

0,36

0,31

0,19

0.27

0,09

0.32

0,22

0,33

0.23

0,25

0,17

0.26

0,25

-

0,31

0,36

0,17

0,32

0,34

0,07

0,09

-

0,24

0-14

0,12

0,14

0,08

0,12

0,09

0,29
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(cont.)
Compound
nucleus

8*
Vo*>

42*°

3»
8*
42*°

8 *
8 *

X8"
'a*̂̂

1 0 5 ^

I«Hh

105 Pd

I 4 6 M

46

46

Illjd
46"

108 Ax
4 7 ^

110**
4 7 ^

107 cd
48

likc&

48

"8"

KtV

1

6,470

5,572

7,229

8,067

7,371

9,154

6,821

8,642

5,926

5,398

6,764

9,637

9,220

6,232

8,905

5,910

7,000

7,094

9,562

6,530

9,223

6,154

5,760

7,267

6,806

7,927

7,360

6,977

9,395

6,544

9,041

6,145

3800,0

5200,0

90,0

3600,0

1150,0

91,0

950,0

42,0

970,0

700,0

17,6

25,0

18,0

550,0

7,5

300,0

34,0

153,0

10,3

270,0

II .4

200,0

450,0

22,0

18,7

135,0

120,0

155,0

20,0

190,0

21,0

235,0

KeV

85,0

130,0

145,0

160,0

135,0

150,0

100,0

130,0

85,0

90,0

160,0

195,0

180,0

90,0

-

85,0

160,0

—

150,0

-

125,0

77,0

60,0

140.0

130,0

155,0

105,0

71,0

96,0

77,0

160,0

54,0

o,HeVM

10,21

14,39

10,81

9,30

11,40

11,36

12,29

13,27

13,28

14.48

14.08

12,54

13,68

12,62

15,21

14,52

14,21

14,17

13,67

14,09

13,77

14,81

16,93

15,21

16,13

13,24

14,35

14,75

14.98

15.30

14,96

16,00

-0,89

0,83

-1,61

-0,14

-0,30

0,53

-0,41

0,66

-0,69

-0,91

-1,25

0,59

0,68

-1,38

0,54

-1,09

-1,54

-0,69

0,44

-0,82

0,25

-1,10

0,10

-1,08

-1,14

-0,64

-0,59

-0,52

0,80

-0,50

0,46

-0,41

2C0 x 105.

lev'1

0.07

0,75

0,11

0,08

0,14

0,12

0,14

0,18

0,18

0,25

0,26

0,16

0,20

0.10

-

0,17

0,18

-

0,13

-

O.II

0,14

0,26

0,19

0,22

0,14

0,13

0,11

0,10

0,14

0,17

0,13
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(cont.)

Compound

nucleus

'8"
116^
49

'8*

'S*
II7sa
50

I I S S B
50

50
1203a
50

121 SB
50

*5>

*&*
I24T .
52

I25T .
52

1 2 6 , .
52 T '

127 m
52 T"
129 T e

52 T e

52™
128 T
5 3 1

130 n
54

1321,
54*'

134 C B
55

I 3 5 C .

135 Ba
56**

136 M

1 3 7 , .

138 Be
56

139 ^
57 **

fin.
HeV

5,770

7,275

6,784

7,746

7,546

9,562

6,944

9,326

6,484

9,106

6,172

5,733

6,806

6,467

6,933

9,424

6,572

9,120

6,290

6,086

5,925

6,826

9,255

8,936

6,891

8,828

6,794

9,107

6,898

8,611

8,778

5,161

eV

390,0

9,0

9,4

157,0

283,0

50,0

629,0

50,0

478,0

90,0

1640,0

2500,0

18,0

38,0

132,0

25,0

147,0

48,0

470,0

992,0

870,0

14,5

32,0

74,0

22,7

27,0

230,0

40,0

920,0

380,0

23,0

283,0

<rrV
HeV

47,0

75,0

77,0

110,0

90,0

0,0

52,0

80,0

0,0

-

—

—

100,0

100,0

140,0

124,0

120,0

142,0

149,0

87,0

-

90,0

121,0

114,0

120,0

160,6

120,0

135,0

100,0

80,0

-

55,0

a, HeVM * . « e V

15,84

15,29

15,66

14,36

14,52

12,45

13,58

14,26

14,92

13,65

13,36

13,28

14,44

13,12

15,17

14,31

15,57

14,12

13,97

13,06

16,54

:t4,29

14,46

12,87

13,29

12,32

15,64

13,83

13,81

11,38

13,12

13,18

-0,47

-0,68

-0,93

0,01

0,40

-0,02

-0,04

1,07

-0,03

0,98

-0,13

-0,27

-1,39

-1,72

-0,56

0,52

-0,63

0,69

-0,80

-0,88

0,48

-1,69

0,62

0,64

-1,72

-0,31

-0,06

0,84

0,23

0,81

• -

-1,73

2CQ x lO5*,

4eV

0,12

0,11

0,13

0,14

0,13

-

0,07

0,07

-

-

-

-

0,09

0,07

0,18

0,09

0,17

O.II

0,16

0,08

-

0,07

0,08

0,06

0,07

0.06

0,16

0,08

0,10

0,03

-

0,05
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209 pb
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155 M

KtV

7,490

5,428

5,146

6,123

7,817

5,755

7,565

5,292

7,334

5,039

5,334

8,140

5,873

7,986

5,592

8,269

5,867

5,814

6,655

6,503

6,734

6,740

7,368

3,938

4,591

6,336

8,526

6,444

8,174

6,325

6,464

6,442

tV

50,0

3200,0

1000,0

663,0

36,5

432,0

17,0

290,0

5,0

167,0

164,0

4.7

90,0

1,9

49,0

1,0

46,0

115,0

360,0

5500,0

1520,0

42600,0

36000,0

105000,0

4500,0

0,7

0,3

I.I

0,9

4,8

15,0

14,5

KcV

—

35,0

-

50,0

86,0

47,0

87,0

55,0

-

46,0

67,0

69,0

-

62,0

87,0

95,0

67,0

79,0

690,0

1500,0 .

770,0

-

-

-

70,0

92,0

160,0

95,0

135,0

96,0

54,0

88,0

o.KeV"' | a,«'V

i i

16,44 -0,22

17,39 1,10

16,44 -0,29

16,92 0,55

15,24 0,74

16,67 -0,22

16,12 0,31

17,76 -0,55

19,30 0,39

18,62 -0,90

19,25 -0,40

18,25 0,86

18,62 -0,49

19,25 0,46

19,13 -1,04

18,75 0,03

18,10 -1,21

17,82 -0,70

12,66 -1,29

9,44 -1,19

12,21 -0,47

9,01 0,58

8,49 1,26

11,67 0,75

10,15 -1,33

21,91 -1,00

19,00 -0,79

21,05 -0,90

17,82 -0,69

18,46 -1,03

19,25 -0,94

19,44 -0,94

-

0,17

-

0,12

0,09

0,09

0,10

0,13

-

0,11

0,19

0,10

-

0,09

0,17

0,11

0,10

0,13

0,14

0,14

0,24

-

-

-

0,02

0,21

0,13

0,18

0,10

0,13

0,08

0,13

34



(cont.)

