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NEUTRON CROSS-SECTION CALCULATIONS FOR 237pu, 24'py,

243p, avp 23%, 23Ty avp 23% IN THE 1-150 kev
ENERGY REGION

V.E., Marshalkin and V,M, Povyshev

By now we have reached a qualitative understanding of the experimental
data on individual nuclear reactions and on nuclear reactions as a whole.
It is therefore only natural that there should be increased interest in
a more detailed quantitative study and in a self-consistent description of
the fullest set of data as a means of improving the existing concepts.
Moreover, the development and improvement of methods of calculating cross-
sections for neutron—induced nuclear reactions is of great importance to

nuclear power engineering.

In the present study an attempt has been made to give a self-consistent
description of practically all the available experimental data on the
interaction of 1-1%0 keV neutrons with the 239Pu rmicleus., Particular care
has been taken to ensure that the behaviour of each cross—section in
this energy range is described with the same degree of accuracy as the
experimental data. This level of description has been achieved by using
the method of coupled channels [1] instead of the ordinary optical model,
the statistical model in its most sophisticated variant [2] and also the
results of channel analysis by the two-hump fission barrier model of
experimental data on 239py (d, pf) and 238Pu (t, pf) reactions [1].
Quantities like the level density parameters of the excited states of the

compound nucleus PY were taken as equal to those normally used [3,4].

The description of the experimental data on the interaction of neutrons
with 239Pu was used as an example for studying the critical behaviour of
the cross-sections of individual reactions in relation to target-nucleus
and compound-nucleus properties., This is important in evaluating the
accuracy of the calculated reaction cross-sections for the isotopes 241Pu,
243Pu and 235U, 237U and 239U. The calculations for these ruclei were
performed by the same method and in the same energy region. Qualitative
variations in the behaviour of the calculated cross-sections give a
quantitative representation of the differences in the physical character-

istics of these target nuclei and their corresponding compound nuclei,



Selection of the optical potential parameters

In Ref. [1] the method of coupled channels is described in considerable
detail; +the accuracy and reliability of the calculated quantities are
explained as a function of the degree of approximations used in the method,
and their self-consistent level is recommended. In the present study, the
calculations have been performed with all approximations at the level of
those recommended in Ref. [l]. The procedure for selecting the optical

potential parameters
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consisted in performing numerical calculations with a view to studying the
quantitative influence of each parameter on the calculated quantities and
in seeking the optimum set of parameters from the point of view of a
description of the experimental data and from that of the correspondence
between the parameter values and the physical characteristics of the

nucleus,

The optical potential parameters were selected on the basis of
experimental data on the most fully and reliably studied 239Pu nucleus.
The selection criterion was the simultaneous and most accurate description
of the total cross—section ot(e), the potential elastic scattering cross-

section o__.(e) and the compound—rucleus formation cross—section ac(e) at

sel
1 keV-15 MeV energies, The dependence of the cross-sections on the change
of parameters was studied in the greatest detail in the 1-3 MeV ard

1-100 keV energy regions.

In the 1-3 MeV region, at a neutron energy of ~3 MeV, heavy muclei
exhibit optical resonance in the neutron elastic scattering cross-section
and consequently in the total cross-section, As might be expected, the
behaviour of these cross—sections in the resonance region is most critical

for the geometric potential parameters,



Table 1 shows the cross-sections as a function of parameter Ro, the
values of all other parameters being fixed. The value of Ro = 1,28 is the
most accurate representation of the energy dependence of behaviour in the
experiment on total cross—section up to, and in the region of, optical
resonance, Table 2 shows the cross—sections as a function of the value
of diffusivity of the imaginary part of the potential. The most critical
ones for this parameter are the cross—sections for compound-micleus
formation and for direct inelastic scattering. A better agreement with
the experimental values is obtained with b = 0.47. From the data of
Table 3 it follows that the value of 0,65 normally used in other studies
for the diffusivity of the real part of the potential agrees best with
the experimental data,

The characteristic feature of the 1-100 keV region is the fact that
practically up to 10 keV only s-wave neutrons interact with the mcleus,
while the p-wave begins to be involved from 10 keV, and at 100 keV the
cross—-sections are determined largely by the p-wave neutrons, Accordingly,
a qualitative change occurs in the behaviour of the cross—-section for
the formation of a compound rucleus, which diminishes by the l/Vt law at
1-10 keV and at a higher energy is determined by the relative weights
of the s- and p-waves.,

The variation in the potential scattering cross-—section is comparatively
slow. Therefore, the gqualitative change in the energy dependence of the
crogs—-section for compound-mucleus formation and consequently of the total
cross—section affords a means of selecting the potential parameters
successively on s— and p-waves so that the geometric potential parameters
remain fixed (Ro = 1,28; a=0,65 b =0.,47), and a description of the

cross—sections in the region above 1 MeV is made possible,

The influence of the depth of the real part of the potential is
shown in Table 4, where the dependence of cgel(e) on the values of Vo
and comparison with experimental values indicate that 45-46 MeV are
acceptable valuen for the depth of the real part of the potential.
Pable 5 shows a sharp reduction in the cross—section for compound-micleus
formation and consequently in the total cross—section with a decrease in
the depth of the imaginary part of the potential to 3.8 MeV, With further
decreases in depth the criticality of these cross—sections becomes slighter.

