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CHECKING OF NEUTRON DATA FOR A NUMBER OF ACTINIDES
IN INTEGRAL EXPERIMENTS

S.M. Bednyakov, V.A. Dulin, I.V. Malysheva,
G.N. Manturov, A.M. Tsibulya
Institute of Physics and Power Engineering, Obninsk

ABSTRACT

A comparison of calculational and experimental results of
average cross-section and reactivity coefficient ratios
for the actinides 2'Np, 2 Pu, ?*Am and 2?**Am has been
performed. Measurements have ben performed in the
spectra of various fast <critical assemblies. The
calculational results were obtained using the BNAB-90
evaluated data 1library. Conclusions regarding the
reliability of actinide fission and capture cross-
sections and the possibility to improve their accuracies
is suggested.

INTRODUCTION

An increasing amount of attention is currently being focused
on the problem of actinides contained in spent fuel from nuclear
power plants. As is well known, the activity of the fuel for
several hundreds and thousands of years after disposal is
entirely determined by the activity of the actinide nuclides
2Np, 2%%Pu, *'Am, **Am, %%Cm and others which have accumulated in
it. This makes it practically impossible to use this fuel and
creates a considerable radiation risk in the area of spent fuel
repositories. As it is now being discussed [1], this problem can
be solved by recycling spent nuclear fuel in fast fission
reactors, for example, by transmutation of the actinides into
fission products with shorter half-lives.



In order to evaluate the half-life and recycling parameters,
it is necessary to know the capture and fission cross-sections of
the actinide nuclides over a wide range of neutron energies from
810 keV to several MeV.

In this work, we analyse the results of measurements of
average fission cross-section and reactivity coefficients ratios
obtained in experiments at fast critical assemblies. for the
actinides #*'Np, #*®*Pu, ?*Am and ***Am. These data are compared
with calculations using the BNAB-90 new group data system
developed at the Institute of Physics and Power Engineering and
we draw conclusions about the possibility of refining the capture

and fission cross-sections for actinides.

MEASUREMENTS AT CRITICAL FACILITIES AND CALCULATIONAL RESULTS

The average fission cross-section ratios @;/9, for
uranium-235 and the ratios of reactivity coefficients R,/R, for
plutonium-239 were measured for the 2'Np, #*®Pu, ?*Am and ***Am
nuclides in fast critical assemblies with different spectrum
softness [2 and 3]. As can be seen from the Table, which
presents a summary of the available experimental data, the most
comprehensive program for checking actinide cross-sections was
implemented at the FCA testing facility (Japan). The experiments
carried out at the FCA critical assemblies provide information
both on fission cross-sections and on capture cross-sections over
a wide neutron energy range from =10 keV to 10 MeV. The GODIVA,
JEZEBEL and other hard spectrum facilities provide information
only for fission cross-sections and only in the high-energy part
of the spectrum. Experiments at other facilities supplement only
the data for neptunium-237.

The calculations for all the critical assemblies were

carried out in a single-dimension geometry in P, and S,
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approximations using the KRAB-1 program with ARAMAKO-80 data
processing software based on BNAB-78 data [5]. The calculations
of the measured cross-section and reactivity ratios were carried
out using BNAB-90 data compiled on the basis of evaluated neutron
data files [6].

Figures 1-5 show a comparison of the calculated and
experimental data obtained at the critical assemblies. They also
present the results of calculations using the JENDL-2 library
(data taken from Ref.[3]). Correction for the effects of the
heterogenous structure of critical assembly cells and the finite
dimensions of the samples used in the measurements are made to
the calculational results by applying the methods described in
Refs [7 and 8].

DISCUSSION OF RESULTS

Figures 1-4 show a comparison of the ratios of the
calculational and experimental results for measurements of G;/9,
and R,/R,. As can be seen, for the fission cross-section ratios,
the results obtained using the BNAB-90 data generally give a good
description of all the experimental data. The discrepancies
observed between calculation and experiment do not exceed an
average of 3.5% for all the nuclides. The error caused by
uncertainties in the fission cross-sections of the actinides is
roughly the same. The calculated results for @,/0, for all the
actinides therefore do not contradict the expected values. The
error in the experimental data is typically 2-2.5% and the cross-
sections can be refined using the BNAB-90 data correction for
experimental results at critical facilities.