Ccipcund

nucleus

'II -
ja«
•a-

'i?»»
J S -
167-_
68 B r

1 6 8 Er68 E r
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68 K r

•s-ja*

S>
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fin'
MeV
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8,535

6,360

7,937

5,994

5,633

6,382

6,451

8,195

6,272

7,655

5,715

6,243

6,907
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7,490
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6,708
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tV
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36,0

4.9

85,0

202,0

4.4

27,3

2.7

64,6

6,8

147,0

4,6

7.0

23,0

38,0

4,6

100,0

125,0

7,3

3,7

22,8

2,2

37,0

5,8

70,0

7.8

162,0

185,0

3,6

1.7

27,0

32,0

<rrV
KtV

•

108.0

88,0

97,0

105,0

111,0

97,0

108,0

110,0

112,0

113,0

114,0

77,0

-

-

92,0

92,0

85,0

-

97,0

122,0

-

-

63,0

75,0

80,0

74,0

80,0

82,0

77,0

90,0

-

60.0

D'
1

18,52

18,84

18,10

17,89

17,98

18,53

17,98

18,09

17,73

17,15

17,46

18,40

19,70

18,29

18,58

17,57

17,04

18,81

19,41

19,17

18,73

17,92

18,45

19,06

17,73

18,49

18,45

19,17

19,43

19.17

18,23

19,99

0,17

-0,63

0,15

-0,75

-0,45

-1,30

-1,12

0,18

-0,77

-0,07

-0,83

-1,08

-0,95

-0,94

-0,66

0,09

-1,03

-0,47

-0,88

-0,30

-0,54

0,36

-0,57

0,23

-0,65'

0,40

-0,31

-0,22

-0,78

-0,45

-0,84

-0,32

2C0 x 10b.

1

0,10

0,13

0,10

0,15

0,19

0,11

0.11

0,10

0,13

0,10

0,15

0,09

-

-

0,11

0,08

0,08

-

0.11

0,12

-

-

0,07

0,07

0,08

0,08

0,12

0,15

0,10

0,10

-

0,09
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nucleus ReV

<X»0 .
KeV

*, MeV

3 - .

(cont.)

•ttV-1
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74

1 8 4 ,
74
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188 B #
75
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193 oa
76
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195 „
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199 M
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"»

"

200
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227
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230
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7,265

6,099

7,387

5,694

6,063

6,928

6,686

6,191

7,411

5,749

5,466

6,179

5,873

6,297

7,989

5,923

7,793

5,761

5,635

6,197

7,817
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6,648
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4 , 4
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4.7
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13,0

81,0

90,0

3,1
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26,0

4,4

38,0

3,4

70,0

115,0

3,0

0,6

7,0

12,0

240,0

18,0

380,0

340,0

16,5

105,0.

100,0

30,0

0,5

66,0

54,0

66,0

50,0

58,0

67,0

70,0

62,0

77,0

69,0

61,0

57,0

61,0

77,0

88,0

100,0

101,0

-

-

81,0

100,0

93,0

130,0

70,0

120,0

130,0

125,0

128,0

150,0

295,0

26,0

43,0

20,17

19,09

18,52

20,51

19,56

19,67

20,06

19,52

19,24

19,58

20,80

20,30

20,37

19,63

20,52

20,00

20,27

19,50

18,82

21,28

23,64

19,72

20,91

15,76

19,60

18,42

17,58

17,16

16,67

14,92

27,33

25,49

0,19

-0,47

0,17

-0,11

-0,86

0,03

-0,24

-0,20

0,25

-0,48

-0.30

-0.84

-0,96

-0,73

0,56

-0,68

0,52

-0,63

-0,67

-0,79

-0,29

-0,95

-0,84

-0,95

1,08

-0,55

-0,46

-0,93

-0,67

0.32

-0,33

0,18

0,09

0,07

0,07

0,11

0,07

0,08

0,09

0,09

0,08

0,10

0,13

0,07

0,08

0,08

0,09

0,13

0,11

O.II

0,12

0,09

0,15

0,04

0,12

0,10

0.13

0,08

0,08

0,10

0,11

0,07
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26,0
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40,0

40,0

26,0

35,0
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-
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40,0

34,4

43,3

30,7

40,8

25,4

20,0

46,0

50,0

39,0

38,0

33,0
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32,0

85,0

28,0
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-
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28,71
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24,86

24,87

26,06

25,08

25,78

25,69

28,16

24,70
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25,71

26,52

27,13

28,79

27,63

24,40

29,28

23,08

25,31

25,21

24,91

23,88

25,42

26,14

27,92

24,58
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-0,53

-0,52

-0,50

0.06
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-0,52

0,12
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0,34

-0,58

-0,61

O.II

0,30
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0,07
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0,06

0,04

-

0,05
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0,05

0,06

0,06

0,06
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0,10

0,06

0,12
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0,05
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0,09

0,05
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-
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The values obtained for Cfi are shown in the table and in Fig. 1. For

nuclei with A > 80, the values of C (in MeV ) is described well by the

-3 -3/2
relationship CQ = 10 A . Values of <r > as a function of

the mass number of the nucleus are plotted in Fig. 2.

RECOMMENDATIONS CONCERNING THE USE OF THE SYSTEMATICS OBTAINED FOR RADIATION
WIDTHS AND LEVEL DENSITY PARAMETERS

The parameters in the table are particularly recommended for

calculations using a statistical theory of nuclear reactions. For nuclei not

included in the table for lack of experimental data, it is recommended to

—3 -3/2
approximate the coefficient C by the function C = 10 A ; the

parameter a can be found by interpolation of data for neighbouring nuclei

(see Fig. 1), and the parameter A can be determined by considering the

following: for most of the nuclei for which data on the neutron resonance

density are not available, experimental data do exist concerning the lower

levels. Therefore the values of N and U for the nucleus in question can

be determined, and then, using the parameter a found from the systematics, the

parameter A can be determined by solving Eq. (3).
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INTEGRAL CROSS-SECTIONS FOR THE REACTIONS

51V(n;,a)
48Sc, 93Nb(n,2n)92Nbm and 90Zr(n,2n)89Zr

E.I. Grigor'ev, Yu.A. Melekhin, V.P. Yaryna

The reactions 51V(n,a)48Sc, 93Nb(n,2n)92Nbm and 90Zr(n,2n)89Zr
are of practical interest for neutron activation spectrometry of reactor
neutron fields at energies higher than 10 MeV because the reaction products
have convenient decay characteristics, there are extensive experimental data
on the cross-sections, and materials with the necessary purity are available
for making detectors. However, there are no recommended integral
cross-section values (e.g. the mean cross-sections for 2 3 % and 2

fission neutrons) for the selection of suitable evaluated data on the energy
dependencies of the cross-sections for these reactions.

The authors of this paper determined the mean reaction cross-sections
for neutrons in the 23^u fission spectrum, evaluated these cross-sections on
the strength of all the published data, and compared them with the calculated
integral cross-sections from different libraries.

The mean reaction cross-sections for 23^u fission neutrons (ou)
were determined experimentally in water-water reactor fields using the method
in Ref. [1]. The experimental results are not based on any "standard" (mean
cross-section of a reference reaction in relation to which the unknown
cross-section is determined). However, for the purposes of comparison with
data in the literature, the mean cross-sections for the reactions
->8Ni(n,p)58Co an<j 27^^(na)24(ja Were determined for the experimental
conditions, their values being 104 and 0.69 mb, respectively. The samples
studied were disks with a diameter of 10 mm and a mass of 200-300 mg.
Vanadium and zirconium in metallic form and extremely pure niobium pentoxide
were used. The samples were irradiated in cadmium screens. The activity was
measured by the y-spectrometric method. Table 1 presents the measurement
results and compares them with data in the literature. The decay
characteristics of the reaction products are shown in Table 2.