The most acceptable value of this parameter is 3.6-3.8 MeV.



The dependence of the cross-—section for compound-nucleus formation
and consequently of the total cross-section on the deformation parameter
values is shown in Table 6. The most acceptable deformation parameter
values are 8 = 0,22-0.24., The value of the spin-orbit coupling parameter
and the energy dependence of the magnitude of the real and imaginary
parts of the potentials are taken as equal to those normally used [5]

and were not studied by us.

Thus, the study showed that the behaviour of the cross—sections in
certain regions of incident neutron energy is comparatively critical
for the corresponding optical potential parameters. The experimental

data on ot(a), c%(e), o (e) for 1 keV-15 MeV energies are sufficiently

sel
complete for determining the practically unique set of the optical potential

parameters. The values of parameters Vo = -45.0 + 0.3E;

Wy = =3.6 - 1.43Ye for & <1 MeV; R = 1.28; a=0.65 b=0.47; B=0.22;
-4.0 - 1.03}e for e> 1 MeV;

vso = 7.5 enables us to describe the total cross-section with an accuracy
of ~3% and the cross—sections for compound-mucleus formation and elastic
scattering with an accuracy of ~5% (Table 7). The angular distribution
of 1 MeV neutrons scattered from the ground state and accompanied by the
excitation of the first levels of the target nucleus, agrees to within

~20% with the experimental value as shown in Fig, 1.

The basic relations of the statistical model

The cross—sections of reactions occurring through the compound nucleus
were calculated by the statistical model formulae, The expression for

oalculating neutron scattering takes the form
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This expression is used to calculate the cross—section for the
scattering of neutrons of energy € by a nucleus in a state with moment I
and parity rL[with subsequent emission of a neutron of energy €' and
transition of the nucleus to a state of energy E = € - &' with moment I'
and parity(l,.

are measured in the centre—of-mass system and represent energies of

The energies of the incident € and outgoing €' neutrons

relative motion. Qzakmp(siA*i) is the coefficient of adhesion of a neutron
of energy €', orbital moment ¢' and total moment j to a nucleus in a state
with moment I' and parityle, with formation of a compound nucleus A + 1

of moment J and parity . This coefficient is determined, in accordance
with Ref. [2], by using the coefficient of adhesion ‘f;%q&A62A+f)

calculated by the coupled channel method from the expression
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The parameter Q changes from 1 in the region of low neutron energies
to O with an increase in energy. The denominator in expression (3) is the
sum of the 9 coefficients of decay of the compound nucleus A + 1 in all

the competing chammels:
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where the first term represents neutron scattering with excitation of
discrete levels of the target nmucleus, the second term radiation decay,
the third term fission through discrete transitional states, the fourth
term neutron inelastic scattering with excitation of a continuous target
spectrum, the fifth term fission through a contimuous spectrum of the
transitional states and the sixth term other possible decay channels for

the compound mucleus.



The correlation function
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takes into account the non—equivalence of substitution of the average

ratio of PJ J — widths by the ratio of average FJ J used in the statistical
model [6]. The distribution functions of widths P(P %J) were taken in

the form of the Porter-Thomas distiribution with one degree of freedom for
neutron channels in the d —form for the radiation channel and in the form

obtained in Ref. [1] for the fission channels.

The density of the excited states of the nucleus is calculated by
the formulae of Ref. [7] with parameters from a later study [3]. The same
formula from Ref. [7] was used to evaluate the density of the transitional
astates of the fissionable nucleus. The parameters were selected from the
description of exﬁerimental data on the interaction of neutrons with the

239Pu nucleus, and the selection is shown below.

The radiation coefficient was calculated in accordance with the

definition

n, In,
8, (e+Bn(a+1)=2n jo(usn(Au), In,) ry (e+Bn(A+i)). (6)
The energy dependence of the radiation width was evaluated in accordance
with the assumption of dipole gamma-guanta emission, and its absolute value
was determined through using the experimentally known values at neutron

binding energy [4]
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The laws of moment and parity conmservation determine the set J'nJ,

on the basis of /J - 1/5 J'<J + 1, nJl = nJ(-l), respectively.
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f
the two-hump barrier model from the formulae of Ref. [8]. The parameters

The fission § coefficients of penetrability were calculated by
of the barriers of transitional-states of a discrete spectrum were taken
as equal to those obtained from the chamnel analysis of experimental data

on the (t, pf) reaction for the corresponding ruclei [9].