Unlike to the average cross-sections ratios, in the case of
the R,/Ry reactivity ratios there are significant discrepancies
for all nuclides between the calculation and experimental results
and it is difficult to explain such errors in the actinide

constants. The experimental errors are =1-3% but the results of
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the calculations and the experiments frequently differ
severalfold (in many cases the calculation and experiment values
have different signs). Figure 5 shows the absolute values of the
differences between the calculation and the experimental results.
As can be seen, the observed dependencies of the C-E differences
have a smoother character than the C/E ratio. Furthermore, as
can be seen from the figures, the dependencies obtained using
various BNAB-90 and JENDL-2 data are similar, with the C-E
differences increasing as the share of neutrons below 40 keV
increases. This fact can be explained, firstly, by the increase
‘in the contribution of resonance neutrons to the reactivity R,
for which capture cross-section resonance self-shielding factors
constitute a large element of uncertainty {(as can be seen from
the data in Fig. 5, they need to be reduced considerably in the
case of the BNAB data for #*Np, ?*Am and ?**Am ). Secondly, the
increase in the share of soft neutrons in the spectrum poses
higher experimental requirements. Thus the existing
discrepancies in the soft critical assemblies can be explained
partly by the presence of hydrogen impurities (for example in the
form of water or oil) in the samples used to carry out the
reactivity measurements. In general it should be noted that the
results of the reactivity ratio measurements for the various
critical assemblies are contradictory and it is difficult to use
them to refine the capture cross-sections of the actinides
studied. For this purpose we need to have more reliable

experiments.

Figures 6-9 show the differential measurements of capture
and fission cross-sections for the #'Np, 2%*®pu, 2?Am and %**Am
actinides and the group data obtained from various data
libraries. The comparison shows that the cross-sections taken
from the BNAB-90 data do not contradict the experimental results
and the data from other libraries. It can also be seen that the
capture cross-section differential measurements for the actinides
do not enable us make it possible to assign an accuracy of more
than 20-30% for the group cross-sections, and in the case of
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“%pu, the errors in the capture cross-sections are evidently
30-50%. According to our estimates, the errors in the average
group fission cross-sections for the actinides are 5% (the data
on the 0,/0, cross-section ratios do not contradict this).

CONCLUSIONS

From this analysis it follows that at present there is

agreement between the macro and microscopic experiments on
fission cross-section for the actinides #*'Np, #®Pu, 2“Am and 2**Am
and that the evaluated accuracy of the fission cross-sections for
these actinides in the 0.5-10 MeV energy range is about 5-7%.
The results of measurements of the reactivities of actinides does
not give grounds for any hope of being able to refine the capture
cross-sections. In order to do this, additional experiments must
be carried out. The present level of accuracy of capture

cross-sections for these actinides is 20-50%.
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Summary of available experimental cross-section

and reactivity coefficient ratio data for #'Np,?*Pu, **'Am
and 2%Am measured in critical assemblies
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Fig.1 Comparison of integral data with experimental data for neptunium-237
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TEST OF THE TEMPERATURE DEPENDENCE OF 2**U CROSS-SECTION
STRUCTURE IN THE UNRESOLVED RESONANCE REGION
USING TRANSMISSION EXPERIMENTS

V.N. Koshcheev, E.V. Dolgov, M.N. Nikolaev,
V.V. Sinitsa, A.M. Tsibulya

ABSTRACT

Calculated #*®U transmission and self-indication functions
and their temperature dependence in the unresolved
resonance region are compared with experimental data in
order to test the resonance structure parameters. The
averaged resonance parameters from the FOND and ENDF/B-4
data libraries and the subgroup parameters from the
MULTIC multi-group library have been used in this
exercise.

Ref. [1]) presented results of an evaluation of subgroup
parameters for ?*®U in the unresolved resonance region with
temperature independent subgroup parameters. These subgroup
parameters made it possible to describe fairly accurately the
dependences of cross-section resonance self-shielding factors on
the dilution cross-section and the temperature. However, the
question of the accuracy of the self-shielding factors themselves
and their temperature sensitivity remain open. The
self-shielding factors assumed in [1] were calculated on the
basis of average resonance parameters. Having evaluated how
accurate our knowledge of these parameters is, and having
calculated the sensitivity coefficients of the self-shielding
factors for them, it is certainly possible to evaluate the
accuracy of the self-shielding factors as well, but only in the
context of an accepted parametric model of cross-section
structure in the unresolved resonance region. The reliability of

such an evaluation is somewhat gquestionable.
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It is therefore of great importance to test the accepted
data for the cross-section structure in the unresolved resonance
region using experimental data which are directly sensitive to
that structure. Such is the case with the transmission functions
measured in circumstances where the geometry is "good". 1In [2]
are given the results from testing the accepted parameters for
238y cross-section structure in the unresolved resonance region
using on the transmission function data obtained by various
authors at a room temperature of 8, ~300 K. On the whole, the
testing confirmed the accuracy of those cross-section structure
descriptions generated by the extrapolation of cross-section
resonance structure characteristics for the unresolved resonance
region and by theoretical description of the energy dependence of
the average cross-sections in the unresolved resonance region
itself.