In order to obtain the evaluated values, the authors' data were
renormalized to the following "standards": (S) - 62.8 mb, (Ni) - 103 mb,
(Fe) - 78.7 mb and (Al) - 0.685 mb. The evaluated mean cross-sections for
vanadium and niobium were obtained as weighted means for the set of
renormalized values. The error in the evaluated results represents a mean
square deviation for the set considered. The results available for zirconium
are insufficient to enable a correct evaluation to be made and therefore the
result obtained in this experiment is given as a recommended value for further
application.

The existing experimental data on the mean reaction cross-sections in
the 2^2Cf fission neutron spectrum are contained in only two works, and
analysis of the data shows that the results in Ref. [9] are systematically
20-30% higher than the data in Ref. [10]. Table 3 shows data on the mean
cross-sections for three reactions in the 2^2Cf spectrum and the results of
converting these values to cross-sections in the 2 3 5U spectrum. The
description of the 235\j spectrum in the BKS-2 library [11] was used for the
calculation.

Examination oi: some of the evaluations of the pattern of reaction
cross-sections enables us to give a preference to the cross-sections from the
BOSPOR library [12]. Table 4 shows the results of calculating the mean
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235
UTable 1. Nean cross-sections for reactions in the U spectrum, mb

9 3 U b ( n , 2 n ) 9 2 :Nbm

Ref. Results Authors' Normalized
given there standard value Ref. Results Authors' Normalized

given there standard value Ref. Results Authors'
given there standard

Normalized
value

work

.0,028 ' (S)60 0,029

0,0180O,OI53± (Pe)67
+0,CO27
~0,02I7± f(Ki)I04; 0,0225
+0,0015 [(ADO,63

t (Hi)102 0,0199

0,0215
+0,0012

Present 0,02I5±+0,0008

/ V ' 0,402± (Ni)lO4
+0;034
~0,430± /(AD0.63;
+0,028 \(Hi)lO2
0.475+ k Hi) 108.5;
+6,032 \( ADO,765

0,370+ (Fe)67
+0,030

ftj 0,420+
+0|007

Present 0,4I6±
work +0,015

0,418

0,434
0,456

0,435

0,420

0,416

0,03

0,0687±
+0,0100

3J 0,229+
+o;oi5-

/D7 0,^47±
+0,017

Present 0,096±

(3)60

(?e)72,6

(Hi)lO2

0,031

0,074

0,231

0,237;

0,096

Evaluated value
, 2 0 9

±0,0008~ib Evaluated value
= G,428+
±0,006-.b Recommended value =0 ,096+0,008 mb

58Ni(n,p)58Co

Mote: The symbols (S) , (Fe), (Hi) and (Al) stand for the reactions
3 2 S(n,p) 3 2 ? ,



Table 2. Decay characteristics of reaction products

Nuelide

4 0Sc
8 9 Z r
92Nb-

Half-life

43,8 h
79,43 h
10,13 d

Photon energy,

MeV

1,312
0,909
0,934 •

Eaission, X

100
99
99,2

Table 3. Mean cross-sections for reactions in
the 252cf spectrui, ib

conversion

51V(n, * ) 4 8 Sc
93;rb(n,2n)92-Nb"

0,043+0,02 0,0244
0,88+0,04 0,483
0,267+0,015; 0,130
0,221+0,006 0.IC8

Table 4. Calculated integral reaction cross-sections,
•b

Reaction eff.

MeV
ef f 6U -cj

6

^ , c O A 8 5 c 9,0 0,0
93NV(n,2n)9^lb" 10,5 470,0
9 OZr(n,2n)8 9Zr 13,0 720,0

0,0217 0,0375
0,427 0,778
0,102 0,209

cross-sections for reactions in the 235U [11] and 252Cf [13] spectra and
cross-sections from the library in Ref. [12]. There is satisfactory agreement
between these and the evaluation of the experimental mean cross-sections
obtained in this paper. The calculated values of the effective thresholds and
reaction cross-sections are given, and the spread of effective cross-sections
for a wide range of spectra from the BKS-2 library [11] is not more than 3% of
the indicated effective thresholds.
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APPROXIMATION OF THE CROSS-SECTIONS FOR CHARGED-PARTICLE EMISSION
REACTIONS NEAR THE THRESHOLD

S.A. Badikov, A.B. Pashchenko

The paper analyses the recommended cross-sections for threshold

reactions [1] with charged-particle emission, which are among those used most

in neutron metrology and reactor dosimetry problems. Various circumstances

made it necessary to review the excitation functions of some reactions

represented in the BOSPOR library. It should be noted that the recommended or

evaluated nuclear data objectively reflect the level of experimental

information and model representations regarding nuclear reaction mechanisms

that existed at the time they were obtained. In recent years there have

appeared new differential and integral experimental data which fully confirm

the reliability of the evaluation made [1] and, in some cases, refine the

recommended cross-sections in the BOSPOR library.

We note that the recommended excitation functions for threshold

reactions with charged-particle emission in the BOSPOR library have one common

fault - they start from some threshold value of the incident neutron energy

(effective reaction threshold) which is always somewhat higher than the

corresponding energy threshold, whereas a correct understanding of the nuclear

reaction mechanism assumes that the excitation function of a threshold

reaction should have very small but non-zero values in the range from the

energy threshold to the effective threshold of reaction. The cross-section

evaluation method involving theoretical models, used by the authors in setting

up the BOSPOR library, did not permit a correct determination of cross-sections

below the effective reaction threshold. In most practical cases, this is of

no consequence since, according to our evaluations, the contribution, for

example, of the value of the tail (neglected earlier) to the

cross-section averaged over the reactor neutron spectrum is of the order of 0.1%.

However, for some problems of neutron metrology (for example, in unfolding

neutron spectra on the basis of measured reaction velocities) it is more
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correct to take into account the cross-sections in the near-threshold energy

region right up to the energy threshold of the reaction. This will give us a

physically correct representation of the energy dependence of the recommended

cross-sections for charged-particle emission reactions over the entire

interval of incident neutron energies.

Therefore, in the present work, we performed an analytical

approximation of their energy dependence to the reaction threshold for the

(n,p) and (n,«) reaction cross-sections of the BOSPOR library, corrected

with allowance for the latest differential and integral experiment data, using

the common features characteristic of the energy dependence of the threshold

reaction cross-sections, and making some physical assumptions.

Method of approximation of cross-sections to the reaction threshold

The approximation method used by the authors permits calculation of the

cross-sections for the (n,p) and (n,«) reactions with charged-particle

emission deep below the barrier. We will consider the calculation scheme for

endothermic reactions. Similar considerations are valid for exothermic

reactions; the formulae corresponding to the latter will be marked by a prime.

For our approximation we chose the segment [Q,Q + B] (for exothermic

reactions [OB]), where Q is the reaction threshold and B the Coulomb barrier

height. In determining the form of the approximant and the segment of

approximation, the following factors were taken into consideration:

Availability of reliable evaluated data on the energy dependence

of the cross-section in the greater part (usually 2/3) of the

segment [Q,Q + B);

- Monotonic increase in the excitation function of the nuclear

reaction under the influence of the Coulomb barrier, in the

segment [Q,Q,] where the cross-section is to be calculated;

- Asymptotic behaviour of the cross-section near the threshold

(endothermic reactions) and at neutron energies not too close to

zero (exothermic reactions).
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It is known from Refs [2, 3] that the endothermic reaction

cross-section in the region referred to varies according to the law

^exp(- BB / )

and the exothermic reaction cross-section according to the law

where E is the energy of relative particle motion, Z I, Z I are the
B D

charges of the residual nucleus and charged particle, p = ni IIL/(in +

is their reduced mass~n is the Planck constant.