The cross—sections of the other competing reactions were calculated
by formula (2) by replacing the neutron penetrability factor ezaq”&,

and the 33“2 function in the exit channel by the corresponding values,
nn

Neutron cross-section calculations

In order to study the possibility of describing the behaviour of
two-particle reaction cross—sections and to determine the accuracy of such
a description, we performed neutron cross-section calculations for the
239Pu and 2350 muclei, which are the ones which have been the subject
of the most thorough experimental study. In the calculations use was made
of the results of analyses of experimental data on these nuclei and on
their corresponding compound nuclei: PY(Bn) has been taken from Ref. [4],
the density parameters of the excited states are taken as equal to the
values given in Ref, [3] and the parameters of the barriers of the
transitional-state bands are from Ref, [9]. Hence there are reasons
for trusting that the decay of the compound micleus, in accordance with
expression (2), through the neutron channels, the radiation channel and
the fission channels of the discrete spectrum of the transitional states
can be described with comparative reliability. However, the existing
uncertainties in the guantities used will affect the accuracy of the
calculated cross~sections, The extent of this influence varies from nucleus

to nucleus, and will be discussed below.

The least studied of the competing decay channels of the compound
rmicleus is fission through the continuous spectrum of transitional states.
The decisive importance of the density behaviour of these states for the
energy dependence of the fission cross-section and other competing reaction
cross—-sections in the case of an increase in neutron energy is qualitatively
understandable by analogy with the influence of the level density of the

residual mucleus.

Considering the identical nature of the excited states for stable
deformation and deformation at the saddle point, the same Fermi gas

formula from Ref. [7] was used to describe the density of the transitional



states. However, in view of the change in the single-particle spectrum

near the Fermi energy during transition from stable deformation to deformation
at the saddle point, changes can naturally be expected in the values of

shell corrections S(N) and S(Z) and pairing energies P(N) and P(2) for
neutrons and protons, respectively. Therefore, in the calculations parameters

a and A = P(N) + P(Z) were chosen by varying them within reasonable limits.

In describing fission through the continuous spectrum of the transitional
states it is important to give a correct expression not only for the density
of these states but also for the energy dependence of their fission barrier
penetrability. The most important features of this dependence, namely the
rate of its damping in the sub-barrier region with a decrease in the
excitation energy and a change in the slope during the transition from a
sub-barrier fission to an above-barrier fission, can be expressed in the
single—~hump fission barrier model on the basis of the normally used Hill

and Wheeler formula

* Jny
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It is possible to make the curvature of the barriers identical for

different transitional states hw and its value approximately equal to

that of the curvature of the barrier of the lowest transitional state:

0.4 MeV.

The effective number of fission channels in the continuous spectrum

of the transitional states with definite JnJ was calculated by the formula

n, « 7 Iny In
()= | PUB Dng) Fy(e+ B, £, ) dE;n’, (9)

Vminta

where the lower limit of the integral is the beginning of the contimuous
spectrum of the transitional states and is determined by the height of the

barriers of the lowest 0% transitional state vmin and by the value of the

energy gap A.

It was the description of the energy dependence of the fission and

radiative capture cross-sections for the 239Pu nucleus at 1-150 keV neutron



energies which also determined the values of parameters A = 1.34 MeV,

to= 0.35 MeV and a/A = 0.150. The variation in the cross—sections

was found to be fairly critical with respect to the value of ho = 0.35 MeV
and the value of the fission cross-section determined the value of

A = 1.34 MeV., It should be noted that the energy dependence of the
fission and radiative capture cross-sections indicates that fission

from the J'3 = I* state ocours to a greater extent through the transitional
states of the contimious spectrum than through the trangitional state of

a collective nature. The behaviour of the cross—sections in this energy
region was only slightly dependent on the values of parameter a, For

this reason, it can bs determined with greater accuracy by the description
of the cross—-sections in the region of higher energy values.

240Pu mucleus the neutron binding energy

In the fissionable
appreciably exceeds the energy of the barriers of the lower transitional-
state bands, Moreover, the curvature of the barriers of states with
negative parity is comparatively greater and consequently the penetrability
of the fission barrier is damped comparatively slowly in the sub—barrier
region. This being so, there is a possibility of fission after the
emission of low-energy gamma quanta. In Ref. [1] we pointed out the
commensurability of widths ', and T’ for a mumber of resonances of the

240 £ Yf
Pu compound mucleus in the resonance energy region.

