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ABSTRACT

The exciton model of pre-equilibrium decay is generalized

for fissionable nuclei. The probability of transition of

a non-equilibrium excited nuclear system into the equilib-

rium and then into the ground state is calculated by the

Monte Carlo method. The inelastic interaction with

of neutrons with energies of 6-30 MeV is analysed on the

basis of the proposed model.

The model of pre-equilibrium decay developed in recent years

[l-2] can successfully be used for predicting the cross—sections and

spectra of emitted particles formed in inelastic reactions in the

medium energy range* So far, however, only nuclear reactions in mass

number ranges where the fission process could be ignored have been

studied. This paper presents a generalization of the exciton model

of pre-equilibrium decay to fissionable nuclei. The most successful

model for this purpose is that proposed in Ref. [3]» in which a link

is established between stochastic Markov processes and the process

of transition of a non-equilibrium nuclear system to the equilibrium

state. Thus the Monte Carlo method could be used for a detailed

description of the evolution of an excited system in time, including

the successive emission of particles at the stage of steady statistical

equilibrium. Further advantages of the exciton model of Ref. [3] are

that, unlike other approaches, it makes it possible to take into

account the deficit of the state due to the emission of particles in

the pre-equilibrium stage, and that it allows for the possibility of a

transition of the system both to a higher and to a lower number of

excitons. Since fission is, by its very nature, a collective process

it will clearly occur most often after the system has reached the

equilibrium state.
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Usually the transition of highly excited nuclei to the ground

state is well described on the basis of Weisskopf's statistical

theory. The Monte Carlo method yields a more detailed description

of the successive emission of particles, of the concurrent changes

in the properties of the excited nucleus, and also of the competition

between the processes of evaporation and fission. The partial fission

widths P were calculated using the Bohr—Wheeler formula [4]:

where Q ( E ) is the level density of the compound nucleus for an

excitation energy E, B« is the fission barrier, and Q is the level

density in the saddle point. The probability of neutron emission is

given by the expression:

ln = h J

where E is the excitation energy of the initial compound nucleus,

B is the neutron binding energy within it, a(E,e ) is the inverse

reaction cross—section, g the statistical weight of the spin states,

m the neutron mass and Q (E-B - e) the level density of the nucleus

remaining after neutron emission. The inverse reaction cross-section

o (E, e) was taken in the form proposed by Dostrovskij [5].

For the level density of the evaporating and the fissioning

nucleus an expression from the Fermi-gas model was used:

Pv(E) - Cowst exp{2Vcve

where CC is the level density parameter. It should be noted that

when the level density is calculated it is necessary to make a

distinction between the parameter 4X. in the fission point: <^_, and



the parameter for the nucleus remaining after neutron emission:

tL . The values of O^ obtained by analysing the experimental data
A A -1on the basis of the equilibrium model lie in the range vr - w MeV ,

where A is the mass number [6].

The neutron binding energy was calculated with Cameron*s formula,

taking into account shell corrections [7]. The fission barrier values

obtained from analysing the experimental data on actinide fission were

taken from Ref. [8],

The cross-sections of the reactions (n,nf)f (ntn
ff), (n,2n),

(n,2nf), (n, 3n), (nf3nf) were calculated in terms of the developed

model for various assumptions about the parameters of level density,

£2, and ^C, and of initial exciton number, nQ(n = P + h). The

influence of pairing effects on the reaction characteristics was

also evaluated.

Taking as an example the u nucleus, let us look at the cross-

sections that are of greatest importance in considering non-equilib-

rium processes, namely the cross-sections for the reactions (n,n*),

(n,2n) and(n,3n), on which there is the greatest body of experimental

data* Figure 1 gives the theoretical results on the inelastic

scattering cross-section for ^ J obtained for ^ = =•, ^ = To" t

n Q = 3, for * s i j j f n Q = 2 and for (L^ = 0.11 A, co^ = 0.1 A,

nQ=3.

The figure shows that calculation with U- = =•, n = 3 gives a

sharply reduced value in comparison with the experimental data for

14 MeV. The results f o r ^ n » ~ and * f »0.11A, <£f = U. = —• agree with the

experimental data at 7 and 14 MeV. Figure 1 also gives the cross-

sections for the (n,nf) reaction calculated without taking account of

pre-equilibrium processes (dotted curve). It can be seen that when

the excitation energy rises the contribution of pre-equilibrium

processes increases sharply. The dependence of the calculation results

on n (number of excitons in initial state) is striking. For n = 2

the results of calculating a nn* are higher than the experimental

values and higher than the calculation results for n = 3. This is

because the average energy of the emitted neutrons is greater at the

stage of reaching equilibrium with nQ = 2 than when n== 3 (the

excitation energy is redistributed over a smaller number of excitons

in the initial state) (see Fig. 2).
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It should be noted that the probability of emission of pre-

equilibrium particles in the 14-MeV range is close to the values

determined from experimental data on neutron spectra from inelastic

interaction ("20% for •* iJ) for n = 2t and somewhat lower for

nQ = 3.

Figure 3 gives calculated and experimental data on the cross-

sections of the reactions (n,2n) for <2L = <2_ _ — f n _ 3 gj^

*" = 7 • no = 3'

Calculation for Q~ = s- and n = 3 gives an absolute value of

the cross—section lower by a factor of about 2. The closest agree-

ment on the (n,2n) reaction cross-section is obtained for ^-= TS-,

nQ . 3 and for ̂ n . O.f = ^ , nQ = 2.

Figure 3 also gives values of a ,> calculated for the equilib-

rium model of nuclear reactions (dotted curve). It is seen that as

the initial energy increases the importance of pre-equilibrium

processes grows, and that on the whole the proposed model makesit

possible to describe the behaviour of the cross-section 0

Figure 4 gives results of calculating o taking into

account pairing effects, i.e. when the excitation energy is replaced

by the effective energy:

f E - 2 A for even-even nuclei

E - A for A-odd nuclei

E for odd-odd nuclei

where A is the odd-even mass parameter, the values of which were

taken from Ref. [8],

The Figure shows that although the shape is the same as the

experimental one, there is a shift of the calculated points towards

higher energies. It must be emphasized that this conclusion also

follows from the calculations of a . . That is why we ignored

pairing effects in all the calculations, and the curve in Fig. 4 is

given merely to illustrate the influence of even-even effects.
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The dependence of the (nt2n) reaction cross—sections on the

initial ezciton number (n = 2 and n = 3) was also evaluated* It

was found that up to 15 MeV the theoretical values agree more

closely with the experimental data for n = 2, and the calculated

values themselves are lower in absolute magnitude for n = 2 than

for n = 3. At energies higher than 15 MeV, a _^^ is higher for

n s 2 than for n = 3t although the difference between them is

small. This dependence on n is due to the fact that the spectrum

of the emitted particles in the pre-equilibrium stage is harder up

to 15 MeV for n = 2, and therefore some channels with a large

number of particles are closed, whereas at higher energies the new

channel (n,3n) is opened, which leads to a reduction of o for

n =s 3»

Figure 5 shows the experimental and calculated values of

0 n3n for % - *f - Iff « * no " 3«
As high values of a^ are approached near the reaction threshold

the (n,3n) reaction cross—section exceeds the cross—section calculated

for lower values of ci- owing to the softer spectrum of the emitted

particles. On the whole the calculated values of o are somewhat

higher than the scanty experimental data available.