The cross-sections in the sub-barrier region are calculated in several

steps:

1. The cross-section in the interval under study is represented in the form

which takes into account the influence of the main physical factors - the

presence of the reaction threshold and Coulomb barrier. The function g(E)

describes the action of neglected factors. In formulae (2) and (2*) T (E)
o

is the penetrability of the Coulomb barrier for protons and alpha particles

with orbital moment 1 = 0 calculated for a potential of the form

V(D-
_V0

by the method of Ref. 14]:

(4)

here
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where p = Z_Z. 12/RE; R = r A1/3 (r = 1.4 x 10 15 y, and A is the
B D O O

relative atomic mass of the residual nucleus). In this case, a smoother

dependence g(E) was obtained than when the formula for penetrability in the

ordinary quasi-classical approximation was used.

Formulae (1) and (1*) were obtained on the assumption that the nuclear

potential satisfied a single condition: that it should be concentrated in a

limited region 13]. Therefore, the simplest form of nuclear interaction was

used in the calculations - a potential well of finite depth. Note also that

representations (2) and (2') are valid in a wider energy region than similar

relations including the exponential multiplier

(6)

For small values of E-Q and E + Q expressions (2) and (2') with

penetrabilities calculated by formulae (4) and (5) turn, respectively, into

expressions (6) and (6*).

2. The function g(E) is selected in the [Q,Q + B) interval on the basis of

the recommended energy dependence of the cross-section 11]. In Fig. 1 the

broken line indicates the possible variants of the behaviour of g(E). The

procedure of selection of dependence g(E) served only one purpose - to obtain

a function whose logarithm had a substantially weaker dependence on energy

than lgo(E).

There is no doubt that the penetrabilities calculated in the

approximation under consideration differ from those corresponding to the

hypothetical "true" potential. This follows from Fig. l,c, which gives the

behaviour of function g(E) most characteristic of this series of calcula-

tions. In fact, the dependence g(E) increases rapidly near the value Q in

the interval where the quasi-classical approximation [T (E) « 1] is

valid. At the same time, in this region its dependence on energy should be
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Fig. I . Results of extrapolation of the function g(E) (broken line) to the CQ,Q|] region for
reactions: (a) 27A , (n ,a)2 4Na; (b) 48Ti(n,p)4»Sc; (c) 60Ni(n.p)6^©.
Continous curves - evaluated reaction cross-sections from BOSPOR library.

weak since the cross-sect ion i s determined here mainly by the Coulomb ba r r i e r

pene t rab i l i ty for charged pa r t i c l e s with o rb i t a l moment 8. = 0. Neverthe-

l e s s , dependences (2) and (2*), taking into account expressions (4) and (5) ,

can be used to describe with suff icient accuracy (to within 1.5%) the

evaluated values of cross-sections in the [Q ,Q + B] in terva l and to

calculate the unknown: cross-section values in the [Q,Q ] in terval which

sa t i s fy the in tegral experiments.

3. The dependence g(E) i s approximated in the [Q ,Q + B] in terva l by the

ra t iona l function g (E) with the use of the PADE 2 program [5] . The
a

approximant g (E) is extrapolated to region [Q,Q.].

A. The cross-section in the [Q.Q.] region is calculated by the formulae

a (E) = /E - Q T fE - Q)g (E) and o (E) = T.(E + Q)g (E).
3 U fl 3 v 3

Thus, the problem of calculation of cross-sections in the sub-barrier

region is, in fact, a problem of extrapolation of the function g(E) in the
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[Q.Q,] interval since the required behaviour of cross-sections near the

threshold is ensured by the multiplier TQ(E). The extrapolation of an

approximately known function belongs to the class of incorrectly posed

problems [6]. Therefore, a sufficiently accurate (to within 1.5%) determin-

ation of the dependence g(E) in the [Q ,Q + B] interval is no guarantee for

an equally accurate reproduction of the function g(E) in the [Q,Q ]

interval. There is a set of functions {g (E)} with appropriate

behaviour in the [Q1,Q + B] region. In order to choose a solution from this

set, we need additional data, and we used for this purpose the evaluated

integral data together with the requirement that the extrapolation of g (E)

should be positive and monotonic.

Comparison of the results with the integral data and discussion

Evaluated microscopic nuclear data are generally tested against the

results of integral experiments, because these are usually more accurate.

In order to analyse the wide range of the dependence of microscopic cross-

sections on the energy of interacting neutrons, we must use integral measure-

ments in neutron spectra of various forms differing in the "degree of

hardness".

An international co-ordinated programme of microscopic cross-section

evaluation for reactor dosimetry and integral experiments in standard neutron

fields (the Benchmark Programme) has been prepared [7] and is being imple-

mented [8]. The decisive condition for using integral experiment results to

verify differential cross-sections is that the characteristics of the neutron

field in which the measurement is carried out should be sufficiently

235
complete. The thermal fission neutron spectrum of U is the one which has

been studied most.
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235
Approximation of the thermal fission neutron spectrum of U and

averaRinR of cross-sections

The spectrum-averaged cross-section is determined by the formula

00

a = J o(E)x(E)dE, where crE is the reaction cross-section, and x(E)
00

is the normalized [J x(E)dE =1] neutron spectrum.

The neutron spectrum in the present work was approximated by the

following formulae:

;*.,(£)= 0,48395 expir E) SinhVzF -Watt's formula 19];

0,45274 expC-E/0,965)sinh>/2,29£ ' - Cranberg's formula [10];

/.j(£)= 0,76985 exp(- 0,775£)VT - Lichman's formula [11];

The uncertainty in the description of the neutron spectrum reflects the

status of the experimental data. The greatest error is observed in the very

soft and hard parts of the spectrum.

The evaluations used more frequently of late for approximation of the

235
U fission neutron spectrum are those of the NBS [13] and the ENDF/B-V

library [13], which are recommended by the IAEA [12] and included in the

international reactor dosimetry file (IRDF).

Evaluated integral cross-sections

In selecting the recommended values of integral cross-sections in the

235
U fission neutron spectrum, the authors were guided mainly by the results

of Refs [14-16]. In addition, they used the integral cross-section evaluation

results published in Refs [17, 18].

In Ref. [14] the integral microscopic cross-sections measured on the

235

U thermal fission neutron spectrum for the 29 threshold reactions which

are most important in reactor dosimetry and fast reactor technology were

evaluated. Most of the integral measurements were carried out by the relative

method and therefore their results were renormalized in Ref. [14].