Therefore the cross-section of the (n,Yf) reaction was evaluated
by the formula
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where, in accordance with the assumption of the most probable emission
of electric dipole gamma quanta, the set J'nJ, is determined by the
relations |J - 1i<J'<J + 1 and n;, = -n;. The share of the (ny ¥£)
reaction in the (nY) reaction cross-section was ~10% at 1 keV and this
decreased with increasing neutron energy, owing to the relatively large

probability of fission by p-wave neutrons,

After the input information was thus defined, calculations were

made of the cross~sections of all reactions occurring in the interaction
of low-energy neutrons with the 239Pu nucleus. The calculation results
are given in Table 8, The decomposition of the cross—section for the
compound rmucleus formation at a neutron energy of 1 keV into the

competing channels of fission and the emission of gamma quanta and
neutrons, was determined by the ratio of their corresponding penetrability
coefficients from the J'V states equal to ot ana 1*. Hhen'98%%+ = 0.021,
33" = 0,033 and eg*’o = 0.91, the compound mucleus from the Ot state will
undergo fission with overwhelming probability. Whenagg_%_'_ = 0,020,

1+ w1

9.7 = 0.098 and o/

with the emission of gamma quanta, less probably undergo fission and

= 0,04, the compound nucleus will more probably decay

even less probably emit neutrons, The S function has a substantial
effect on the distribution of decay probability along the channels L4].
As neutron energy increases, there is a decrease in the cross-sections
of all reactions parallel with the reduction in the cross—section for
compournd-nmucleus formation and the share of neutron emission increases

Dnj ..
qrn,“) coefficients.

with relatively rapid growth of the 8
A comparison of neutron reaction crogs-sections for 235U calculated
by the same principle (Table 9) with the cross-sections evaluated in
other studies shows satisfactory agreement: +the fission cross-—section
agrees with an accuracy of not less than 10% and the radiative capture

cross—secfion to within ~20%,

The basis for this agreement of the fission cross—section is the
above~barrier mode of fission by S-wave neutrons, owing to the compara—
tively high neutron binding energy ~6.545 MeV. In this case, the
uncertainties in fission barrier magnitudes do not substantially change
the fission ocross—sections, The accuracy of the radiative capture

calculation is determined by the uncertainty of PY and also by the
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uncertainty of the level density of the compound rnucleus, and should
amount to 20%. Because of the difficulty of making a quantitative
evaluation of the accuracy of the calculated cross—sections, it is
probably the above comparison which characterizes its level., A note-
worthy fact is the large share (25%) of the (n,Yf) reaction in the
general process with the emission of gamma quanta., This is a consequence
of the neutron binding energy being comparatively much greater (1 MeV)
than the barrier energy of the lowest transitional-state ot bard.

The cross-~sections for the 241Pu, 243Pu, 23Ty and 23% were calculated
in a similar manner and in the same energy range of incident neutrons,
The calculation results are shown in Tables 10-13. A comparison of the

241Pu mucleus with those given

calculated fission cross—sections for the
in Ref. [10] also confirms what has been said above concerning the

calculation accuracy.

It should be noted that the agreement between the calculated
fission cross-section for 237U and the experimental data of Ref. [11]
in the energy region below 1 keV and above 100 keV is much less
satisfactory. At neutron energies below 1 keV the experimental fission
cross—section has a very pronounced resonance character; it is therefore
difficult to compare the resulis with experimental data, However,
the averaged experimental fission cross-section in a wider energy
range (0.7-1 keV) fully corresponds to the calculated value of op = 2.6 V.
At neutron energies above 100 keV the calculated fission values are
reduced by a factor of nearly two in comparison with the experimental
data, This is due to the fact that in the calculations, fission by
the p-wave neutrons is strongly inhibited by the high barriers of the
transitional-state bands of negative parity in comparison with the
binding energy. A reduction in the magnitudes of these barriers by
200 keV, which is still within the limits of uncertainties of the
channel analysis of (t,p,f) reactions [9], leads to satisfactory
agreement between the calculated and experimental fission cross-section
values. A comparison of the calculated reaction cross-sections in
Tables 12 and 14 shows that the radiative capture cross-section changes
little with such a change in parameters.

Discussion of results

The agreement between the calculated results of the cross-sections
ct(e), 00(8) and osel(e) for 2>7Py and their estimated values when the
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neutron energy was varied from 1 keV to 15 MeV for the purpose of
selecting the optical potential parameters showed that the potential
parameters obtained were practically unique and consequently the experi-
mental data on the cross—sections used in the above energy range were
sufficiently complete for selecting the parameters by experiment. The
reduction in the accuracy of description of the total cross-section

to 6% in the low-energy region for 235U may be due to a possible difference
between the stable deformation parameter from the value of 8 = 0,22
selected for describing the 239U data and used for 2350. However, it
should also be noted that the calculated total cross-section values lie
between the experimental values obtained by different authors.