The cross-sections of the (n,n»f), (n,2nf) and (n,3nf) reactions

were also calculated in terms of this model. They depend to a large

extent on the form of the energy dependence P /P . Figure 6 shows

P f for -HJ, J*TJ and J'U used in our

calculations; it was obtained, without taking pairing effects into

account, from the experimental values of the fission barriers B_ and

the binding energies calculated according to Cameron*s formula.

Figure 7 gives the energy dependence of the cross-sections of

the (n,n'f), (n,2nf) and (n,3nf) reactions.

Further development of the model will involve taking into account

the dependence of the level density paraaeter on the excitation energy

and the structure of the fission barrier.
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MeV

Dependence of the inelastic scattering cross-section
a nn* on the initial neutron energy EQ. The values of
the level density parameters ^ n and <Zf and also the
initial exciton number no are shown. The experimental
values symbolized by ij are taken from Refs [9-12].

30-

20-

101

10 2 0 2 5

Fig. 2. Dependence of the contribution of pre-eqnilibrium processes
on the initial neutron energy.
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Fig. 3. Dependence of o ̂  on EQ (dotted curve » calculation based

'• E, MeV

Pig« 4« Dependence of fn2n on E Q (l = calculation based on statistics,
taking pairing into account, o a experimental points from
Refs [13, 18-21]).



- 8 -

50*,

5 6 iO 12 16 Ig 20 22 24 £6 28.B, MeV

Fig, 5» Dependence of o j ^ on E ( • a calculation based on pre-
equilibrium model; experimental points taken from
Refs [13-17]).

E» f JfeV 5 8 to 15, 5.E, MeV

Fig, 6. Functions for r / P used
in these calculations.

Fig. 7» Energy dependence of the
cross sections of the
reactions (ntn»f)f (n,2nf)
and (nf3nf).



- 9 -

REFERENCES

[ l ] Griff in J . J . , w?hys.2-~T.l^v;. ! l, 19c5, Y . 1 7 , p . W .

[2] BlaiQM., "Phys.P.ST.T^vt.", 1$Gi, 7 .21 , ?«13r?«

[3] GUDIMA, K.K., OSOSKDV, G.A., TOHEEV, V.B., Tad. fiz. 21 (1975) 260.

HASHNIK, S.G., TOHEEV, V.D., Joint Institute for Nuclear Research

OITal - P4-8417t Dufcna (1974).

W BcbrlT, , r h c c l c r J .A . , " P h j s ^ e v . " , 1339, v*5<5, p .42£ .

[5] Dostrov;-:T I , , ?zv.c.«>:£:! S . , Frlcdlajidcr G., "?:.,s«Ii-T*' f,

^959» V . 1 1 S V p .6Sp.

[6] MALTSHE7, A.V., "Plotnost1 xxrovnej i struktura atomnykh yader11

(Level density and structure of atomic nuclei), Atomizdat,

Moscow (1969).

[7] C&ooi-oh G.C.W*. nCwi-ad,J.of Piiys,"* 1955, v . ? 5 , p*1C>l.

[9] Batehelri. j - , t "iruclcar Phys ics" , 1965, 7 .65, p .236 .

M Clarke 2<L., "Can.J.of Phys . " , 19S1, v .p9 . p.95T«

[ l l ] Sosen L . , S tevar t L , , LA-2111, 1957.

[12] SAL»BIE0V, O.A., ABOTRIEHKO, V.B., DEVKIB, B.V., KDOJEL'llIKOVA, T.V.,

Preprint FEhI-671t Obninsk (1976).

[13] Jx-ohau-t J . , JiOsinsfci G., C3A~S-^o27, 157^ s ^ Proc,of t he

Cor.rorG.riCe on Uucleai* Ci-oss Sections and lechaology^

Tffashicston, 1975» v»2, p.855»

[14] Tnlte P .H. , "J .of Kucl.F-^rgy'1 , 1962, v.A/B 16, p . 2 6 1 .

[15] Allen Xetf., "J .of "u : I . •£•".:,-gy", 1 ° e i , v .14 , p .100 .

[16] FLEROV, 5.N., BERE2HJ, A.A,, CHELflDKOV, I.E., At. Ehnerg. ^

(1958) 1593.

[17] Jlather D.S . , Ear.pton P . F . , Coles 2 , E . , Jari3S G. , K i n c P . J . ,

AW2S-072/" , 1972 end AWE3-0^7/S9t '9£5»

[18] AT-isht JrD. j Snitrh R.E,, ^ax«ren B . , l lPhys.fi9v.w
f 1?5&,

v.112, p .259.

[19] P h i l l i p s J .A . , ASHB KP/R, 1956, p.203$.

[20] DABOTSI, Sh.f HATCH, P. t CHIOIf J . , in Proceedings of Plrst All-Qnior

Conference on Heutron Physics, Kiev, Part 1 (1972) 228.

[21] Ackerfe-arm A., Andres 3 . , Bonaann M. and Scobel ?;., Proc.

01̂  ths Cc^fire;:C2 on Nuclear Cross Specious and Teciracic—

«y. 1975, v .2 , p.819-





- 11 -
77-3806
Translated from Russian

GROUP CONSTANTS FOR 2 3 5U, 239Pu, 24°Pu AMD 241Pu;
COMPARISON WITH DATA PROM OTHER LIBRARIES

Yu.V. Porodzinskij, V.A. Konlshin, G.V. Antsipov,
E.Sh. Sukhovitskij

(institute of Nuclear Power Engineering (INPE),
Byelorussian SSR Academy of Sciences)

ABSTRACT

The results of calculation of the 26-group cross-sections

for 2 3%, 23^Pu, 24°Pu and 2 4 1Pu are given. Detailed infor-

mation for the calculations was taken from the evaluated

neutron data files completed in the INPE of the Byelorussian

Academy of Sciences.

As complete files of evaluated nuclear data are accumu-

lated, work is proceeding on translating them into group constants.