51



Table I

Comparison of the recommended excitation functions of threshold reactions with charged-particle
emission averaged over the " 5 ^ fi s s; o n neutron spectrum with experimental data

Reaction

2Vnp)2**a
27Al(nct)24Ha
27Al(np)27Mg
31P(np)31Si
32S(nP)32p
46Tl(np)46Sc

47Ti(np)47Sc
48Xi(nP)48Sc

^ ( n p ) 5 4 ^
5Se(np)5^
W C O ( B O ; ) 5 bMn

S°Ni(np)6°Co
"cuCnct ) 6 0 ^
64Zn(np)64Cu

9OZr(np)9°y

Averaged cross-section, ib

Evaluated

Experiment

1,50+0,06 /"I6/
0,706+0,028 /16J
3,95+0,20 fib]
35,5+2,7 fli?
66.&V3.7 /ibj
11,6+0,4 flbj

17,7+0,6 /16/
0,302+0,010 /16/

80.5+2,3 / I6;
1,09+0,04 /IBJ
0.161+0,007 /i6_)
105,1+1,1 / i 8 /
2,3+0.4 /I7./
0.500+0,056 /15^
30,2+0.5 /IBJ

0,38+0,02 /"I9/

B0SP0R-80 library

1,52
0,698
3,99
32,5
65,62
12,81

(11,15)
22,2
0,262

(0,282)
82,2
1,078
0,147
103,0
2,57
0,482
36,8

(32,02)
0,33

(0,36)

*2(£>

1,40
0,638
3,82
32,0
64,47
12,28

(10,67)
21,8
0,241

(0,260)
80,4
1,004
0,135
101,0
2,42
0,452
36.0

(31,25)
0,31

(0,33)

*5(E)

1,56
0,724
3,83
30,6
61,94
12,25

(10,69)
21,0
0,269

(0,289)
77,7
1,078
0,151
97,9
2,53
0,478
34,8

(30,25)
0,33

(0,35)

Results after correction and
approximation of cross-sections

1,60
0,738
4,06

32,36*
65,49*

-
11,23
22,21

-
0,285
82,52
1,070*
0,157
103,6
2,59
0,493

-
32,24

-
0,37

1,48
0,676
3,89

32,86
64.33*

_
10,74
21,86

-
0,263
80,76
0,999*
0.145
101,5
2,43
0.462

_
31,46

-
0,34

1,63
0,762
3,90

30,55*
61,81*

_
10,77
21,09

_
0,292
78,02
1,070*
0.I6I
98,0
2,54
0,488

_
30,48

_
0,36

Remarks:
(I) The results after correction of the cross-sections on the basis of integral data are
given in brackets. (2) The plus sign indicates the cross-section values which are smaller
than the corresponding averaged cross-sections of B0SP0R-80. The deviations are within the
accuracy of approximation.

The recommended values of the spectrum-averaged cross-sections were

obtained in Ref. [14] by root-mean-square averaging of the available

experimental data, taken with a "weight" equal to the indicated experimental

error and renormalized by the authors.

The data recommended in Ref. [17] include the results of the eval-

uation in Ref. [14] without any changes except for the cross-section error,

which in Ref. [17] takes into account the uncertainty of the standard.

Moreover, Ref. [17] analysed all accessible integral cross-section

235
measurements on the U fission neutron spectrum published up to 1974, and

evaluated these cross-sections by a method similar to that applied in
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Ref. [14]. The same values of standards were used in renormalizing the

cross-sections.

235
In Ref. [16] the results of new measurements of the U

spectrum-averaged cross-sections were published for 17 threshold reactions.

After appropriate correction for multiple scattering, sample thickness and

other secondary effects, it was found that for most elements the measurement

results agreed satisfactorily with the results of the integral cross-section

evaluation performed earlier by the same authors.

There is, on the whole, satisfactory agreement between the recommended

235
cross-sections averaged over the U thermal fission spectrum and the

results of the integral experiments (see Table 1). The approximation of the

cross-sections for charged-particle emission reactions to the reaction

threshold in most cases makes a contribution of less than 1% to the integral

cross-section.
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GROUP CONSTANTS FOR 233U, 235U and 239pu I N T H E RESONANCE REGION

A.A. Van'Kov, V.V. Kolesov, V.F. Ukraintsev

At present we are seeing a slowing down, in the arrival of new

experimental information on nuclear data for reactor materials. This is said

to be due to the difficulty of setting up essentially new experiments, and

also to the partial meeting of reactor nuclear data requirements. In this

situation there is an urgent need to develop calculation methods and programs

for the preparation of group constants based on neutron cross-section

parameter information. The present paper gives the results of group constant

calculations for three fissile nuclides prepared using the method of joint

analysis of neutron cross-sections; and transmission functions in a multilevel

model. Reference [1] describes the methods for analysing the neutron

cross-sections of heavy nuclides in the unresolved resonance region, and

Ref. [2] does the same for the resolved region [2]. The latter analysis led

239to an evaluation of resonance parameters for Pu [3].

The analytical approach was generally as follows - the parameters of

the theoretical model were evaluated on the basis of experimental information

on mean neutron cross-sections and transmission functions; then, group

constants were calculated using an accurate theoretical model. The parameter

sensitivity coefficients for all functionals (transmission and self-indication

functions, group constants) were calculated simultaneously. The new features

of the approach were as follows:

- Careful, statistical evaluation (mean values and covariance

matrices) of mean resonance parameters and group constants;

Use of a suitably accurate theoretical model which allows for

inter-level interference effects;

Incorporation in the analysis of experimental information on

transmission and self-indication functions, which makes for

significantly greater accuracy in the resonance self-shielding

factors.
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In this way, self-consistent evaluations of the values and errors of

the resonance parameters and group constants were obtained. In the nuclear

data evaluation literature for fissile nuclides in the unresolved resonance

region, the authors stay within the framework of a simplified theoretical

model of the Hauser-Feshbach type which does not allow resonance

self-shielding factors to be evaluated and does not take inter-level

interference into account. Therefore, in existing group constant tables

(see, for example, Ref. [4]) the evaluations of mean cross-sections, on the

one hand, and of resonance self-shielding factors and their temperature

dependence, on the other, are not self-consistent.

The present paper gives evaluations of group constants in the

233 235 239

unresolved resonance region for U, U, and Pu drawing on up-to-

date recommended data on mean cross-sections and transmission functions (the
235 239 239

latter were measured for U and Pu). For Pu, these group

constant evaluations extend right up to the thermal neutron energy region.

This was made possible thanks to the use of an improved S-matrix formalism

when evaluating the resonance parameters. Experimental data for other fissile

nuclides in the resolved region are not good enough to permit an analogous

approach to be employed with the same degree of reliability.

Available data on mean resonance parameters, and in particular,

233
for U, the evaluations given in Ref. [5], were used as a priori

information in the unresolved resonance region. Note that there is no infor-

mation in Ref. [4] on this nuclide which is so important for research into the

235
thorium cycle. For U, we worked from the mean cross-section data on

239
which the evaluations in ENDF/B-V [6] are based, and for Pu, from the

data given in Ref. [4], since they are the most up to date.

233
Mean resonance parameters. The data in Ref. [5] were used for U,

and no fitting was done owing to the lack of experimental information on mean

cross-sections. These parameters do not depend on energy: the mean radiation

width F , which is the same in all states and equals 0.039 eV; the
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potential scattering radius R' =9.93 fm; and the mean distance between

S-resonances D = 6.80 eV. The law of proportionality was assumed for the

different states J : DT £j K2J + 1). The remaining parameters (the strength

functions S , S and the fission widths) are given in the form of

fluctuating values in a fine-group partition for the 0.1-30 keV range.