In the case of the muclei considered, with the exception of 237U,

at a neutron energy of 1 keV the compourd nucleus decays predominantly
by fission, The high probability of fission is a consequence of the
neutron binding energy exceeding or being approximately equal to the
barrier energy of the transitional states through which fission is
allowed by the conditions of moment and parity conservation. In the
fission of the 239U and 241Pu miclei which in the ground state have the
moment and parity values Ir1I = gﬁ, the process occurs through the
transitional states J™ = 2% of the first and second bamds K"5 = 0%

and 2 and the state J°F = 3" of the second band K™ = 2%, The fission
of 243pu, which in the ground state has I''T = L* [12], takes place
through the transitional states JV = 4+ of the first and second bands
Kni' = 0% and 2* and the transitional state J'7 = 3+ of the second band
ks = 2%, The 239Pu and 23y mclei in the grourd state have I = 4t
and undergo fission through the transitional state with J"r = ot of the
first band and states J'J = I+, which are formed as a result of pair
break-up ( A= 1.34 MeV). Whereas in the case of 239py at a binding
energy of 6.533 MeV the fission through state Jr = I+ occurs with an
appreciable probability (T}; = 0,046), in the case of 231y at a binding
energy of 6.143 MeV the fission through this state occurs deep urder the
barrier and is negligibly small. The 2350 micleus is of interest in
that it has Ir%r = %7 in the ground state. Therefore, fission occurs
through the transitional state J™ = 4~ of bands K = 17, 2~ and
through the transitional state JF = 3~ of bands K ¥ = 07, 17, 2. The

agreement between the cross-section calculation results in this case and

[}

|
]
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the experimental values is an important oonfirmation of the correct
determination of the barrier magnitude of transitional states of negative
parity. Thus, the good agreement between the calculated fission oross-
section and the evaluated or experimental data at 1 keV neutron energy

is the result of using a sufficiently correctly determined set of barrier
parameters of lower transitional state bands [9]. In evaluating the
reliability and accuracy of the fission cross-section calculations it

is important to note that in the even-even fissionable muclei considered,
with the exception of 238U, the neutron binding energy exceeds the
barrier energy of one or more transitional-state bands and that fission
by s-wave neutrons is above the barrier. In this case, the Sf coefficients
considerably exceed the © coefficients of the competing processes and

the relative fission probability ~8f/(sf + 8) is therefore much less

£ between 0,5 and 1 leads

to ~10% inaccuracy in the relative fission probability. Therefore,

inaccurate than Sf. Even the uncertainty of $§

with ~5% accuracy for the total cross—section calculation and ~10% accuracy
for the elastic scattering and compound-mcleus formation cross—sections
the fission cross—section can be calculated with an accuracy not lower
than 20%.

The next in order of probability is radiative decay. The aocuracy
with which its cross—section can be calculated depends mainly on the
acouracy of the PY(Bn) values determined in Ref. [4], on the accuracy
of the level density parameters of the compourd muoleus [4] arnd also
on the correct description of decay through the most probable fission

channel; it appears to be at a level of 20%,

The neutron 8 -coefficients for the s-wave are calculated with an
accuracy of 5%# however, the uncertainties in the competing fission
and radiation processes can considerably reduce the accuracy of the

calculated neutron decay cross-section.

With the increase of the inoident neutron energy, the connection
of fission channels of opposite parity for the p-wave, in oomparison
with the s-wave, has different effects for different muclei on the
accuracy of calculating the fission cross-section and consequently of
the other prooesses., If fission by the p—wave is above the barrier,
as in the case of 2350 and 239
reduction in the accuracy of the calculation, In sub-barrier fission
by p-wave neutrons, as in the case of the 237U, 239U and 243Pu mclei,

the uncertainty in the fission barrier magnitudes and curvatures of

Pu, there is no reason to expect a
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the transitional-state bands of negative parity can lead to a noticeable
decrease in the accuracy of the calculated cross—sections. For this
reason further refinement of the barrier parameters of the lower
transitional-state bands is a very important problem, Especially large
errors in the fission cross—section will be found in the comparatively
improbable case of fission by the s-wave neutrons. This is illustrated
in the case of the 237U rucleus in which a decrease in the barrier
energy of bands K7 - 07, 1~ by 200 keV resulted at 100 keV neutron
energy in an increase in the fission cross-—section by a factor of ~l.5.
However, in this case too, at neutron energies < 20 keV, where the p-wave
neutrons are absorbed by the mcleus with a lower probability than s-wave
neutrons, the fission cross—section can be calculated with an accuracy
of ~20%,
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Table 1