For this purpose we have set up the GREKO system of computer programs by

which constants can be obtained for any group subdivision and any shape

of the spectrum. The algorithm for obtaining group constants which was

taken as a basis for the present calculations is explained in detail in

Refs [l, 2]. For this reason the main differences between the group

constants obtained and the available data are attributable to the

initial data on cross-sections, energy and angular distributions of

secondary neutrons, and on mean resonance parameters. In the derivation

of inelastic transition matrices account was taken of the possible pre-

equilibrium emission of neutrons leading to a hardening of the spectrum

and consequently to an increase in the value of the matrix elements for

transition into the adjacent group.

Numerical integration in the region of the resolved resonances was

performed by the Gauss method, in terns of intervals whose boundaries

consisted of the energy values of the resonances. In this way the cal-

culation time could be shortened.
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A set of weighting functions of the type a (where n = —lt 0, l)

and the fission neutron spectrum were used in averaging the evaluated

data. It would appear that these can be used to break down the real

spectrum with sufficient accuracy for the calculations. The coefficients

of the breakdown of the real spectrum can be made more precise by means

of an iteration method.

In the derivation of the group cross-sections the integration was
—i —2

performed with an accuracy of 10 ; and with an accuracy of 10 in

deriving the resonance self-shielding factors. A higher degree of

accuracy demands an unjustifiably large amount of computer time, since

the factors of resonance self—shielding cannot be obtained with high

precision from the available resonance parameters.

The table gives the group constants for the nuclei indicated above,

obtained by averaging in terms of the l/E spectrum (for E<2.5 MeV) and

the fission spectrum (E>2.5 MeV). Only group cross—sections and values

of v. in the range of energies characteristic of fast reactors are

shown here. The group constants for other weight spectra throughout

the energy range, the matrices for inelastic transitions, and the

coefficients for resonance self-shielding have been transmitted to the

Nuclear Data Centre.

Let us make a brief comparison between the group constants derived

and data obtained from the English library [3l (experimental data up to

1970), the German library [4] (1968) and the BNA&-70 system.

- the fission corss-section 0- agrees with EHAB-70 and with

the data in Ref. [3] for the first 12 groups, on average, to within

in lower energy groups the agreement is less satisfactory and the dis-

crepancy reaches ~7$; the degree of agreement with the German library

[4] is considerably lower (up to 10$). The capture cross—section

o ( "Pu) in the energy range below 1 MeV agrees on average to within( "

with BNAB-70 and within 15$ with the data in Ref. [3]; the agreement

with the data in Ref. [4] is considerably less satisfactory.
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_ the fission cross-section a agrees with WAB-70 and with

the data in Ref. [3] to within 2-3$ (except for groups 10-11); the data

in Ref. [4] are consistently higher. The capture cross-section o

( -}-?U) in the energy range below 1 MeV i s , on average, consistently 7$

smaller than the BNAB data; agreement with the data in Ref. [3] i s to

within 10$, except for groups 14-15» f ° r which the data in [3] are

~25$ lower. The data in Ref. ^43 for the range above 5 keV agree with

our data on average to within 5$»

u - the fission cross—section o_ agrees with BNAB-70 data to

within 2$ for the f i r s t 6 groups? "below the fission threshold the d i s -

crepancy reaches 80-100$. In the BNAB-70 data the capture cross-section

o ( Pu) is consistently larger by ~50$» "the data in Ref. [3] agree

with our data to within ~5$ for "the range above 100 keV; in the lower

energy range the data in [3] are approximately twice as high.

Pu - in the BNAB data the fission cross—section a is consis-

tently -13$ smaller for the energy range above 0.2 MeV but considerably

larger (by ~40$) for energy values below 0.2 MeV. The values in

Ref. C3] are consistently 5-10$ higher for the entire energy range.

The discrepancy for o \~ Pu) i s as much as 40$ for the BNAB-70 data

and for the data in Ref. [ 3 ] .
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Table

Grotqp constants for "MJ, Pu and ^ Pu

•
1

I

I
2
3
4
5
6
7
8
9

10
I I
12
13
14
15
16
17

AE

6,5-10,5 MeV
4,0-6,5
2,5-4,0
1.4-2.5
0,8-1,4
0,4-0,8
0,2-0,4
0,1-0,2
46,5-100 keV
21,5-46,5
10,0-21,5
4,65-10.0
2,15-4,65
1,0-2,15
0,465-1,0
0,215-0,465
0,1-0,215

U-235

1,660
1.118
1,202
1,266
1,218
1,164
1,279
I,47*i
1,751
2,074
2,549
3,472
5,029
7,042

11,523
16,400
?2,034

0,009
0,018
0,030
0,053
0,103
0,160
0,253
0,368
0.539
0,754
1,001
1,305
1,729
3.403
4,550
7,435

El,176

3,335
4,201
4,521
4,059
3,950
4,955
6,826
8,915

10,360
11,319
12,121
12,220
12,304
12,620
11,654
12,605
14, ?00

Om,S
1,429
2,216
2,094
1,754
1.661
1,569
1,230
0,624
0,166
0,009
0,0
0,0
0,0
0,0
0,0
0,0
0.0

3,525
3,069
2.800
2,626
2,535
2,470
2.455
2,436
2.423
2,418
2,416
2,416
2,416
2,416
2,416
2,416
2,4 F6

Pu-239

2.174
1,772
1,828
1,928
1,784
1,609
1,504
1,496
1,569
1.596
1,681
2,154
3,040
3.982
8,312

13,056
(9,393

0,001
0,002
0,003
0,013
0,048
0,097
0,155
0,210
0,296
0,492
0,685
1,623
2.761
3,793
6,563

11,319
1^,999

3,455
4,521
4,506
3,814
4,004
5,672
7,679
9,530

10,321
11,170
12,103
12,235
12,633
13,225
14,829
14,213
14,747

1,019
1.624
1,682
1,586
1,412
1,103
0,818
0,642
0,448
0,376
0,349
0,054
0,0
0,0

0,0
0,0
0,0

4,045
3,645
3,360
3,107
3,021
2,947
2,907
2.886
2,875
2,868
2,864
2,862
2,062
2,862
2,8$2
2,862
2.R62

VJI

I



(Continuation of table)

_

2
3
4
5
6
7
8
9

10
II
12
13
14
15
16
17

6,5-10,5 MeV
4,0-6,5
2,5-4,0
1,4-2,5
0,8-1,4
0,4-0,8
0,2-0,4
0,1-0,2
46,5-100 kev
21,5-46,5
10,0-21,5
4,65-10,0
2,15-4,65
1,0-2,15
0,465-1,0
0,215-0,465
0,1-0,215

1,980
1,532
1,579
1,581
1,454
0,569
0,135
0,076
0,081
0,117
0,117
0,097
0,153
0,287
0,269
0,059
0,130

