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ABSTRACT

The authors have determined the multi-level parameters for description
of the total and fission cross-sections for 23%Pu in the
resolved-resonance region up to 500 eV. A method has been developed
for the construction of the elastic scattering and radiative capture
resonance cross-sections using these parameters. The group-averaged
cross-sections for experimental and evaluated data have been calculated
in the energy region considered.

Multi-level analysis of the total and fission cross-sections

While there is a large volume of experimental data on the energy
structure of the 239Pu neutron cross-sections in the resonance region, only
a few of the available data sets can be used in practice in the problem of
multi-level parametrization of this structure. Here, apart from good
experimental resolution in a relatively wide energy trange, we also need a high
accuracy of cross-section measurements, especially in the region of the
interference minima, which are important particularly for multi-level
description of the fission cross-section energy structure. To represent the
239Pu resonance cross-sections, the evaluated data libraries at present
generally use the measurement results of Blons, Derrien and Gwin [1-6] with

subsequent corrections on the basis of the new data for the energy-averaged
cross-sections [7-9). These data in the region below 500 eV, where the
resonances can be regarded as satisfactorily resolved, are analysed in the

present paper.

The multi-level description of the cross-sections for fissionable
nuclei, especially 239Pu, was performed in several studies using various
scheme of the resonance reaction theory [10). Thus, the formalism of the
R-matrix theory was used for this purpose in Refs [11-15] and the so-called
Adler-Adler scheme - a simplified version of S-matrix parametrization - in
Refs [16-19]). The present study also uses the Adler-Adler scheme to determine
the consistent set of the corresponding resonance parameters for the combined
analysis of the total and fission cross-sections in the whole region of
resolved levels up to 500 eV. The resonance cross-sections constructed with
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the parameters found by us reproduce all the observed characteristics of the

cross-section energy structure in the region considered [20].

To describe the energy dependence of the cross-sections in the resolved
region, we use the general expression for collision matrix elements SJ(E)

with the given value of total moment J and parity:
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The complex parameters Ek = -ivy and ch are assumed to
be independent of energy, except for rkn ~ vE [10, 16]. The total and

fission cross-sections are expressed in terms of the elements of the
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where B is the spin factor and the sum over c(f) takes into account the
possibility of several channels for the fission process [10). Substituting
expression (1) into (2) and considering the effective resonance broadening due
to the thermal motion of the nuclei of the medium and the finiteness of the
experimental resolution, we arrive at the well-known Adler-Adler formulae for
the multi-level representation of the observed resonance

crogss-sections [10, 16]:
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is the potential cross-section (phases » are assumed to be independent

of J); ¢ and x are the resonance form functions taking into

account averaging over the Gauss distribution: A2 = AR + AT'

where AR is the width (dispersion) of the experimental resolution function
and AT the Doppler width [10). The parameters in the analysis of
experimental data are the values of My and v, common to all cross-

sections of the given element and also
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The sum over k'(J) relates here to resonances of one spin and parity value (in
the case of 239Pu, s-wave resonances with J equal to 1 and 0 correspond to

the resolved region).

In order to determine the parameters of the scheme from the
experimental data on the 239Pu resonance cross-sections, we constructed a
program of linear search with subsequent broadening of the energy region used

in the analysis of Ref.[21]. As a result, we could obtain the consistent set
T T F

of parameters My Gk’ “k' Hk' Yy (Table 1), which enables us
Table 1. Parameters of the combined multi-level analysis of the 239Pu
cross—sections.
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Table 1. (continued)
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Table 1. (continued)
eV G108 v/ 1GR108, v /2 Y T108, v /2 [HF 108, v /2 | v ey | D
516,720 35,653 35,454 -3,159 1,997 160,9 0
5I8,I30 72,807 17,940 -4,661 16,650 218,8 0
520,401 906,819 5621349 46,014 -38738 8312 0
524,560 20531283 3621787 257,619 8,948 45,5 I
525,642 6139,813 4993,523 —351,683 -588,712 5583,2 0
526,150 33,011 9,987 36,4969 85,822 47,2 I
527,530 34,663 9,987 31,493 51,007 33,9 I
530,730 3081,960 7564912 133,752 -200,268 7742 0
586,859 119,267 113,829 541,737 285,164 1374,8 0
536,905  2017,571 1353,805 -1824,345 -635,841 7527,8 0
2
Table 2. Values of the average 39Pu fission cross—sections in specific
energy intervals.
z _ 1
=— E)dE
Energy, % = ae SAE &®
Guin Gain West Ko et
Vv » 1976 . » 1984 | on 19 . ENDF/B-I 'shin
© VeV, [17 g0 A 1o 1982  /5/%| Present
57 work
.
!
6-9 60,7 99,6+0,6 - 60,6 60,9 61,4 9,8
9-12,6 137,5 140,I+1,3 - 138,4 139,7 135,9 137,58
12,6-20 73,4 70,7+0,7 - 73,8 73,9 66,7 72,8
20-24,7 47,7 46,2+0,6 - 47,5 47,7 43,9 46,6
50-100 56,96 - - 56,56 7,4 56,9 60,75 55,7
I100-200 17,96+0,04 - 17,98+0,03 18,9 18,4 19,22 18,7
200-300 17,90+0,05 - 17,23+0,04 17,9 17,7 17,69 17,9
300-400  8,48+0,03 - 8,064+0,022 - - 9,43 9,1
0,0253 741,6 - “741,7 741,9 741,7 741,7 741,6
* Calculated from the file.
Table 3. Values of the average neutron radiative capture cross-sections for
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in specific energy intervals.