‘ _ . drot
Dependence of the cross-sections ot(E), oc(E), 0801(8), inel

on the values of parameter R. for the following values of

0
the parameters: V, = —45+ 0.3E; Wy = -4.27 - 1.03V¢g;

a = 0.65; b = 0-47; 8 = 0.24; VSO = 7.5

()

£ =1 MeV e=1,5MeV =3 MeV
R T =
0 61: 6c 652[ 5‘.21052 6t 6c 6se? 612:98 6t 66 6seE szz‘
I,25 7,581 3,0} 4,I9 0,38 | 7,27 12,95} 3,88 0,45 | 7,5312,99] 4,0 |C,60
1,28 7,471 3,II| 3,93 0,43 7477 | 3,19 | 3,95 G463
1,80 7,82 3,59| 38,9 0,29 7,81133 | 3,830,67

Table 2
Dependence of cross-sections on the values of the diffusivity
parameter of the imaginary part of the potential for the
following values of the parameters: VO = =46.53 + 0.3E;
W, = —4.27 - 1.03\e; a = 0.65 Ry = 1,25
8 = 0.2; VSO =T.5

¢ ¢ =1 MaV g =1,5 MeV e =3 MeV
) . 2ot 2ot ot
61: 6!: osef 6inee 61. 6'c 6592 6’me£ 6t 69 _Gset‘ Gizne-f
0,65 [?,76 (3,40 |4,I4 |0,22 {7,36 3,50 [3,58 [ 0428 | 7,521 3,45 |3,76 {0,3I
0,47 17,14 (2,93 | 3,87 |0,34 | 7,81 ] 3,06 }3,71 |0,34

Table 3
Dependence of cross—-sections on the values of the diffusivity
parameter of the real part of the potential for the
following values of the parameters: VO = =45 + 0, 3E;
g = 0,24; VSO = 1.5

a € = . MeV _ e = 1,5 MeV e = o MeV
zot ot = 2ot
6, 6e sep | Oiner 5, G 6se£'_ 55”5» Yy 6 | Byer| Girer
0,7 7466 ] 3,50 | 3,65} 0,51 7252 | 3,58 3,28 0466 7,93 3,32 13,63 |C,71
0,651 7,471 3,11 3,931 0,43 7,77 | 3,19 {5,395 10,63
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Table 4

Dependence of cross—sections on the value of the depth parameter
of the real part of the potential for the following values
of the parameters: Wp = -4 - 1.03\e; a = 0.65;

b =0.47; B = 0.24; VSO = T.5; RO = 1.28

e

e =1 keV € = YkeV € = 1UkeV €= 100 keV

6, 6, Gsop o, &, Ggop 5] G, 6.0 &, 6 Ogop

t

3,26} 20,04 II,22| 20,07{ 9,16 (10,91 |I7,37 | 6,70 {10,67|11,80| 3,27| 8,49
30,08; 19,97 10,1 | 18,99 9,16 | 9,83 |16,34 | €,73 | 9,63

35,62| 27,22] 8,43

&k &

Table 5

Dependence of cross-sections on the value of the depth parameter
of the imaginary part of the potential at 1 keV neutron
energy; V, = -46y Ry = 1.28; a = 0.65 b = 0.47;

B = oo24, VSO = 7.5

6 Wy =~4,0 \VD =-3,8 Wp==3,7 WD =~3,6
64 30,08 25,28 24,99 24,70
6. 18,97 15,27 14,98 14,68
..ESE 10,11 10,01 10,01 10,02
Table 6

Dependence of cross—sections on the value of the deformation
parameter of the nucleus at 1 keV neutron energy;
Vy, = —46, Ry = 1.28, Wy = -3.8; a = 0,65;
b = 0.47; Vgy = 7.5

6 ﬁ =0,24 f~’=°’23
6, 25,28 23,99
6, 15,27 13,98
B.op 10,01 10,01
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Table T

Energy dependence of cross—sections for the following parameters of the
optical potential: VO = —-45 4+ 0,3E;
. =={',-‘-3.6 - 1.43e when ¢ < 1 MeV;
D 4.0 - 1,03\ when e >1 MeV;

R = 1.28; a = 0.65; b = 0.47; = 0.22; VSO = 7.5

0
G e=1MeV{ ¢£=I0 keV{ £=I00 keV: £=1 MeV € =S MeV e=6 MeV
6, 24,62 16,56 11,78 7,34 7,68 6436
& 13,60 4493 2,98 3,05 3,19 2,81
Bcer 11,02 10,63 8,78 3,87 3,84 3,05
62, 0 0 0,02 0,42 0,65 0,50
Table 8