P

0,007
0,014
0,030
0.078
0,173
0,166
0,187
0,254
0.425
0,750
1.085
1,374
1,832
3,273
4,814
7,852

24,044

u-24
C5el,S

3,365
4,510
4,464
3,742
3.753
5,762
8,169

10,086
11,146
12,215
12,888
13,945
15.674
18,242
18/528
22,048
29,189

0

1,121
1,466
1,587
1,739
1,681
1,545
1,186
0,843
0,324
0,002
0,0
0,0
0,0
0,0
0.0
0,0
0,0

. _ _

3,956
3,562
3,304
3,124
3,108
3,136
2,809
2,068
2,657
2,852
2,850
2,848
2,847
2,847
2,847
2,847
2,847

1,844
I.fJ'-i
1.493
1,679
1,600
1,516
1,737
2,015
2,293
2,701
3,238
4,319
6,149
8,416

12,046
22,624
26,515

Pa-241

0,006
0,007
0,011
0,058
0,098
0,096
0,116
0,224
0,359
0,510
0,703
1,063
1,636
1,947
3,904
6,018
9,213

3,451
4,676
4,525
3,811
3,995
5,691
7,859
9,748

10,944
11,704
12,292
12,750
13,102
13,316
13,703
14.299
13,954

1.337
1,899
1,954
1.053
1.525
1,156
0,631
0,277
0,135
0,012
0,0
0,0
0,0
0,0
0,0
0,0
0 ,0

4,015
3,606
3,350
3,184
3,070
3,002
2,963
2,944
2,934
2,929
2,926
2,924
2,924
2,924
2,924
2,924
2,924
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EVALUATION OF NUCLEAR DATA ON 2 4 1Pu FOR THE COMPILATION
OP A COMPLETE FILE OF CONSTANTS

V.A. Kon'shin, G.V. Antsipov, E.Sh. Sukhovi tski j ,
L.A. Bakhanovich, A.B. Klepa t sk i j ,

G.B. Morogovskij
I n s t i t u t e of Nuclear Power Engineering,
Byelorussian SSR Academy of Sciences

ABSTRACT

On the basis of the available experimental data and of theoretical

models the neutron cross-sections of Pu in the energy range

10 eV-15 MeV were evaluated. The evaluated data are presented in

the SOKRATOR format and transmitted to the Obninsk Nuclear Data Centre.

This paper is a further step in the work on evaluating nuclear data for

heavy nuclei which is being performed at the Inst i tute of Nuclear Power

Engineering (lAEh) of the Byelorussian SSR Academy of Sciences [ l - 3 ] . Here

the evaluation results are only briefly summarized, with indications of the

methods used. The full text of the paper in the tradit ional form of a

detailed report has been sent to the Nuclear Data Centre together with a

machinable information carrier containing the evaluated data in the SOKRATOR

format.

-4In the thermal neutron energy range 10 -1 eV the cross-sections a , o ,
a and o and the derived quantities a and n were evaluated on the basis of
the available experimental data on o and o , The results were normalized
to the thermal (E = 0.0253 eV) cross-section values recommended by Lemmel [ 4 ] .

In the range of allowed resonances of Pu the cross-sections were self-
consistently parametrized using a modified Adler-Adler-type formalism. The
resonance parameters were obtained from previously selected experimental data.
These self-consistent parameters make i t possible to establish the cross-
sections o., o . , a and o for any temperature in the energy range up to
150 eV.



- 18 -

In the forbidden resonance range (0.1-100 keV) the average resonance

parameters were obtained with which all types of average cross-sections

can be calculated and the presence of a forbidden resonance structure in

this range taken into account. The average resonance parameters were

evaluated on the basis of experimental data on <a_> using the average

resonance parameters obtained in the allowed resonance range ( <D > . =

1.34 + 0.10 eV, <iy> = 0.043 + 0.005 eV, SQ = (1.16 + 0.19) x 10~4,

S1 = (2.0 + 0.5) x 10 . The average widths <r
:fr

>j1i were calculated in

accordance with channel theory). The criterion for the quality of the

evaluated average parameters is comparison of the calculated value of a

with the experimental value of Ref. [5] (see Pig. l ) .

For the fission cross-section o there are only two absolute measure

ments [6, 7] . All other references discuss measurements of the ratio

o-( Pu)/o ( % ) . The best description of this ratio was therefore

obtained initially. Prom this ° f ( Pu) was then obtained using our

evaluation of o ( -*•*[]) [2]. The data obtained in this way, together with

the data from the absolute measurements, were then used to obtain the final

evaluated curve for °~( Pu).

The evaluated energy dependence of the average number of neutrons on

fission, v,(E), is based on experimental data and approximated by the

expression:

v t(E) = 2.9243 + 0.13471 E + 0.001125 E2(E in MeV).

The cross-sections of radiative capture o , and of inelastic scattering,

o , , were calculated using the statistical model of nuclear reactions in the

region of both discrete and continuous level spectra of the target nucleus

(up to 5 MeV). In the calculation of ° the competition of the (n,Yf) and

(n,Yn') reactions needed to be taken into account in order to achieve a more

accurate calculation of the cross-sections ° and °_ and of the quantity a

for fissionable nuclei. Thus taking account of the (n,yf) process at an

energy of 1 MeV reduces ° by a factor of 1.6, and taking account of the

(n,yf) and (n,Yn') processes at 3 MeV leads to a reduction by a factor of 6

(see Pig. 2).
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The cross-sections for the reactions (n,nf), (n,2nf)» (n»3n')» (n,n'f)

and (n,2n'f) and the spectra of the corresponding neutrons in the energy

range above 5 MeV were calculated in accordance with the statistical theory

of compound nucleus decay generalized for the case of multiparticle decay.

The calculations took into account the possibility of pre-equilibrium

emission of neutrons from the nucleus and used experimental information on

the nuclei produced in the successive stages of decay.

The spectra of gamma rays accompanying the reactions (n,y), (nff),

(n,n*)f (n,2nf) and (n,3n*) were also calculated in accordance with the

statistical model.

The results of this evaluation of the cross-sections o , a t and

o differ substantially from other available evaluations. A comparison

is made to illustrate this in Pigs 3-5.
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FIGURE CAPTIOUS

Fig . 1 . Comparison of ca lcula ted and experimental da ta [5 ] on a for
2 4 1 Pu in the range 0.1-100 keV.

Fig . 2 . Radiative capture c ross -sec t ion for Pu, ca lcula ted with ( l )

and without (2) account of the (n,yf) p rocess .

F ig . 3» Comparison of var ious evaluations of o for ^ Pu.

1 - t h i s paper, 2 - Prince [ 8 ] , 3 - Kaner and Yiftah [ 9 ] .

F ig . 4 . Comparison of various evaluations of ° , for Pu. (Curves

identified as in Fig. 3.)