235
The mean resonance parameters for U were optimized in the light of

the experimental data on the transmission and self-indication functions for

the fission reaction given in Ref. [7]. The following evaluations were

obtained for the parameters which do not depend on energy: the mean radiation

width r = 3 0 + 2 MeV (for all states), the p-strength function

-4
S. = 1.68 ± 0.45 x 10 , and the mean distance between S-resonances

D = 440 + 20 MeV. Including the transmission functions in the calculations

meant that the monotonic energy dependence of the potential scattering radius

R' on the neutron energy had also to be introduced. In addition, it was found

that the observed mean cross-sections could only be described using

fluctuating values (from group to group) for the S-strength function and

fission widths. The average value for the S-strength function over a wide

—4
lethargy interval was found to be S = 0.97 + 0.05 x 10 , and the

scattering radius R1 = 9 . 3 + 0 . 1 fm.

239
An analogous optimization process was performed for Pu. The

experimental data used here are given in Ref. [8], where preliminary

evaluations are also given of the parameters and of certain constants

239
for Pu (done by "manual" fitting). The present paper gives definitive

statistical evaluations of: T = 3 9 . 5 + 4 . 0 MeV, S = 2.17 + 0.40 x 10~4

(these parameters are not dependent on neutron energy), R* = 9.2 + 0.2 fm (this

— _

parameter is monotonically dependent on neutron energy), SQ = 0.98 + 0.06 x 10

(fluctuating parameter). The fission widths varied from group to group.

The fluctuation in the strength functions indicate that the processes

which occur when neutrons interact with fissile nuclei are highly complex.

Experience shows, that for even-even (non-fissile) nuclei, a good description
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Table 1

Hean-group cross-sections for the nuclides Pu, U, U in the unresolved resonance
region

Group

HO.

11
12
13
14
15
16 0,
17 0,

, burns

10-21,5
4,65-10
2,15-4,65
1-2,15
0,465-1
215-0,465
100-0,215

14
16
19
22
29

t

,77
.51
,15
.9
.97
-

I
2
2
4
8

239

5i
.82
,14
.92
.35
,14

(

o,
I.
2.
4.
6,

-

%

932
573
53
07
23

12
12
13
14
15

a
.02
.8
.7
.5
.6

t

14
16
IB
22
28
36
46

>t

.70

.39

.82

.44
,48
,30
.6

6

2.
3,
5,
7,
II
16
21

23^

f
60
42
12
13
,4
.2
.6

6

I.
I,
I,
2,
4,

v.
II

c

10
37
70
91
58
40
.5

6

II
II
12
12
12
12
13

ef

.0
,6
,0
,4
,5
,7
,5

t

16
IB
22
27
30
35
58

»t
1

.40

.04

.37
,36
.64
.04
.49

6
•

3,
4,
7.
10
13
17
34

23

f
14
20
02
.8
.4
.6
,8

I

o.
o.
I.
2.
2.
3.
8,

'c

562
739
35
16
94
34
79

12
13
14
14
14
14
14

?e

,7
.1
.0
,4
.3
.1
,9

of the mean cross-sections can be obtained with constant strength function

values.

233 235 239
Group constants for U. U and Pu in the unresolved

resonance region. Table 1 gives the mean-group cross-sections for the

nuclides under investigation (in the ABBN groups [4]). They differ but little

from the primary data on which the mean neutron cross-section evaluations are

235
based. Our results differ from the data given in Ref. [6] for U by no

239
more than 5%, and from those given in Ref. [4] for Pu by no more than 10%.

The following tables give information which is based on a new

methodology (resonance self-shielding factors as a function of dilution

cross-section and temperature). These data differ from those in Ref. [4] in

that they have been obtained using a unified procedure for evaluating the

primary information (mean cross-sections and transmission functions) and a

suitably accurate theoretical model.

Table 2 gives data on resonance self-shielding factors for three

nuclides for different dilution cross-sections at room temperature. When

these data are compared with the results given in Ref. [4] it is seen that,

235 239

for U, they are systematically lower, and that for Pu the opposite

obtains. The temperature (Doppler) increments for these factors are given in

Table 3. They are significantly lower than the corresponding data in

Ref. [4]. The difference is particularly large (factor of 1.5-2) for a zero
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Table 2

Resonance self-shielding factors as a function of dilution cross-section at a temperature
of 300 K (in burns)

Group

i i
12
13
14
15
16
17

II
12
13
14
15
16 (
17 (

0
0.
0
0.
0,
0.
0,

D.
0.
D.
3.
3.

0

897
888
818
776
712
667
461

889
877
855
809
697
573
478

1 10

0,935
0,927
0,670
0,826
0,766
0,723
0,516

0.933
0,924
0,905
0,861
0,764
0,645
0,543

0
0
0
0
0
0
0

0
0
0,
0,
0,

o.
0.

)

102

,984
,981
,960
934
900
871
702

984
981
974
955
909
832
747

1
1
0
0
0

o
0
0

o.

o,
o,
o,
o,
0.

o,
o,

103

994
993
992
967
963
960
911

999
998
997
991
962
952
931

0
0
0,
0,
0,
0,
0.

0,
0.
0,
0,
0.
0,
D,

0

931
910
831
764
714
688
544

927
909
874
819
729
622
548

0
0
0
0
0
0
0

0
0
0
0
0
0
0

V*
10

,957
,941
,880
,836
,775
,749
,604-

,957
,943
,917
,871
,795
,697
,622

10*

0,990
0,985
0,965
0,944
0,914
0,896
0,787

0,990
0,987
0,9-78
0,961
0,928
0,873
0,822

0
0
0
0
0
0
0

0
0
0
0
0
0
0

103

233,;

,999
,996
,996
,992
,987
,984
,953

235

.999

.999
,998
,995
,990
980
,967

239

0
0
0

o,
0,

o.
c,
II

0.

o,
o.
o,
0.

o.
o,

Pu

0

926
896
803
736
661
591
441

924
905
864
799
703
599
464

0
0

o
o
0
0
0.

0,
0,

o,
o.
o.
0.
0,

f c < £

10

953
932
858
796
726
657
498

955
941
909
855
772
673
557

I

0
0
0

o
0
0,

o,

0,

o,
o,
0.
0.

o,
o,

102

989
982
957
926
887
841
696

990
98(3
975
955
917
858
770

1

0
0
0
0
0
0
0

0
0
0
0
0
0
0

io3

,999
,996
,995
,990
,982
,972
,924

,999
.999
,997
995
988
976
952

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0

,951
.954
,944
,952
.956
,963
,903

,948
,948
,954
.956
944
727
922

0
0
0
0
0
0
0

0
0
0
0
0
0
0

10

.970
,971
,962
,964
,966
,971
,915

,969
,968
,971
,969
,958
.941
,933

102

0,993
0,993
0,989
0,987
0,986
0,987
0,948

0,993
0,993
0,993
0,991
0,985
0,973
0,964

0
0
0
0
0
0
0

0
0
0
0
0
0
0

103

,999
,999
,999
,998
,998
,998
,985

.999

.999

.999

.999
,998
.995
,S92

11 0,843 0,902 0,975 0,998 0,895 0,936 0,985 0,998 0,861 0,914 0,979 0,998 0,922 0,952 0,989 0,999
12 0,779 0,852 0,956 0,998 0,822 0,655 0,970 0,997 0.776 0,852 0,960 0,995 0,894 0,930 0,981 0,998
13 0,713 0,788 0,922 0,993 0,734 0,813 0,943 0,993 0,654 0,749 0,918 0,989 0,871 0,907 0,968 0,996
J4 p.634 0,698 0.859 0.98ft 0,618 0,706 0,889 0,984 0,516 0,617 0,847 0,977 0,849 0,880 0,949 0,992
15 0,498 0,555 0,732 0,906 0,482 0,569 0,794 0,961 0,354 0,445 0,714 0,943 0,789 0,818 0.898 0,977

dilution cross-section. Hence, we may conclude that the positive component of

the Doppler coefficient of reactivity for fissile nuclei is in reality

significantly smaller than it appears when calculated from the constants given

in Ref. [4], which is a matter of some importance for reactor construction.