Calculated neutron reaction cross-sections for the 239Pu nucleus
(cross-sections, b; energy, keV)

ele6 16 l& efirey g L P L e o
t ¢ | et (T3, TT7=5; | T=15] et (T30 et | Ons {57 |00y Says
I} 24,62{13,60{11,02 2,97 r3,9915,34(5,28{0,65}5,99
5y 17,09) 6,28110,81 2,04 12,8512,33[1,20]0,24]2,57
10| 15,56| 4,93]10,62]1.10™ 1,63[0,21 12,25|1,65|1,23]0,17(2,02
IS] I4,77] 4,30110,47 7.10_5 I,4370,28 11,90(1,63/0,%6{0,14{1,77
20| I4,28] 3,95|10,32 2.10'4 1,3110,29 n1,63(1,53!/0,81{0,12{1,65
50| 12,90{ 3,25| 9,6% I.IO-B 3 I,0310,31 10,67 1,41’0,50 0,69]1,50
70| 12,33] 3,07! 9,25 2.10_2 3,4.10“2 0,9410,31{0,03 10,20{1,37{0,4110,08{1,45
100§ 11,78 2,98} 3,78 4.10"3 1,8.107 .10,85)0,320,1110,04 9,63|1,35!0,32;0,07{I,42
150} 11,08] 2,91} &,11{8.107%|4,8.107¢|6.107*|0,72/0,32 0,20:0,09 8,831,37|,25/0,06| 1,43
Table 9
Calculated neutron reaction eross—sections for the 2350 mcleus
(cross-sections, b; energy, keV)

& 6, 6. ) 6ot Bop 6nf an+6n” Gnps an+6n”

1 | 22,55 | 16,09 | II,u5 1,75 | 13,20 | 7,67 6,67 | 1,7 | 9,43

5 18,90 7,70 11,20 1,39 12,59 3,454 2,77 0,70 424

I0 16,87 5,89 10,98 I,22 I2,I9 2,71 1,% 0,46 3,17

20 15,40 4,76 10,64 1,07 11,71 2,24 1,45 0,31 | 2455
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Table 10

Calculated neutron reaction cross—sections for the
(cross-sections, b; energy, keV)

241

Pu nucleus

el @G 6 G 6 et 6 6ﬁmf 6 G 6"I+ 6 5,46
t (J sef I'=72 |1'= %5 cef -1 1=-s et nf 46 g 4 npfl “nf’ Cnps
I|24,99(14,15(10,84 1,40 12,24) 9,79 12,9 |0,4010,I9
s|17,42| 6,79110,63 1,09 11,72| 4,39 |1,3I |0,20] 4,59
10]15,65| 5,2L{10,44 0,98 11,42| 3,23 {1,0 |0,I8 3,4I
20{1%,35| 4,22|10,I4 0,92 11,08| 2,49 {0,81 |0,I6] 2,65
50{13,00| 3,54| 9,46|2-107% 0,96 |0,08 10,42| 1,89 {0,6I {0,10] 1,99
100{11,9/| 3,33 8,63|3-1073|2.107*|1,030,23|6-1073| 9,65| 1,60 |0,46 |0,08] 1,69
150{11,28| 3,27| 7,99|6-1073]4-1073|1,03/0,29/0,12 | 8,99) 1,46 |u,37 |0,05] 1,51
Table 11
Calculated neutron reaction cross-—-sections for the 243Pu micleus
(cross-sections, b; energy, keV)
(‘)’-wtg O'iC > 6',1 + .
e % | % %t frmyr i Oee [729) O | Onp lrengy | s |t gy
1| 24,56|13,92|10,65 1,55 12,20{10,46 1,91 10,18 |10,64
5{ 17,13| 6,69]10,44 1,18 I1,62] 4,52 (0,99 [0,I5 | 4,67
10| 15,39] 5,13]10,26 1,09 11,35| 3,18 0,86 [0,16 | 3,34
I5| 14,62| 4,5I|I0,II 1,08 11,19| 2,63 |0,80 |0,17 | 2,80
20| 14,I4| 4,17 9,97 1,12 11,07| 2,29 0,76 [0,I7 | 2,56
so{ 12,86| 3,54| 9,32 » 1,40 10,72| 1,53 (0,60 |0,I2 | 1,65
70| 12,38| 3,42] 8,96] S5.10 1,49 10,11 |{10,45] I,3I 0,5I 0,10 | 1,41
100{ 11,87| 3,36| 8,5I| 2.107° 1,56 |0,25 |10,07| I,II |O,42 |0,07 | 1,I8
1s0| 11,19| 3,30] 7,88| 5.1073|1.1073
Table 12

