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Translated from Russian

NEUTRON CROSS-SECTION CALCULATIONS FOR 2 3 9 Pu, 2 4 1 Pu t

2 4 3 Pu AND 2 3 5 U t
 237U AND 239U IN THE 1-1go keV

ENERGY REGION

V.E. Marshalkin and V.M. Povyshev

By now we have reached a q u a l i t a t i v e understanding of the experimental

data on individual nuclear reac t ions and on nuclear reac t ions as a whole.

I t i s therefore only na tura l that there should be increased i n t e r e s t in

a more de ta i l ed quan t i t a t ive study and in a se l f -cons i s t en t descr ip t ion of

the fu l l e s t se t of da ta as a means of improving the ex i s t i ng concepts.

Moreover, the development and improvement of methods of ca lcu la t ing c ross -

sect ions for neutron-induced nuclear reac t ions i s of great importance to

nuclear power engineering.

In the present study an attempt has been made to give a se l f -cons i s ten t

descr ip t ion of p r a c t i c a l l y a l l the avai lable experimental da ta on the
239

in t e r ac t i on of 1-150 keV neutrons with the Pu nucleus. Pa r t i cu l a r care

has been taken to ensure tha t the behaviour of each c ross -sec t ion in

t h i s energy range i s described with the same degree of accuracy as the

experimental da ta . This level of descr ip t ion has been achieved by using

the method of coupled channels [ l ] instead of the ordinary op t i ca l model,

the s t a t i s t i c a l model in i t s most sophis t ica ted var iant [2] and also the

r e s u l t s of channel analysis by the two-hump f i s s ion b a r r i e r model of

experimental data on Pu (d, pf) and Pu ( t t pf) reac t ions [ l ] .

Quant i t ies l ike the level dens i ty parameters of the exci ted s t a t e s of the

compound nucleus r were taken as equal to those normally used [3»4]»
The description of the experimental data on the interaction of neutrons
239with Pu 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 Put

243Pu and 235U, 237U and 239U. The calculations for these nuclei 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.
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Selection of the optical potential parameters

In Ref. Cl] ̂ e 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

4
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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
239

experimental data on the most fully and reliably studied Pu nucleus.

The selection criterion was the simultaneous and most accurate description

of the total cross-section cr. (e) t the potential elastic scattering cross-

section a -,(e) and the compound-nucleus formation cross—section o (e) at

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 and

1-100 keV energy regions.

In the 1-3 MeV region, at a neutron energy of ~3 MeV, heavy nuclei

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.
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Table 1 shows the cross-sections as a function of parameter R , the

values of all other parameters being fixed. The value of R a 1.28 is the

most accurate representation of the energy dependence of behaviour in the

experiment on total cross-section up to t and in the region oft 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-nucleus

formation and for direct inelastic scattering. A better agreement with

the experimental values is obtained with b = 0.47. Prom 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 nucleus,

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 nucleus, which diminishes by the 1/Ye 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 qualitative change in the energy dependence of the

cross-section for compound-nucleus 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 (R = 1.28; a a O.65; b a O.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 4t where the dependence of o .(e) on the values of V
S© X O

and comparison with experimental values indicate that 45-46 MeV are

acceptable values for the depth of the real part of the potential.

Table 5 shows a sharp reduction in the cross—section for compound-nucleus

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.
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The dependence of the cross-section for compound-nucleus formation

and consequently of the to ta l cross-section on the deformation parameter

values i s shown in Table 6. The most acceptable deformation parameter

values are 6 = 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 c r i t i ca l

for the corresponding optical potential parameters. The experimental

data on o.(e) t o ( e ) t a ,(E) for 1 keV-15 MeV energies are sufficiently
"t C S61

complete for determining the pract ical ly unique set of the optical potential

parameters. The values of parameters V = -45«O + 0.3E;
w m H-3.6 - 1.43ye for e < 1 MeV; = ^ g . a = Q ^ ^ = ^ fi = Q

(^-4.0- 1.03fe for e> 1 MeV; °

V =7«5 enables us to describe the to ta l cross—section with an accuracyso
of *»3$ and the cross-sections for compound-nucleus formation and e las t ic

scattering with an accuracy of ~5% (Table 7)» The angular distr ibution

of 1 MeV neutrons scattered from the ground state and accompanied by the

excitation of the f i r s t levels of the target nucleus, agrees to within

-20% with the experimental value as shown in Pig. 1.