R
6e = 3¢ § ¢ O(E)AE

N T = 0
> J97 ENDF/B-1 in, 1982 Present
v /5 / ShﬂkV* work

6-9 51,3 51,0 44,7 45,2
9-12,6 75,3 75,8 67,0 74,7
12,6-20 61,7 58,1 98,1 Nn,I
20-24,7 37,4 32,0 30,8 30,6
50-100 395,88 36,3 35,25 . 36,7
100-200 15,70 17,1 15,02 16,3
200-300 16,79 17,5 14,48 16,1
300-400 9,83 - 8,54 9,5
0,0253 271.,3 70,2 21,3 21,3

*

Calculated fram the file.



Table 4.

Average vales of

'56=66/6} for “°Pu in specific energy intervals

:@/@
Energy, Gwin,, 1976 ENDF/B-IV® | Kon'shin 1982 Present
eV 5/ [y

6-9 0,85 0,83 0,73 0,76

9-12,6 0,55 0,54 0,49 0,54
12,6-20 0,84 0,79 0,87 0,82

20-24,7 0,78 0,67 0,70 0,66

50-100 0,63 0,64 0,58 0,66
100-200 0.87+0,015 0,93 0,78 0,87
200-300 0,94+0,01 0,99 0,82 0,90
300-400 1,16+0,014 - 0,91 1,04

* Calculated from file.

with the appropriate choice of A to reproduce by formulae (3) and (4)
virtually all the observed characteristics of the energy dependence of o(E)

and of of(E) right up to 500 ev [20]).

Parameters of the elastic scattering and radiative capture cross-sectionsg

The analjsis of the total cross-section (3) for a particular spin
identification of resonance enables us to find not only parameters Gz and
H: but also neutron widths Fkn (6). Using these values, we can
directly construct two more cross-sections determined by the diagonal elements

of the SJ—matrix (1). These are the neutron absorption cross-sections

6a(£)=1k’§93 [-1s2.&)%] =

jlk E V H: Ju'k-E vK ®
'“"Z'FZ[ w(£5=) )5\ B 'r)]'

K
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and the elastic scattering cross-section

6 (E) = 6(E) - 6,(E) . (10)

Using the found values of parameters G: and H: (see Table 1)
for each possible value of spins J, we can find the absorption cross-section
parameters G: and H: (9) and construct cross-sections aa(E) (8)

for A corresponding to the measurement results given in Ref.(3].

For neutron elastic scattering cross-section an(E) (10) there are
virtually no direct experimental data on energy dependence in the resonance
region, and we give only the calculated dependence an(E) for T = 300 K.

Thus, oa(E) and on(E) obtained from the total cross-section parameters
contain all the characteristic features of the resonance structure in the
region under consideration, the errors of reproduction of these features being
of the same order as in the case of the total cross-sections measured with the

best resolution [19].

It is obvious that, constructing the absorption cross-section and
having reliable fission cross-sections af(E), we can also determine the
resonance dependence of the radiative captive cross-section with the

corresponding accuracy:

G. (m-E v\ HS (n-€ v
- - > K x (11)
65(5)—6(1(5)—6145)—@2/5' [V: w( 7 ,A>-——V: x( ';, , T")]
K

with G = G - Gr, HY = HY — H' [22, 23]. The available

experimental data {3) agree qualitatively with the results of our calculation
of Gc(E) (11). It is important that in this method of construction there

are possibilities of correcting the total and fission cross-section paramelers
(see Table 1) and of more reliably determining the resonance spins. The most
interesting are the regions near some interference minima, where the use of
not sufficiently accurate total and fission cross-section data may lead to a
discrepancy of results for our scheme (11). This can serve as an indication

of the nature of errors in experimental data.

Comparison with integral data

The fission cross-section resonance parameters given in Table 1 were

normalized to the last evaluation of of = 748.1 b for 0.0253 eV
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(cc = 269.3 b) [24). The group-averaged fission and neutron-radiative-capture

cross-sections and a = Gc/cf

experimental data [3, 7-9) and contemporary evaluations (Tables 2-4). Here

were compared with the available

the normalization of the fission cross-section was taken to be the same as

in Ref.[3]).

From a detailed and consistent analysis of the whole set of 239Pu

resonance cross-sections in the proposed multi-level parametrization scheme we
can draw specific conclusions regarding the degree of accuracy and consistency
of the available experimental data. The differences from experiment and also
the possible inconsistency of the different experiments obviously point to the
need for further studies on the cross-sections both in direct measurements and
in measurements of transmissions and self-indication cross-sections for
relatively thick samples [25]. By refining these data with broadening of the
range of the target thicknesses used it will be possible to make a further
correction of the resonance parameters (mainly Hi and H:) sensitive to

the wminima in the cross-sections.

A unified approach to the description of all cross-sections in the resolved
region involving the direct use of the property of unitarity of the
SJ—matrix (1) gives a useful interrelationship between the parameters of the
different cross-sections, which can be used ultimately to solve the problem of
unambiguous description of the resonance cross-sections. The scheme can be

applied to other fissionable nuclei with specific resonance spins.
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