Comparison of various evaluations of 0 _ for ^ Pu. (Curves

identified as in Fig. 3.)
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ALLOWANCE FOR CORRELATIONS IN THE DETERMINATION OP THE ERRORS
IN EVALUATED DATA

E.Sh. Sufchovitskij and V.A. Kon'shin
( i n s t i t u t e of Nuclear Power Engineering,

Byelorussian SSR Academy of Sciences)

ABSTRACT

A method is proposed for evaluating quantities and their associated

errors on the basis of information on the correlations between the

partial errors in the experimental data; the method also enables the

correlation coefficients between the errors at different points on

the evaluated curve to be calculated. An example is given of the

evaluation of the quantity a( Pu) and its associated error.

One of the problems in the evaluation of nuclear constants which has

received the least attention is that of determining the errors in the

evaluated results and of finding the proper "weights'* for the experimental

data used in the evaluation.

The use of "weights" which are inversely proportional to the squares

of the errors in the experimental data is a procedure which is only correct

if the errors are uncorrelated. In fact, however, the errors in the

experimental data are often strongly correlated because identical measuring

techniques are used.

The method proposed in Ref. [l], which makes use of the detailed

information on the correlations between the errors in the experimental data,

is employed in this paper to evaluate the quantities o_( U), of( Pu),

<x( U) and a( Pu) and their associated errors. In addition, correlation

coefficients between the errors at different points of the evaluated curves

are also obtained. He give below a short account of the method used in the

evaluation.
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Suppose that there are N measurements of a quantity o (the unknown,

true value of the measured quantity), equal to ° \ ( i= l , . . . . , N). The result

of each part icular measurement, o . , i s a functional of some set of the

actually measured quantities f.. (kri.f . . . . , M) with error &f., , where M i s

the to ta l number of parameters required to obtain the values o.. Then,

res t r ic t ing ourselves to a l inear approximation, we have

The quantity » f Af̂ , * s 'fche Parfc o^ "l;he e r r o r of "t116 i -*0 experiment
IJtC

caused by the uncertainty in our knowledge of the k-th measured parameter

(denoted below by ^ a - k )»
Suppose now that the evaluated result i s obtained by averaging the

2 N 2
experimental values with "weights" a., such that £ a. = 1. Then

1 i l 1

Summing Eq. ( l ) over i , we obtain:

Then,

(4)



where K... is a correlation coefficient, defined by the relationship

VfiZff^ F NUSp7 (5)
Equation (4) gives the error in the evaluated quantity in terms of the

standard deviation of the partial measurement errors I ACJ I t the
2correlation coefficient between these partial errors K., . and the weights a.

used in the evaluation.

It i s natural to use for the experimental data the "weights11 which
minimize the error in the evaluated quantity (see Eq. (4)) . These "weights"
of course depend on the partial errors of the experiments and on the corre-
lations between them, i . e . they reflect the actual experimental situation
and indicate the value of a particular experiment.

In the case where there i s no correlation, K... « 0, for k £ m and
i jL j , and Kj, . = 1 for k m m and i a 3, this method gives "weights" which
are inversely proportional to the squares of the errors in the experimental
data, i . e . i t i s equivalent to the least-squares method.

He assume that i t i s possible to divide the total error into partial
errors in such a detailed way that K... » 0 for k £ m. This assumption
implies that the errors in any two different parameters which are needed
for calculating the cross-section are mutually uncorrelated. Using the
notation t . . « K4jri]r» ^ c a n re-write Eq. (4) as:

(6)

Equation (6) gives the error in the evaluated quantity for an individual

point on the curve. He define the correlation coefficient between the errors

at any two evaluated points, B__, as
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where the subscripts n and m denote the serial numbers of the points for

which the correlation coefficient is being calculated, and Aa and Aa are
' n m

the errors in the evaluated quantities at these points. Using expression (3)

for the evaluated errors, we obtain:

m (8) ,

where Aa is the 4-th partial error of the j-th experiment at point n and

a. is the "weight" of the j-th experiment when used in the evaluation at

point n.

If we use the definition,

and assume as before that errors of a particular type are correlated,

i * e ' Ko*nik_ m ° f o r * * k» t h a n w i t h ^jimn = Kĵ nikm» ^ ^ t h

expression for the correlation coefficient between the errors of the two

evaluated points:

(9)

Thus the correlation coefficient between the errors of two evaluated points

can be expressed in tenns of the values of the partial errors of the

experiments used in the evaluation, the "weights" with which these experiments

are used in the evaluation, and the correlation coefficients between the

partial errors at these points.

In the calculations, the correlation coefficient K|_.i.jnm has been taken

to be independent of n and m, i .e . K. .. = K. . . , and therefore Eq. (5) can

be used for K. . . . In fact, if the correlation coefficient for the partial



errors depends on the point concerned (for example, some parameter used to
determine a cross-section may be measured in different ways at the various
points), we can foxmally consider that we are dealing with different
experiments and we can convert the correlation coefficient between points
into a relationship between experiments, i . e .

^ 1 - I T I G ^ F do)

This algorithm has been incorporated into a computer program which uses the
partial errors and the correlations between them to determine the "weights"
for the experimental data which will minimize the error in the evaluated
quantity, the errors in the evaluated data at the various points, and the
correlation coefficients between them.

Let us consider briefly the evaluation of the quantity o( Pu). The
data from Refs [3-13] which were used in our earlier evaluation [2] have
been supplenented by new data from Refs [ 14-20], An analysis of the methods
and errors of the various experiments has enabled us to break down the total
error for each case into the following partial errors: the background which
depends on E (ksl) , statist ical errors which depend on the energy (k=2),
the error in the noimalization (k=3), background from delayed fission gamma-
rays (k=4), indeterminacy in the relative neutron flux (k=5), scattering of
neutrons in the sample and the detector walls (ke6), indeterminacy in the
detector efficiency due to a possible change in the gamma-ray spectrum (k=7),
an error in v leading to indeterminacy in a (k-8), the determination of the
efficiency of the detector system (k=9), changes in the detector-system
efficiency with time (k»10), indetezminacies in the correction for impurities
in the sample (kai l ) , the probability of fission events, occurring without the
fission neutrons being recorded (k«12), and the energy resolution (k=13).
The following correlations between the partial errors were noted: for k=l,
the experiments in Refs [14] and [l5]» which were carried out on the same
linear accelerator, were taken to have a correlation coefficient of 0.5, as
were Refs [6] and [16], and [10] and [8] ; for k-3, Ref. [3] i s correlated
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with Refs [14, 151 4f 5, 16, 8, 10, 19] and also partially with [6, ? ] .