The basic relations of the s t a t i s t i ca l model

The cross-sections of reactions occurring through the compound nucleus

were calculated by the s t a t i s t i c a l model formulae. The expression for

calculating neutron scattering takes the form

*W<eIni"« C l ' n . , ) - ^ •—* Z (23+1) T. x
K2 Z{ZI*i)0n3 eje'j'

(2)



- 5 -

This expression is used to calculate the cross-section for the

scattering of neutrons of energy e by a nucleus in a state with moment I

and parity PL with subsequent emission of a neutron of energy e1 and

transition of the nucleus to a state of energy E = e - e» with moment I '

and p a r i t y n . The energies of the incident e and outgoing e1 neutrons

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

relative motion., dw?i'n.,(e'.A+ i) is the coefficient of adhesion of a neutron

of energy e1, orbital moment V and total moment j to a nucleus in a state

with moment I1 and parity u , with formation of a compound nucleus A+ 1

of moment J and parity nT. This coefficient is determined, in accordance

with Ref. [2] t by using the coefficient of adhesion T*f (e', A+<)

calculated by the coupled channel method from the expression

(3)

The parameter Q changes from 1 in the region of low neutron energies

to 0 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 channels:

^ n / . j ^ f C O ; AH]

Z 3rv,k r - pC on

9f [e+Ba(A + O;Atf]+ ^_ \ S ^ . j ^

[BfU,A) d.E + \ P.(e + Ba(A+O; A+<;E.?)
* 1

^ \ ^ 3 3n*t r T

Dna,A+<) dEj +F
 J[e + Ba(A+<); A+iJ ,

where the first tens represents neutron scattering with excitation of

discrete levels of the target nucleus, 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 continuous spectrum of the

transitional states and the sixth term other possible decay channels for

the compound nucleus.
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The correlation function

/VnWV^aK^OV Sr^e) (5)
Vi.'i1Ilni' le>"

takes into account the non-equivalence of substitution of the average

ratio of TJnJ - widths by the ratio of average f~nJ used in the statistical

model [6]. The distribution functions of widths P(V^ j) were taken in

the form of the Porter-Thomas distribution with one degree of freedom for

neutron channels in the 6-form for the radiation channel and in the form

obtained in Ref. [l] 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. [?] was used to evaluate the density of the transitional

states of the fissionable nucleus. The parameters were selected from the

description of experimental data on the interaction of neutrons with the

^°Pu nucleus, and the selection is shown below.

The radiation coefficient was calculated in accordance with the

definition

ri ^ (6)

The energy dependence of the radiation width was evaluated in accordance

with the assumption of dipole gamma-quanta emission, and i t s absolute value

was determined through using the experimentally known values at neutron

binding energy [4]

Ba+e

Bn

/(£+Ba,Dri3) I el Z jo(Ea-e,,, D'r
0 3 rt^r

(7)

I el
0

The laws of moment and parity conservation determine the set

on the basis of /J - l/< J'<J + 1, njl = nj(-l), respectively.
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The fission £„ coefficients of penetrability were calculated by

the two-hump barrier model from the formulae of Ref. [8], The parameters

of the barriers of transitional-states of a discrete spectrum were taken

as equal to those obtained from the channel analysis of experimental data

on the (t, pf) reaction for the corresponding nuclei [9l«

The cross-sections of the other competing reactions were calculated

by formula (2) by replacing the neutron penetrability factor Q^-ij/n ,

and the S^3, function in the exit channel by the corresponding values.

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

Pu and % nuclei, 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: r (Bn) has been taken from Ref. [4lf

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 nucleus, 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 quantities 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

nucleus 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 nucleus.

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
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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(Jf) and P(z) 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 i t 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 i ts 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

l+expr
f

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

different transitional states tito and i ts 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

P

where the lower limit of the integral is the beginning of the continuous

spectrum of the transitional states and is determined by the height of the

barriers of the lowest 0 transitional state V . and by the value of the
min

energy gap A.
It was the description of the energy dependence of the fission and

239
radiative capture cross-sections for the Pu nucleus at 1-150 keV neutron
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energies which also determined the values of parameters A = 1.34 MeV,

1iu = O.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 nto = 0.35

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 " 1 = I+ state occurs to a greater extent through the transitional

states of the continuous spectrum than through the transitional 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.