239
Group constants for Pu in the resolved resonance region.

Reference [2] describes a method for the joint evaluation method of neutron

239
cross-sections for the nuclide 'Pu in the resolved resonance region using

an improved S-matrix theory. This evaluation procedure is special in that the

results are tested against measurements of the averaged fission reaction

transmission and self-indication functions (as with the results above for the

unresolved resonance region). This makes for greater reliability when

calculating resonance self-shielding factors and their temperature dependence.
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Table 3

Doppler increments of resonance self-shielding factors for
as a function of dilution cross-section

233..

Grou
• n

0 10 IO2 IO3 0 10 102 IO3

233«

0 10 IO2 IO3 0 IO IO2 IO3

II

12

13

15

16

17

0.007
0,004
0.014
0,008
0.026
0,017
0.041
0,033
0.045
0,039
0.033
0,033
0.035
0,041

0.004 0,001
0,002 0,001
0.010 0,003
0,005 0,001
0.021 0.006
0,013 0,005
0.035 0.017
0,027 0,011
0.041 0.024
0,034 0,017
0.033 0.025
0,031 0,019
0.038 0.040
0,042 0,036

0.001 0,010 0.007 0.001
0

0.001
0

0.002
0,001
0.003
0,002
0.005
0,003
0.006
0,004
0.019
0,013

0,006 0,004
0,021 0,014
0,011 0,007
0.035 0.026
0,022 0,016
0.050 0.039
0,036 0,028
0.056 0.047
0,045 0,036
0.045 0.040
0,041 0,035
0.051 0,048
0,051 0,047

0.
0,001 0
0.004 0,001
0,002 0,002
0.009 0,001
0,005 0,001
0.015 0.002
0,010 0,001
0.022 0.004
0,015 0,002
0.022 0,004
0,017 0,003
0.035 0,011
0,030 0,006 0,064 0,061

0.002 0 0.002
0,001 0
0.005 0.001
0,002 0
0.012 0.002
0,006 0,001
0.004 0.001
0,002 0,001
0.033 0.060
0,021 0,034
0.041 0.009
0,027 0,005
0.012 0,022
0,044 0,013

0
0

0
0.001

0 0
0.002 0
0,001 0
0.003 0.001
0,002 0
0.003 0
0,002 0
0.002 0.001
0,002 0
0.006 0.003
0,005 0,002

235_

II

13

14

15

16

17

0.007 0.004
0,003 0,002
0.012 0,008
0,007 0,004
0.022 0,016
0,014 0,010
0.039 0.031
0,026 0,020
0,060 0,052
0,043 0,035
0.072 0.068
0,061 0,053
0.052 0.066
0,069 0,065

0.001 0.001
0,001 0
0.002 0.002
.0,001 0,001
0.005 0.002
0,0(33 0,002
0.012 0.003
0,007 0,002
0.026 0.006
0,015 0,003
0.044 O.OII
0,029 0,006
0.058 0.019
0,043 0,011

0.001 0
0,001 0
0.003 0
0,001 0
0.006 0,001
0,003 0
0.012 0,002
0,007 0,001
0.023 0,034
0,012 0,017
0.036 0.007
0,023 0,004
0.048 O.OH
0,032 0,006

0.002 0.001 0
0,001 0 0
0,003 0.002 0
0,001 0,001 0
0.004 0.003 0.001
0,003 0,002 0,001
0.006 0.004 0.002
0,004 0,003 0,001
0.009 0f006 0.004
0,006 0,005 0,002'
0.010 0.009 0.006
0,008 0,007 0,004
0.010 0.009 0,007
0,009 0,008 0,006 1

239.

II

12

13

14

0.020
0,012
0.034

0,005
0.023

0,002
0.007

0,031
0.04B

0,027
0.050

0,012
0.037

0,004
O.OH

0.013
0,007
0.023
0,014
0.043
0,029
0.060

0.003 0.001 0.030 0.020
0,002 0 0,015 0,010
0.007 0 0.054 0.039

0.006 0
0,002 0,001
0.012 0.002

0.010
0,005
0.017

0,039
0.044

0,023
0.054

0,045 0,042

0,021
0.055
0,038
0.069
0.054
0.067
0,066 0,060 0,036

0,001 0,029 0,020
0.002 0.090 0.074
0,001 0,051 0,038
0.0Q&-0.107 10.096

0,044
0.068

0,018
0.049

0,003 0,074 0,062
0,012 0.094 0.098
0,007 0,084 0,081

0.002 0
0,001 0
0.005 0 .
0,002 0,001
0.010 o.obi
0,005 0,001
0.013 0.002
0,009 0,002
0.018 0.006
0,014 0,003

Note: Numerator - t - f (300 K), denominator - A - f (2100 X) - f (900 K).

239
Table 4 gives the calculated results for Pu mean-group

cross-sections, and Table 5, the resonance self-shielding factor results as a

function of temperature and dilution cross-section for the same nuclide.

These calculations were made using the GRUKON program [9] which has a high

60



Table 4

Hean cross-sections for Pu in the resolved resonance region,burns

Group
No.

Group
No.

eV

16
17
18
19
20
21

215-465
100-215
46,5-100
21,5-46,5
10,0-21,5
4,65-10,0

41,9
52,5
115,6
69,0
189,7
68,6

13,1
19,6
57,0
22,8
104,6
33.8

13,3
17,5
40,4
34,4
73,5
27,0

15
15
18
II
II
7

.5
,4
.2
,8
.5
.8

22
23
24
25

The

2,15-4,65 24,4 11,5 4,8 8,1
1,00-2,15 35,5 23,4 3,6 8,6

0,465-1,00 149,6 99,5 40,3 9,8
0,215-0,465 2762,3 1699,0 1052,5 10,8
0,0253 1019,6 744,0 269,1 6,5

level of accuracy thanks to the careful selection of the quadrature formulae

for finite-difference integration. The following results were obtained.

Group cross-sections on the whole agreed with the data given in Ref. [4],

except for the data on <of> and <a > in groups 18 and 19. Note that

the values obtained for <<J > were systematically higher those given in

Ref. [4]. At the same time, the mean cross-sections obtained showed a high

level of agreement, with reliable primary experimental data on a, (E) [10]

and of(E) [11] used in the optimization procedure. The close agreement of

the data obtained for <a > with the measurement results familiar from

Y

Ref. [12] should also be noted, though the latter were not taken into account

in the evaluation process. Finally, the resonance self-shielding factors

f (o ) and f.(o ), at room temperature, proved to be very close to

the values obtained by direct processing of the measurement results for the

fission reaction transmission and self-indication functions [13]. At the same

time, these results differ from those given in Ref. [4] in the same way as

those for the unresolved resonance region (the evaluations obtained for

ff(o ) and f (o ) being systematically higher than the data in Ref. [4]).