Caloculated neutron reaction cross-—sections for the 237U micleus

(cross-sections, b; energy, keV)

645 : 6ine Snp* | &
€1 % | & O I35 115 et I‘=3’/2‘I‘=L5;:8I’=7/2 % | %ns *Gn;f Onys %Oy
1]25,37|14,14]11,22 4,17 15,39 {2,47 7,50 [0,I3 2,6

5{17,73| 6,73|11,0 2,78 13,78 |1,08 {2,87 [0,07 |I,I5
10|15,91| 5,10{10,8I|I-107 2,15]0,29 12,9 (0,78 |1,88 |C,06 |0,84
15{15,09 4,45|10,64/6-10 1,67)0,38 12,51 |0,66 {I,53 {0,06 |0,72
20|14,58| 4,09{10,49)2-107% I1,74{0,41 12,23 |0,59 {1,35 | 0,06 |0,65
50(13,12| 8,34| 9,78{2-1073 1,52|0,50 11,50 |0,42 {0,90 0,05 }0,47
70|12,54| 3,I5| 9,89|2-1073}2-1079|1,44{¢,53(0,07 10,83 | 0,37 | 0,74 {0,05 |0,42
100|11,95| 3,04| 8,89|%-1073|2.107¢|1,55]|0,55]0,21|0,04{10,24 {0,32 {0,57 {0,04 [0,36
150|11,22| 2,95| 8,21|e-1073|5-1074|1,22] 0,56/ 0,3410,09] 9,43 |0,30 0,44 10,03 |0,33
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Table 13

Calculated neutron reaction crogs—sections for the 239U micleus

(cross-sections, b;

energy, keV)

6. |6 Set s et 1o 1o 15" 6 l6 +6

£ o ¢ 1%l [T 1104 o [To75 1-3%] et | Onf PF6aps np {%ng* Onps

1} 25,66|14,62|11,04 1,9 12,98| 9,53| 3,15 0,02 9,55

5| 17,83 7,01|10,82 1,46 12,28| 4,01} 1,54 0,02 {4,03

10{ 15,99| 5,37|10,62 1,32 11,9 2,78{ 1,27| 0,03 |2,8I

20{ 14,66| %,35|10,31 2,30 11,61| 1,95 1,10 0,04 }I,99

50| 13,23 3,62| 9,61 1,48{0,II 1I,03| 1,20] 0,83} 0,04 |I,24

100| 12,14| 3,38/ 8,75 3:1079 1,60{0,3 | 0,0I |10,85| 0,83 0,58] 0,03 |0,86

150| 11,411 3,31| 8,096¢1073 h:1073{1,55|0,43 | 0,19 | 9,64| 0,70 0,44 0,03 |0,73

Table 14
Calculated neutron reaction cross—sections for the 237U rucleus.
The parameters of barrier magnitudes of the transitional-
state bands of negative parity are reduced by 200 keV
(cross-sections, b; energy, keV)
5.8 C Gpnt Onet
€ % | % {5 I'=3/2 ?'655/2 Ocet 1-3/5 I’;g/z[I'J/Q Oct 6”.f 6"33:1’ Onys 6“;‘
1} 25,37|14,14{1I,22 4,17 15,39(2,50] 7,47| 0,23 2,75
5| 17,73} 6,73|1I,0 2,78 13,78{I,15| 2,80{ 0,12 1,27
10} 15,91| 5,10(10,8I[I-107> 2,14 0,29 12,95(0,88| 1,79 0,08{ 9,%
15| 15,09| 4,45(10,64|6-10™° 1,85 10,38 12,49/0,78{ 1,44} 0,07 0,85
20| 14,58 4,09|10,49{2-107% },72 | 0,40 12,21{0,72| 1,25/ 0,07] 0,79
50| 13,12| 3,34| 9,78|2-1073 1,46 | 0,47 1I,24(0,59| 0,82 0,05| 0,54
70| 12,54 3,I5| 9,39|2-1073{3-1073{1,38 [ 0,49 |0,06 10,77{0,55{ 0,67} 0,05! G,60
100 11,95/ 3,04| 8,89 {4-1073|2-1072{1,29 | 0,50 {0,19|0,08|10,18/0,5I| 0,52| 0,04] 0,55
150 11,22 2,95| 8,2 |8-1073|5-1072




Angular distribution of elastically scattered neutrons
fore= 1 MeV: — - calculated curve; experimental data:
e — Cranberg. - A-2177, 1959; e - Cavanagh et al., -
AERE-R-5972, 1969.
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