In the fissionable Pu nucleus the neutron binding energy

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 sor there is a possibility of fission after the

emission of low—energy gamma quanta. In Ref. [ l ] we pointed out the

commensurability of widths r_ and r _ for a number of resonances of the

Pa compound nucleus in the resonance energy region.

Therefore the cross-section of the (ntYf) reaction was evaluated

by the formula

On.-,

derej Z
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where, in accordance with the assumption of the most probable emission

of e lec t r ic dipole gamma quanta, the set J ' n . , i s determined by the

relat ions l J - l l < J * < J + 1 and nT t => -n . The share of the (n,Yf)

reaction in the (ny) reaction cross-section was ""lO^ at 1 keV and th i s

decreased with increasing neutron energy, owing to the re la t ively large

probabili ty of fission by p-wave neutrons.

After the input information was thus defined, calculations were

made of the cross—sections of a l l reactions occurring in the interaction
2^9of low-energy neutrons with the Pu nucleus. The calculation resul ts

are given in Table 8. The decomposition of the cross-section for the

oompound nucleus 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 ra t io of thei r corresponding penetrabil i ty

coefficients from the J1^ s ta tes equal to 0+ and I + . When S^ti = 0.021,
0+ 0+0 ut2+

£ = 0.033 and •& = 0.91, the compound nucleus from the 0+ s ta te will
1+undergo fission with overwhelming probabili ty. When$_ii » 0.020,

1+ l+l 2s

$Y • O.O98 and •&„ o 0.04, the compound nucleus wil l more probably decay

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

even less probably emit neutrons. The S function has a substantial

effect on the d is t r ibut ion of decay probability along the channels [ 4 ] ,

As neutron energy increases, there is a decrease in the cross-sections

of a l l reactions para l le l with the reduction in the cross-section for

compound-nucleus formation and the share of neutron emission increases

with re la t ive ly rapid growth of the 8 1 (e.) coefficients.

A comparison of neutron reaction cross-sections for -fa 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-section to within -2

The basis for th i s agreement of the fission cross—section is the

above-barrier mode of fission by S-wave neutrons, owing to the compara-

t ively high neutron binding energy ~6.545 MeV. In th i s case, the

uncertainties in fission barr ier magnitudes do not substantially change

the fission oross-sections. The accuracy of the radiative capture

calculation i s determined by the uncertainty of V and also by the
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uncertainty of the level density of the compound nucleus, and should

amount to 20$. Because of the difficulty of making a quantitative

evaluation of the accuracy of the calculated cross-sections, i t is

probably the above comparison which characterizes i t s 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 i s a consequence

of the neutron binding energy being comparatively much greater ( l MeV)

than the barrier energy of the lowest t ransi t ional-state 0 band.

24.1 24^ 2 "V7 2^9
The cross-sections for the H Pu, JPu, J 'U and JOJ were calculated

in a similar manner and in the same energy range of incident neutrons.

The calculation resul ts are shown in Tables 10-13. A comparison of the

calculated fission cross-sections for the Pu nucleus with those given

in Ref. [ io] also confirms what has been said above concerning the

calculation accuracy.

I t should be noted that the agreement between the calculated

fission cross-section for U and the experimental data of Ref. [ l l ]

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; i t i s therefore

difficult to compare the resul ts 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 a» => 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

transi t ional-s ta te bands of negative pari ty in comparison with the

binding energy. A reduction in the magnitudes of these barriers by

200 keV, which is s t i l l 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

l i t t l e with such a change in parameters.

Discussion of results

The agreement between the calculated results of the cross-sections

°+(e)» ° (e) as& ° -i(e) f° r P*1 an^ their estimated values when the
"C C S6J.
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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 ^J may be due to a possible difference

between the stable deformation parameter from the value of 0= 0.22

selected for describing the U data and used for % . However, i t

should also be noted that the calculated total cross-section values lie

between the experimental values obtained by different authors.