The data in Refs [9» l l ] are relative and they have "been renoimalized to

the weighted-average value of a at 30 + 10 keV obtained from Refs [l8, 12, 13]

and are therefore correlated with them; for k«=4 and k=7f i t was assumed that

the relevant partial error was fully correlated in all the experiments;

for k=5, there is correlation "between Refs [3] and [l4]» [l5]» [ l6] , C5] and

[6], and "between [4] and [7] and [9]; for k=6, Ref. [14] i s correlated

with [3], and [l6] with [6]; for k=8, Ref. [15] is correlated with Refs [4,

5, 6, 16, 10, 19, 9, l l ] ; for k«=9, Ref. [3] is correlated with [14], and

Refs [12, 13, 18] are partially correlated; for k=10, Ref. [3] is

correlated with [14].

The table shows the evaluated magnitudes of a( Pu) and their

associated errors, obtained with and without allowance for the correlations

between the partial measurement errors. The errors in the evaluated a( Pu)

at the different energy points are strongly intercorrelated. For example,

for energies of 0.1-0.2 keV and 1-2 keV, B = 0.922; for 0.1-0.2 keV and

20-30 keV, B - 0.706; for 0.1-0.2 keV and 100-200 keV, B . O.588; for

0.1-0.2 keV and 0.5 MeV, B . 0.199; and for 0.1-0.2 keV and 1 MeV, B . 0.075.
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Table

Evaluated data for a(23^Pu) and the associated errors with
and without allowance for the correlations between

the partial errors (optimized " )

En»
keV

0,1-0,2
0,2-0,3
0,3-0,4
0,4-0,5
0,5-0,6
0,6-0,7
0,7-0,8
0,8-0,9
0,9-1.0
1 - 2
2 - 3
3 - 4
4 - 5
5 - 6
6 - 7
7 - 8
8 - 9
9 -10
10-15

a

0,86
0,93
1.15
0,45
0,72
1,50
0,92
0,80
0,69
0,89
1,01
0,78
0,84
0,84
0,80
0,63
0,56
0,61
0,54

A a,

7>

5,5
5,4
5,7
5,7
5,7
5,7
5,5
5,7
5,7
5,9
6,0
6,0
6,0
6,2
6,1
6,2
6,0
6,0
8.3

A astat»
%

3,1
3,0
3,2
3,8
3,4
3,2
3,2
3,5
3,6
3,5
3,6
3,8
3,7
3,9
3,9
3.9
3,9
3,9
5,1

keV

15-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

100-200
250
300
400
500
600
750
900

1000

a

0,33
0,36
0,28
0,25
0,23
0,20
0,18
0,21
0,15
0,14
0,11
0,12
0,085
0,078
0,056
0,067
0,038
0,027

A a,

8,8
7,1
e,i
6,2
8,6
8,9
9,4

13,6
13,0
9,8

16,7
12,7
10,6
14.1
15,6 !
17.2
25,4
26,0

A astat»

5,8
4,7
- f -

5,6
=; o

7,5
8,0

12,0
11,9
6,9

16,7
11,5
9,5

13,0
15,0
16,6
25,0
26,0
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SOME QOESTIONS CONCERNING THE PARAMETRIZATION OF THE
CROSS-SECTIOBS OP FISSIONABLE NUCLEI IN THE RESOLVED

RESONANCE ENERGY REGION WITH 235u, 239pu AND
241Pu AS EXAMPLES

V.A, Kon*shin t G.V, Morogovskij
( i n s t i t u t e of Nuclear Power Engineering,

Byelorussian SSR Academy of Sciences)

ABSTRACT

Parametr izat ion problems of neutron c ross - sec t ions i n

the resonance energy region are discussed; negat ive

l eve l parameters are given for ^% f ^°Pu and ^ Pu.

Parametrization - the representation of a great deal of experi-

mental data on cross-sections by a relatively small number of energy-

independent parameters - is particularly important in the case of the

heavy fissionable elements used in reactors* Cross—section para—

metrization is carried out on the basis of one of the formalisms for

describing cross-sections in the resonance region, which were analysed

in detail in Ref. [ l ] .

The Breit—Wigner formalism proved to be suitable for parametri—
239

zation of the Pu nucleus, where the distance between levels is great

and the interference between levels is negligible. For nuclei with

appreciable interference between levels ( % and ̂  Pu) we have

developed a formalism £l, Z] which, in our opinion, combines the

advantages of the Breit-Wigner formalism and the Adler-Adler formalism

and is free of the disadvantages of the latter. The essence of the

proposed formalism is as follows: formally keeping the expression for

° (E) in the Adlerian form we assume the parameter G to be a purely

Breit-Wigner parameter - i.e.

iis

where



An expression based on Breit-Wigner parameters has also been derived

for H , but here one encounters the usual difficulty of determining

the pair interference sign, so we shall not present this expression.

The number of resonances taken into account, N, is defined as the

minimum number necessary for the adequate regeneration of cross-

sections from the parameters obtained} the region between the resonances

is the most sensitive to the value of N.

The main question which arises in connection with parametrization

is that of the experimental data used to obtain the parameters. Prom

all the series of experiments for which results are available we chose

those which give the fullest representation of the behaviour of cross-

sections in the region under consideration and which complement one

another, account being taken of sample temperature, energy resolution

and cross-section normalization. The series of experimental data

chosen in this way are the basis for parametrization.

To obtain a reliable system of parameters it is first necessary

to solve the question of interfering and omitted levels in the experi-

mental data. Generally, it is not difficult to get rid of the inter-

fering resonances - it is sufficient to compare the available sets of

experimental data on cross-sections among themselves and with the

resonance parameter systems of the elements making up a sample. The

number of omitted levels in a given energy range (i.e. resonances

omitted in existing systems of parameters) is determined both by the

method described in Ref. [l] and by the least squares method, on the

basis of the energy dependence of the growing sum of levels. After

this, the omitted resonances are arranged over an energy scale, mean

parameter values are assigned to them and they are included in the

parametrization procedure in the usual way.

Let us now consider the problem of negative levels. They have

to be introduced because it is not possible, with any combination of

positive resonance parameters, to get a good description of the

energy region below 0.1 eV (especially the point E = 0.0253 eV) and

above 0.5 eV, i.e. the trough between the first and second resonances;
07Q 241

this is particularly characteristic of ^Pu and H Pu, where the

distances between the first and second resonances are of the order of

7 eV and 4 eV respectively. The number of negative resonances, their
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position on the energy scale and the i r parameters were adjusted in

such a way as to compensate for the difference between the experi-

mental values of the cross-sections for the corresponding reaction

and the cross-section values obtained from the parameters of the

positive resonances making a contribution to the region under con-

sideration. I t was found that one negative level with E > -1.6 eV,

r = 0.192 eV, r n = 0.00246 eV, Tf = 0.17347 eV, rY = 0.01607 eV

and J = 1 i s enough for Pu.