When comparing the results obtained on temperature changes in the

resonance self-shielding factors with those given in Ref. [4], differences

analogous to those for the unresolved resonance region are evident. For the

fission reaction, the calculated temperature increments for the intervals

900-300 K and 2100-900 K are systematically and significantly smaller than the
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fo

239
Resonance self-shielding factors for

Group
No.

j

16

17

18

19

20

21

22

23

24

25

E n * *

215-465

100-215

46,5-100

21,5-46,5

10,0-21,5

4,65-10,0

2,15-4,65

1,00-2,15

0,465-1,00

0,215-0,465

X K

300
900

2100

300
900
2100

300
900

2100

300
900

2100

300
900

2100

300
900'

2100
300
900

2100

300
900

2100

300
900

2100

300
900

2100

0

0,486
0,525.
0,573

0,381
0,399
0,426

0,213
0,218
0,231

0,169
0,170
0,173

0,096
0,095
0,095

0,270
0,270
0,271
0,987
0,987
0,987

0,932
0,931
0,931
0,556
0,553
0,546

0,333
0,342
0,361

10

0,522
0,569
0,623

0,419
0,443
0,476

.0,241
0,249
0,266

0,187
0,190
0,196

0,114
0,114
0,114

0,279
0,279
0,279
0,991
0,991
0,991

0,945
0,945
0,944

0,575
0,571
0,564

0,33C
0,345
0,364

f (0 )
it 0

102

0,669
0,735
0,793

0,555
0,604
0,656

0,365
0,387
0,423

0,264
0,280
0,307

0,202
0,206
0,217

0,323
0,325
0,330
0,998
0,998
0,998

0,980
0,980
0,980

0,684
0,680

I 0,673

> 0,360
0,369

\ 0,390

pu> burns

I0 3

r0,902n

0,937
0,956

0,820
0,866
0,901

0,654
0,709
0,762

0,544
0,612
0,683

0,507
0,553
0,607

0,533
0,567
0,611
1,00
1,00
1,00
0,997
0,997
0,997

0,905
0,903
0,89S

0,522
0,534
0,55S

104

0,987
0,992
0,996

0,962
0,980
0,984
0,927
0,949
0,963

0,903
0,931
0,951

0,888
0,913
0,933
0,887
0,909
0,928
1,00
0,999
1,00

0,999
0,999
0,999

0,968
0,987
0,987

0,854
I 0,863

0,878

0

0,570
0,628
0,686

0,458
0,493
0,539

0,328
0,346
0,376

0,145
0,155
0,169

0,147
0,151
0,158
0,247
O,24<3
0,254

0,985
0,985
0,985

0,953
0,952
0,952

0.72C
0,7I£
0,71*

0,58£
0,601
0,62e

10

0,623
0,682
0,737

0,511
0,551
0,599

0,375
0,395
0,429

0,185
0,198
0,220

0,186
0,192
0,203

0,266
0,269
0,276
0,990
0,990
0,99C

0,962
0,962
0,962

) 0,73£
0,734

! 0,72£

i 0,59]
0,603

> 0,62£

Table 5

102

0,788
0,839
0,877

0,689
0,737
0,783

0,552
0,581
0,619

0,340
0,376
0,425

0,346
0,365
0,393

0,363
0,377
0,399
0,997
0,997
0,997
0,987
0,987
0,987

0,82C
[ 0,816

0,813

0,613
0,625
0,65C

103

0,951
0,966
0,976

0,906
0,934
0,932

0,824
0,855
0,883

0,702
0,755
0,806

0,690
0,729
0,766

0,663
0,701
0,743
1,00
1,00
1,00

0,996
0,998
0,998

0,953
0,952
0,950

0,735
0,747
0,767

I0 4

0,994
0,996
0,998

0,987
0,992
0,994

0,970
0,978
0,984

0,950
0,963
0,973

0,943
0,955
0,965

0,935
0,949
0,960
1,00
1,00
1,00

1,00
1,00
1,00

0,994
0,994
0,994

0,926
0,931
0,939

0

0,351
0,446
0,542

0,293
0,350
0,415

0,199
0,223
0,262

0,087
0,098
0,115

0,105
0,110
0,121
0,194
0,197
0,201
1,00
1,00
1,00

0,952
0,952
0,952

0,611
0,608
0,601

0,575
0,588
0,614

10

0,412
0,513
0,606

0,346
0,411
0,481

0,230
0,261
0,306

0,120
0,138
0,164

0,136
0,145
0,161

0,214
0,218
0,225
1,00
1,00
1,00

0,961
0,961
0,961

0,633
0,630
0,623

0,577
0,591
0,617

JC 0

102

0,640
0,736
0,809

0,548
0,629
0,698

0,369
0,425
0,492

0,267
0,313
0,372

0,278
0,305
0,346

0,318
0,333
0,356
1,00
1,00
1,00

0,986
0,986
0,986

0,748
0,745
0,739

0,600
0,613
0,639

103
r6,9II
0,946
0,965

0,850
0,897
0,928

0,701
0,770
0,825

0f65I
0,722
0,785

0,643
0/697
0,750

0,639
0,679
0,725
1,00
1,00
1,00

0,998
0,998
0,998

0,933
0,932
0,929

0,727
.0,738
0,760

IO4

0,989
0,994
0,996

0,979
0,987
0,991

0,946
0,964
0,975

0,959
0,956
0,970

0,934
0,950
0,963

0,930
0,945
0,957
1,00
1,00
1,00

1,00
1,00
1,00

0,992
0,992
0,991

0,923
0,928
0,937

0

0,810
0,835
0,860

0,744
0,758
0,775

0,579
0,593
0,616

0,725
0,728
0,734

0,803
0,804
0,806
0,947
0,947
0,947
0,999
0,999
0,999

0,996
0,996
0,996

0,966
0,966
0,965

1,05
1,05
1,06

j

10

0,827
0,852
0,877

0,759
0,776
0,795

0,597
0,613
0,637

0,740
0,745
0,753

0,806
0,808
0,811

0,947
0,948
0,948
0,999
0,999
0,999
0,997
0,997
0,997

0,968
0,968
0,967

1,05
1,05
1,06

ec 0'

102

0,888
0,914
0,935

0,820
0,844
0,868

0,666
0,693
0,725

0,786
0,800
0,817

0,831
0,837
0,847

0,953
0,954
0,955
1,00
1,00
1,00

0,999
0,999
0,999

0,979
0,979
0,978

1,05
1,05
1,05

103

0,970
0,981
0,988

0,931
0,950
0,964

0,831
0,868
0f899

0,895
0,918
0,937

0,912
0,926
0,940
0,974
0,977
0,980
1,00
1,00
1,00

1,00
1,00
1,00

0,995
0,995
0,994

1,02
1,03
1,03

10*

0,996
0,998
0,999

0,989
0,993,
0,996

0,968
0,979
0,985

0,981
0,987
0,991

0,983
0,988
0,991

0,995
0,996
0,997
1,00
1,00
1,00

1,00
1,00
1,00

0,999
0,999
0,999

1,00
1,00
1,01



values given in Ref. [4]. For the capture reaction, analogous differences may

be observed in energy groups 18 and 21; in the remaining groups the

difference is not so great. This shows that calculating the Doppler effect

239
for Pu on the basis of the data given in Kef. [4] leads to significant

overestimation of that effect.

These results demonstrate the potential of the new programs developed

by the Power Physics Institute for analysing neutron data and preparing group

constants using evaluated resonance parameters within a multilevel formalism.

These programs are of practical importance, particularly for the

self-consistent calculation of group constants for fissile nuclei (in an

arbitrary group representation) in the resolved and the unresolved resonance

regions. The group constant evaluations obtained fill a gap in the data given

233 235 239

in Ref. [4] for U, and for U and Pu they show how data must be

adjusted, particularly data on resonance self-shielding factors and their

temperature dependence.
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