oxj
In the case of the nuclei considered, with the exception of U,

at a neutron energy of 1 keV the compound 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 ^J and Pu nuclei which in the ground state have the

moment and parity values I x =» •5% the process occurs through the

transitional states J T = 2 of the first and second bands KaJ = 0

and 2~ and the state J"X B 3* of the second band K"3" = 2+. The fission

of 243Pu, which in the ground state has I r = ^ [ l2] , takes place

through the transitional states J°x = 4 of "the first and second bands

K^T = 0+ and 2+ and the transitional state Jn^ = 3+ of the second band

Knr -, 2+. The Pu and 237U nuclei in the ground state have I*1 => i +

and undergo fission through the transitional state with j'V =0 of the

first band and states J°T = I , which are formed as a result of pair
2^9break-up (A = 1.34 MeV). Whereas in the case of Pu at a binding

energy of 6.533 MeV the fission through state JnJ = I occurs with an

appreciable probability (T_+ = O.O46), in the case of j(U at a binding

energy of 6.143 MeV the fission through this state occurs deep under the

barrier and is negligibly small. The % nucleus is of interest in
n 7~

that i t has I ^ = =• in the ground state. Therefore, fission occurs

through the transitional state J°T = 4~ of bands K T = 1~, 2~ and

through the transitional state J T = 3~ of bands K T = 0~, 1~, 2~. The

agreement between the cross—section calculation results in this case and
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the experimental values is an important confirmation of the correct

determination of the barrier magnitude of t ransi t ional s ta tes of negative

pari ty . Thus, the good agreement between the calculated fission cross-

section and the evaluated or experimental data at 1 keV neutron energy

is the resul t of using a sufficiently correctly determined set of barrier

parameters of lower t ransi t ional state bands [°<]» In evaluating the

re l i ab i l i t y and accuracy of the fission cross-section calculations i t

is important to note that in the even-even fissionable nuclei considered,

with the exception of iJ, the neutron binding energy exceeds the

barrier energy of one or more t ransi t ional-s ta te bands and that fission

by s-wave neutrons is above the barr ier . In th i s case, the •&„ coefficients

considerably exceed the •& coefficients of the competing processes and

the relat ive fission probability ~8-/(8 + %) i s therefore much less

inaccurate than $„. Even the uncertainty of & between 0.5 and 1 leads

to -10$ inaccuracy in the relat ive fission probability. Therefore,

with ~5$ accuracy for the to ta l cross-section calculation and ~10$ accuracy

for the e las t ic scattering and compound-nucleus formation cross—sections

the fission cross-section can be calculated with an accuracy not lower

than 20%.

The next in order of probability i s radiative decay. The accuracy

with which i t s cross-section can be calculated depends mainly on the

accuracy of the P (B ) values determined in Ref. [4-]» on the accuracy

of the level density parameters of the compound nucleus [4] and also

on the correct description of decay through the most probable fission

channel; i t appears to be at a level of 20%.

The neutron d—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 pari ty for the p-wave, in comparison

with the s-wave, has different effects for different nuclei on the

accuracy of calculating the fission cross-section and consequently of

the other processes. If fission by the p-wave i s above the barr ier ,

as in the oase of Û and Pa, there i s no reason to expect a

reduction in the accuracy of the calculation. In sub-barrier fission
OY7 239. 243

by p-wave neutrons, as in the case of the U, •TJ and Pu nuclei,
the uncertainty in the fission barr ier magnitudes and curvatures of
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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
237in the case of the U nucleus in which a decrease in the barrier

nT - -

energy of bands K = 0 , 1 by 200 keV resulted at 100 keV neutron

energy in an increase in the fission cross—section by a factor of ~1.5»

However, in this case too, at neutron energies < 20 keV, where the p-wave

neutrons are absorbed by the nucleus with a lower probability than s-wave

neutrons, the fission cross-section can be calculated with an accuracy

of "20%.

REFERENCES

[I] DZYUBA, B.M., MARSHALKIN, V.E., POVYSHEV, V.M., TYAPIN, A.S.,

Programme I I I Vsesoyuznoj Konferentsii po nejtronnoj fizike

(Programme of the Third All-JJnion Conference on Neutron Physics),

Kiev (1975).

[2] MOLDAIJER, "P.A., - "Rev. Mod. Phys.", 1964, v.36, p.1079.

[3] COOK, J .L. e .a . - "Aust. J . Phys.", 1967, v.20, p.477.