For 2 3^J and 241Pu, i t was necessary to introduce two negative

levels each, with the parameters given in the table below.

Table

~" —-^_^_iiucleus
parameter^"***—-^^__^

B r > ^

F ,.eV

Gr ,C5.*V</2

H r ,d .eV**

Gr,d.evV2

1/2
H y .CJ.eV

dJ0 u
- 0,5
- 0.01
0.25
0.01
0.35C3*I0"7

0,464235-10^
0,8517-10"^

0
-O.IO22I2-IO"3

0.49692-I0"4

0.8501-I0"4

0
0,100009.10"4

0.5-I0"6

0.I00II7-I0"4

0

- 0.25
- 0.01

0.30
0.01
0,69759-KT4

0.66 5C2-I0"4

0.40549.10"4

0.0
0.0465062 -IC"4

-0.327508-I0"4

C.438284'10"4

0
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These parameters were not reduced to the Breit-Wigner form and not

made self—consistent since the levels in question are adjustment levels

and their parameters were determined at a great distance from the

resonance peaks, where the main contribution is made by interference

terms; one cannot therefore demand that the parameters obtained be

physical parameters, and consequently it is impossible to make them

self—consistent and to convert them to Breit-Wigner parameters as was
239done for Pu, where we did not take interference into account. The

above parameters, together with the data presented in Refs [l, 2],

enable one to obtain a good description of the variations in the cross-

sections in the 0.01 eV-1 eV region when the corresponding number of

resonances is taken into account.

Let us now turn to the question of identifying resonances by their

spins, for without this procedure it is impossible to carry out the

operation of making the parameters self-consistent correctly and to

determine correctly the usual Breit-Wigner parameters from the G

values obtained in parametrization. Data on level spins for heavy

fissionable nuclei are not complete as a rule and are not always

reliable; in some cases, however, the situation can be rectified. Let

us take each of the above-mentioned nuclei separately:

239

1. In ^Pu the spin of the ground state is -g-, so that two

values are possible (J = 0 and J = 1 ) for the spins of

the levels of the compound nucleus; at the same time there

is a very distinct difference between the total widths of

resonances with J = 0 (high values) and J = 1 (low

values). Consequently, on the basis of the total widths

it is possible to assign spins to resonances with a fairly

high degree of confidence.
235r 7 /

2. In -TJ the spin of the ground state is /2 - i.e.

resonances with J = 3~ and J = 4~ are formed. At the

same time, judging by the avilable data on resonance spins,

there is no clear separation of widths by spin state; this

is due to the relative smallness of the total widths com-

pared with the widths in "Pu. To determine the resonance

spins we used the parameters I Gm.l , (G,,. } and IG . }
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obtained as a result of parametrization of the

corresponding cross-section types with the help of our

formalism. One can readily see that they are linked

"by the relation

ft.,.
so that it is possible to determine g. for each

resonance at which this relation is satisfied best.

Although we do not claim that they are absolutely

reliable, the level spins obtained in this way offer

the possibility of solving the problem of self-

consistency and of obtaining Breit-Wigner parameters.

3. In ^ Pu the spin of the ground state is ^/Z - i.e.

we have resonances with J = 2 and J = 3 • However,

there are no experimental data on cr (E) and o ( E ) ,

so that it is impossible to determine the level

spins as was done for ^J. In determining the

resonance spins, the absolute majority of which is

unknown, we started with the level density ratio

as a function of J, assigning a spin of 2 to

resonances with a larger total width. Here, as for

%, there is no clear separation of total widths

by spin. We consider the assigned spin values to be

tentative and in need of more precise determination.

Let us now consider the procedure for making parameters self-

consistent, which is closely linked with the spin questions discussed

above. In this case also we can obtain self—consistent sets of

parameters only if there are three cross-section types. As in the

preceding case, we use the relation

then, on the basis of our knowledge of the accuracy of the experiments

relating to each cross—section type, we specify the resolved interval

of variation of the parameters, and the parameters themselves vary
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within this interval in such a way that this relation is satisfied

exactly. The resulting self-consistent values are used both for

regenerating the cross-sections and, on the basis of the relation

for obtaining Breit-Wigner parameters which in turn are necessary

both for verification of the quality of parametrization (together

with the cross—section values regenerated from the parameters) and

for obtaining the mean parameter values and the strength function

S° value used for calculations in the unresolved resonance region.

The agreement between the values of S calculated in two

different ways - from the parameters in the resolved resonance

region and from the experimental total cross—section values in the

unresolved resonance region — is also a good criterion for the

quality of parametrization. For example, for D̂ these values are

1.069 • 10~4 and 1.08 • 10~4 respectively.
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CONSIDERATION OP THE (n ,yf ) PROCESS WHEN CALCULATING WIDTHS OF
RADIATIVE CAPTURE AND MEAN CROSS-SECTIONS OP FISSIONABLE NUCLEI

E.Sh. Sukhovi tsk i j , A.B. K lepa t sk i j , V.A. Kon'shin, G.V. Antsipov
Byelorussian SSR Academy of Sciences

I n s t i t u t e of Nuclear Power Engineering

ABSTRACT

The widths and cross-sections of Pu radiative capture and fission

processes are calculated within the framework of a statistical model|

with allowance for the (ntyf) process. The importance of taking this

process into account for heavy nuclei with negative fission thresholds

is shown.

The need for the (n,yn*) process to be taken into consideration when

calculating radiative widths for neutron energies higher than the mean

energy of the gamma quanta emitted (Iy ~ 1 MeV) is well known. With

fissionable nuclei the (n,yf) process must also be considered when, in

terms of energy, fission of an excited compound nucleus is possible after

primary gamma quantum emission. However, the theoretical estimates that

have been made of widths for this process, where the excitation energy is

equal to the binding energy, contradict each other [l,2,3]«

The present paper contains an analysis of the influence of the (n,yf)

process on calculations of the energy dependence of mean widths and cross-

sections of radiative capture o , fission cross-sections o_, and the value
y s

of a.

It was assumed that the width of primary gamma quantum emission, with

only El transitions taken into account, can be represented as in Ref. [4]:

where Q(U,3,K) is the level density of a nucleus with excitation energy U,

spin 0 and parity*. For the spectral factor f(E,e ), two concepts were
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used: (a) that proposed by Weisskopf [5], where f(E,e ) ~ e 3, and

(b) the Lorentz dependence, which follows from the mode of the cross-

section of an inverse (photonuclear) reaction generalized for the case

of deformed nuclei [6]:

The giant resonance parameters E.Q and T were based on the mean

for heavy nuclei [4]: E._ = 11 MeV, P = 2.9 MeV, E2(J = 14 MeV and

Vnn = 4.5 MeV. The level density was chosen so as to accord with the

model of non-interacting particles [7]» for which it is assumed that

there is no dependence on parity.