[4] MALECKI, Kh., PIKEL»NER, L.B., SALAMATIN, I.M., SHARABOV, Eh . I . ,

P3-4929, Dubna (1970).

[5] PRINCE, A., Nuclear Data for Reactors. V I I . IAEA, Vienna, 1970,

p.825.

[6] LANE, A., LYNN, J . , The Proceedings of the Physical Society.

1957, v.70, p . 8 l l .

[7] GILBERT, A., CAMERON, A., "Can. J . Phys.", 1965, v .43, p.1446.

[8] MARSHALKIN, V.E., TYAPIN, A.S., Yad. Fiz . 21 14 (1975).

[9] MARSHALKIN, V.E., POVYSHEV, V.M., Yad. Fiz . 2Jj 3 (1977).

[10] BLONS, J . , "Nucl. Sci. and Engng", 1973, v .51 , p.130-147.

[ I I ] McNALLY, J.H. e . a . , "Phys. Rev.", 1974, v. C9, p.717.

[12] ELLIS, J .A. , WAPSTRA, A.H., "Nuclear Data Sheets", 1965, v . 3 , N 2.



- 15 -

Table 1

Dependence of the cross-sections o . ( e ) , a - ( e )»
X C

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

. = -45 + 0.3E; W_ = -4.27 - 1.0 3Y*;the parameters:

a = 0.65; 0.47; 6 . 0.24; V,SO 7.5

Ro

1,25
1,28
I,SO

£ = I MeV

7,58
7,47
7,82

3,01
3,11
3,59

6se(

4,19
3,93
3,94

-tot

0,38
0,43
0,29

e = 1,5 MeV

7,27 2,94 3,88 0,45

e = 3 MeV

7,53
7,77
7,81

2,99
3,19
3,31

4,0
3,95
3,83

0,60
0,63
0,67

Table 2

Dependence of cross-sections on the values of the d i f fus iv i ty

parameter of the imaginary part of the potential for the

following values of the parameters: VQ = -46.53 + 0.3E;

WD = -4.27 - 1.03V"e? a = 0.65; \ - 1.25;

0.2; V,SO 7-5

6

0,65
0,47

£= I MeV

7,76
7,14

6c

3,40
2,93

4,14
3,87

6zot,inei

0,22
0,34

£ = 1,5 MeV e = 3 MeV

\

7,36 3,50 3,58

6inet

0,28 7,52
7,31

3,45 3,76
3,71

0,31
0,54

Table 3

Dependence of cross-sections on the values of the d i f fus iv i ty

parameter of the real part of the potential for the

following values of the parameters: VQ = -45 + 0.3E;

W = -4.27 - l.O3Ye; Rn - 1-28; b = 0.47;

0.24; V,SO 7.5

0,7
0,65

6

7
7

,66
.47

£ = :

*c

3,50
3,11

: MeV

3,65
3,93

0,
0,

ot
we

51
43

St

7,52

e

6

3,

- 1,5 MeV

c

58

«W
3,28

6lnee

0,66 7
7

*t

,93
,77

3,39
3,19

i M*V

3,S3
o,95

0,71
0,63
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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: W = -4 - 1.03"^; a = O.65;

b a 0.47; a = 0.24; V,SO 7.5; 1.28

Vo

-45
-46
-48

et

31,
30,
35,

£ =

26
08
62

: i
6

20
19
27

keV
• *

,04
,97
,22

6set

I I .
10,
8,

22
I
43

«t
20,
18,

07
99

9
9

5keV

vo 
vo

1—
1 

1-H

10,
9,

ee

91
83

17
16

£ =

.37
,34

= 10 ke^
Sc

6,70
6,73

/

10,
9,

e
67
63

e
I I

e =

,80

= 100 keV

3,27

(3seE

8,49

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; VQ = -46, RQ = 1.28; a . O.65; b - 0.47;

fi = 0.24, V ^ = 7.5

6

*t
6c
*„!

WD=-4,0

30,08
19,97
10,11

Wo =-3,8

25,28
15,27
10,01

WD=-3,7

24,99
14,98
10,01

WD=-3,6

24,70
14,68
10,02

Table 6

Dependence of cross-sections on the value of the deformation
parameter of the nucleus at 1 keV neutron energy;

VQ . -46, RQ = 1.28, WD = -3.8; a . O.65;
b 0

i

0.47;

ft =0,24

25,
15,
10,

28
27
01

=

23,
13,
10,

7.

=0,

99
98
01

5

23
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Table 7

Energy dependence of cross-sections for the following parameters of the

R,

optical potential:

W

VQ = -45 + 0.3E;

C3.6 - 1.431/e when e < 1 MeV;

4.0 - 1.

0
1.28; O.65;

03V"e when e > 1 MeV;

b = 0.47; 6 - 0.22; i

6 e = I MeV
24,62
13,60
11,02
0

e=I0 keV

16,56
4,93

10,63
0

£ =100 keV

11,78
2,98
8,78
0,02

£ = I MeV

7,34
3,05
3,87
0,42

E =£ MeV

7,68
3,19
3,84
0,65

£= 6 MeV

6,36
2,81
3,05
0,50

Table 8

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

239Pu nucleus

£

I
5

10
15
20
50
70

100
150

24,62
17,09
15,56
14,77
14,28
12,90
12,33
11,78
11,08

13,60
6,28
4,93
4,30
3,96
3,25
3,07
2,98
2,91

11,02
10,81
10,62
10,47
10,32

9,64
9,26
8,78
8,11

I.IO"5

7.I0"5

2.I0"4

I . IO" 3

2.I0"3

4.I0" 3

8.I0"3

3.4.I0" 3

I.8.I0"2

4.8.I0"2 6.I0"4

%*

2,97
2,04
1,63
1,43
1,31
1,03
0,94
0,85
0,72

0,21
0,28
0,29
0,31
0,31
0,32
0,32

1-/2

0,03
0,11
0,20

i'--7/z:

13,99
12,85
12,25
11,90
11,63
10,67
10,20

0,03 9,63
0,05 8,83

*•*

5,3*
2,33
1,85
1,63
1,53
1,41
1,37
1,35
1,37

«„/•

5,28
1,90
1,23
0,S6
0,31
0,50
0,41
0,32
0,25

0,65
0,24
0,17
0,14
0,12
0,09
0,08
0,07
0,06

S'f
5,99
2,57
2,02
1,77
1,65
1,50
1,45
1,42
1,43

Table 9

Calculated neutron reaction cross-sections for the ^J nucleus

(cross-sections, b; energy, keV)

e

I
5

10

20

27,

18 ,

16,
15 ,

55
90

87
40

e

16,
7 ,

5,
4,

c

09
70

89
76

I I ,
I I ,

10,
10,

I

45
20

98

64

I
I
I
I

:et

.75
,39

,22
,07

13,20
12,59
12,19
11,71

7,67
3,54
2,71
2,24

S
6
2
I
I

,67
,77

,96

,45

1,76
0,70
0,46
0,31

VSf
9,43
4,24
3,17
2,55
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Table 10