For the calculations of radiative widths it was assumed that, if

after primary gamma quantum emission the residual excitation of a nucleus

is greater than the neutron binding energy B , then only fission or the

emission of a neutron will occur subsequently. For this reason the

contribution of these gamma transitions to the radiative capture width

is nil. For nuclei with a negative fission threshold, competition of

the (n,yf) process in radiative capture is possible also when the residual

excitation of a nucleus after primary gamma quantum emission is less than

the neutron binding energy where E-E_>e (Ef = fission threshold energy).

In this case the probability of further gamma discharge is equal to

» and therefore the integrand

in (l) can be multiplied by this value. Here F_ (E-s ) is the fission

width of the channel {^T,,*} at an excitation energy of E+B -6 . The

V n Y

fission widths r_ were calculated according to the Bohr-Hill-Wheeler

channel theory [8], with the transitional state parameters taken from

Ref. [9]. The width r was calculated from formula (l). Parity* in

calculating the widths r and I1 is the opposite of that of a compound

nucleus, since an El gamma quantum is emitted in advance.

Let us now examine the influence of the (n,ynf) and (n,yf) processes
when calculating mean widths and cross-sections of the (n,Y) and (n,F)

239reactions for the Pu nucleus. The calculations described below were
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239based on a statistical model with the following parameters: for a Pu

compound nucleus B n = 5.655 MeV [lO], the pairing energy A = 0.420 MeV [10,11],

and the level density parameter a s 27.48 MeV~ , which is found from the

observed value < D > = 9.5 - 0.7 eV [l2]. For the Pu compound nucleus

B = 6.534 MeV [lO], A = 0.919 MeV [lO,ll], a. = 26.46 MeV"1 and the observed

value for < D > = 2.38 - 0.06 eV [13]. The optical potential parameters

are taken from Ref. [l4]«

Since fission widths are a function of the spin and parity of a channel,

it is seen that, when the competition of the (n,yf) process is considered,

mean radiative widths are dependent on parity and that there is a greater

spin dependence (see table).

The values given for widths are normalized to the experimental value

of < T > = 43.3 - 3.0 MeV [12]. It will be seen that the figures for the

two different concepts of the spectral factor f(E,« ) are very different.

This follows from the difference in the mean energies of primary gamma

quanta, which shows itself in the competition of the (n,yf) process in

radiative capture. Prom this difference and from the experimental data

available it is possible to draw certain conclusions about the type of

spectral factor. In Ref. [15] measurements are quoted which show the

difference in P*̂ . widths for the 0 + and 1 + states, viz. /P°* _ r 1 * / < 4 MeV.

Ref. [16] gives 4.1 - 0.9 MeV as the value of P1*. If the Weisskopf

spectral factor is used for calculations, the values P° = 20.3 MeV and
1"*"P _ = 10.6 MeV are obtained. Use of equation (2) yields the values
' 0+ 1+

P . = 10.2 MeV and P f = 4.9 MeV, which are near the estimate of
fynn [l], who used Lorentz dependence for the spectral factor and obtained

o+ a 1+

the values P - = 8 MeV and P f • 3 MeV. One can also compare calculations

of rjj for 241Pu with the experimental results in Ref. [17], viz. P2^. ~ 7 MeV

and rK - 2 MeV. Calculations, with B Q - 6.3OI MeV, A = 1.013 MeV,

a. = 26.90 MeV"1,<D> » I.34 i 0.10 eV and<P > = 43.0 ± 3.0 MeV,
2+ ODS.. + Y exp.

give P - = 5.0 MeV and P^_ a 2.9 MeV when the Lorentz dependence is used

for the spectral factor and, when Weisskopf*s concept is used, 10.4 MeV

and 6.3 MeV respectively. Clearly the use of Weisskopf*s concept of the

spectral factor gives results which differ from experimental data, whereas

good agreement with experimental data is found with the Lorentz dependence (2).

In Ref. L3] the opposite conclusion is drawn. The contradiction seems

to be the result of the difference in the parameters employed. The parameters

we used are optimized with reference to the latest experimental data and our

conclusion has more justification.
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When the (n,yf) and (n,yn') processes are taken into account the

energy dependence of the mean radiative widths is seen to be different

(Fig. l) and, consequently, that of the cross-section a differs also

(Pig. 2). It will be seen that calculations of o will differ by a

factor of about two at an energy of 1 MeV, depending on whether the

(n,yf) process is taken into account or not. With an energy of 3 MeV,

where the (n,yn') process is significant, the results differ by a factor

of approximately ten.

When low energies are involved, where the cross-section o consti-

tutes an important part of the inelastic interaction cross-section, the

(n,yf) process can make a significant contribution to the fission cross-

section a-r, - Oj, + a ». Thus, calculations with mean resonance parameters

for Pu show that at an energy of 1 keV the contribution of the (n,yf)

process cross-section to a-a is about 10$. As the energy increases, the

contribution of the (n,yf) process cross-section will of course diminish.

The difference in the cross—sections o ando , depending on

whether the (n,yf) process is taken into account or not, shows itself

clearly in the calculated value a = a /a^. Thus, calculations of a differ,

depending on whether this process is taken into account or not, by 15$ at

1 keV, by 10$ at 40 keV, by 20$ at 0.3 MeV and by 50$ at 0.7 MeV. Below

100 keV the increase in the divergence in a with the decrease in energy

is caused by the increase in the contribution of the cross-section a to a .
yr a

Above 100 keV, the increase in divergence as the energy increases is caused

by the greater competition of the (n,yf) process in radiative capture.

Therefore, when calculating mean widths and cross-sections of radiative

capture and fission for nuclei with negative fission thresholds, the

(n,yf) process must be taken into account. Consideration of the (n,yf)

process will show a clear dependence of radiative widths on channel

characteristics. Calculations show that the concept of the spectral factor

f(E,e ), which is based on the Lorentz dependence, is the preferable one.
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Table

2^9Mean radiative widths for Pu, calculated both with and without
taking the (n,yf) process into account and with different concepts

of the spectral factor for a neutron energy E = 0.1 keV

Channel

With allowance for
(n,yf) process, MeV

Without allowance for
(n,yf) process, MeV

Weisskopf } Lorentz
concept j dependence

Weisskopf j Lorentz
concept } dependence

0 '
I4

r
2+

2"

36.58
56,14
46,01
35,10
41,22
39,35

39,73
49.73
44,65
36,98
41,81
39,95

43,47
43,47
43,24
43,24
42,81
42,81

43,53
43,53
43,22
43,22
42,62
42,62
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