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

241Pu nucleus

£

I
5

10
20
50

100
150

" t

24,99
17,42
15,65
14,36
13,00
11,96
11,28

*c

14,15
6,79
5,21
4,22
3,54
3,33
3,27

'•tf

10,84
10,63
10,44
10,14

9,46
8,63
7,99

I'=7/2 |l '=9/2

2«itr*
3-I0"3

6-I0"3
2'I0~*
4-I0"3

1,40
1,09
0,98
0,92
0,96
1,03
1,03

V'Vz

0,08
0,23
0,29

V-Vt

8-I0"3

0,12

12,24
11,72
11,42
11,05
10,42
9,65
8,99

9,79
4,39
3,23
2,49
1,89
1,60
1,46

2,96
1,31
1,0
0,81
0,61
0,46
J.37

< %

0,40
0,20
0,18
0,16
0,10
0,08
0,05

10,19
4,59
3,41
2,65
1,99
1,69
1,51

Table 11

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

£

I
5

10
15
20
50
70

100
150

24,56
17,13
15,39
14,62
14,14
12,86
12,38
11,87
11,19

13,92
6,69
5,13
4,51
4,17
3,54
3,42
3,36
3,30

10,65
10,44
10,26
10,11
9,97
9,32
8,96
8,51
7,88

i' = Vz

5.10"*
2-I0"3

5.I0~d I.IO"3

1,55
1,18
1,09
1,08
1,12
1,40
1,49
1,56

V-Vz

0,11
0,25

12,20
11,62
11,35
11,19
11,07
10,72
10,45
10,07

10,46
4,52
3,18
2,63
2,29
1,53
1,31
I.II

1,91
0,99
0,86
0,80
0,76
0,60
0,51
0,42

0,18
0,15
0,16
0,17
0,17
0,12
0,10
0,07

•6" <r<5

10,64
4,67
3,34
2,80
2,46
1,65
1,41
1,18

Table 12

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

237U nucleus

e

I
5

10
15
20
50
70

100
150

25,37
17,73
15,91
15,09
14,58
13,12
12,54
11,95
11,22

* c

I4.J4
6,73
5,10
4,45
4,09
3,34
3,15
3,04
2,95

11,22
11,0
10,81
10,64
10,49
9,78
9,39
8,89
8,21

6\°'k ':
r'=V2

I '[0~5

6-I0"5

2-I0"4

2-I0"3

2-I0"3

'f-IO"°
S-IO"3

I' = 5/2:

2-I0"3

2-I0"2

5-10^

4,17
2,78
2,15
1,87
1,74
1,52
1,44
1,35
1,22

6ine?
t=Vz

0,29
0,38
0,41
0,50
0,53
0,55
0,56

0,07
0,21
0,34

l''7/z

0,04
0,09

15,39
13,78
12,96
12,51
12,23
11,30
10,83
10,24

9,43

2,47
1,08
0,78
0,66
0,59
0,42
0,37
0,32
0,30

7,50
2,87
1,88
1,53
1,35
0,90
0,74
0,57
0,44

0,13
0,07
0,06
0,06
0,06
0,05
0,05
0,04
0,03

2,6
1,15
0,84
0,72
0,65
0,47
0,42
0,36
0,33
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Table 13

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

e

I
5

10
20
50

100
150

25,66
17,83
15,99
14,66
13,23
12,14
II,41

14,62
7,01
5,37
4,35
3,62
3,38
3,31

11,04
10,82
10,62
10,31
9,61
8,75
8,09

3-I0"c

6fI0"3 4fI0~3

&ca

1,94
1,46
1,32
2,30
1,48
1,60
1,55

I'- Vz

0,11
0,36
0,43

neB

l'-Vz

0,01
0,19

* « •

12,98
12,28
11,94
11,61
11,09
10,35

9,64

9,53
4,01
2,78
1,95
1,20
0,83
0,70

3,15
1,54
1,27
1,10
0,83
0,58
0,44

0,02
0,02
0,03
0,04
0,04
0,03
0,03

V*Tf
9,55
4,03
2,81
1,99
1,24
0,86
0,73

Table 14

23TTCalculated neutron reaction cross-sections for the *"-"U nucleus.
The parameters of barrier magnitudes of the transitional-

state bands of negative parity are reduced by 200 keV
(cross-sections, b; energy, keV)

£

I
5

10
15
20
50
70

100
150

25,37
17,73
15,91
15,09
14,58
13,12
12,54
11,95
11,22

14,14
6,73
5,10
4,45
4,09
3,34
3,15
3,04
2,95

11,22
11,0
10,81
10,64
10,49
9,78
9,39
8,89
8,2

<o

I' = 3/2

I-IO"5

8-I0"5

2-I0-*
2-I0"3

2-I0"3

4-I0"3

8-I0"3

tot
inee
I'--5/2

3-I0"3

2-I0"2

5-I0"2

4,17
2,78
2,14
1,85
1,72
1,46
1,38
1,29

6inel
I' = 3/2

0,29
0,38
0,40
0,47
0,49
0,50

l'-5/-m'*7/2

0,06
0,19 0,03

15,39
13,78
12,95
12,49
12,21
11,24
10,77
10,18

5nt
2,50
1,15
0,88
0,78
0,72
0,59
0,55
0,51

7,47
2,80
1,79
1,44
1,25
0,82
0,67
0,52

< %

0,29
0,12
0,08
0,07
0,07
0,05
0,05
0,04

Sni +

0n?f
2,79
1,27
0,96
0,65
0,79
0,64
G.60
0,55
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Pig. 1. Angular distr ibution of e las t ical ly scattered neutrons

for e = 1 MeV: calculated curve; experimental data:

• - Cranberg. - A-2177, 1959; ® - Cavanagh et al .T -

AERE-R-5972, 1969.
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