This paper describes the results from testing of the
temperature dependence of the ?°®U cross-section resonance
"structure parameters (the subgroup parameters from [l1] and the
avérage resonance parameters from the ENDF/B-IV and FOND
libraries) in the unresolved resonance region using transmission

experiments.
Review of experimental data

Total and capture transmission functions can be determined
for a given sample temperature @ and thickness n(0) by means of
an experiment consisting of the transmission of a neutron beam
through the measured sample. For the total transmission

function:

T5,n0 =[pre™®%EdL fpErar ;

and the capture transmission function:

T(6.1®8)=[pE)5 (0, E)e O CE 4 /[ (616 (6 £) aE,
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where ¢(E) is the neutron flux spectrum; ¢.(0,E) and n(0) are
the total cross-section and the thickness of the sample at
temperature 0 and o.(0,,E) is the capture cross-section of the
detector at temperature 6, (as a rule 6, ~300 K).

Observed cross-sections calculated using the following
formulae are often used as experimental data

otobs=—( 1/1'1) 1n Tt: ocob5=“ ( l/n) ln Tc

We should emphasize that both of these values represent valid
interaction cross-sections: the difference is that g,,(total) is
averaged over the resolution function @(E) uniformly over the
energy range, whereas o¢.,,(cap) is weighted by the capture
cross-section ¢.(0,,E).

At the present time there exists a small body of experiments
in which the temperature of the transmission function has been
investigated for ?*®U samples in the unresolved resonance region.
They include the following:

- Van'kova A.A., Grigor'eva P.V., et al. [3], which
describes the results of total transmission function
measurement, averaged in the energy groups of the BNAB
grouping for temperatures of 8 = 77 K, 293 K and 1043 K
and for sample thicknesses of n,= 0.0378 at/b, 0.0575
at/b, 0.151 at/b and 0.303 at/b;

- Byoun T.Y et al. [4], which gives total T.(0,n(0)) and
capture T.(0,n(0)) transmission functions at narrow
energy intervals in the energy range from ~4.5 keV
to ~90 keV for three temperatures @ = 101 K, 300 K and
975 K, and two sample thicknesses 0.0316 and
0.0621 at/b;

- Tsang F. and Brugger R. [5], whose work gives highly
detailed experimental information on the temperature
dependence of the total observed cross-section in the
temperature range from 100 K to 1100 K, at an energy
of 24 + 0.9 keV for four sample thicknesses = 0.0437;
0.0874; 0.1310 and 0.1747 at/b and at energy point
E = 144 + 12 keV for two thicknesses = 0.0437 and
0.0874 at/b;
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- Haste T. and Sowerby M. [6]. The only experimental
information in this paper that was available to us was
the data for the energy range of 3 to 4 keV which are
given in the graph in Reference [7].

Calculational Models and Comparative Quantities

For the calculation we employed, firstly, the evaluated
average resonance parameters for #® from the FOND and ENDF/b-4
libraries, and secondly the subgroup parameters from a
preliminary version of the MULTIC [8] group data.

The first calculation was carried out using the GRUKON
application package [9]. The main model characteristics assumed

were as follows:

- the cross-section calculation was carried out using the
single-level Breit-Wigner formalism in which the Doppler
broadening effect was taken onto account by means of the

resonance form functions ¢ and g;

- neutron width fluctuations (including those in the inelastic
scattering channel) were described by the Porter-Thomas
distribution, the radiation width and level spacings

fluctuations being disregarded.

The integrals for the residence width distribution were
calculated using quadrature formulae of the highest algebraic
accuracy. A more complete description of this method is given in

reference [10].

In the second instance the comparative quantities were
calculated using subgroup parameters whose temperature dependence
was determined by interpolation (or extrapolation) of the
subgroup cross-sections on a logarithmic temperature scale.
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In order to be able to observe "pure" temperature effects, a
comparison was made between the experimental and calculational
values of normalized transmission functions. For total
transmissions the normalized transmission was determined by using

the following equation:
R, (6,n(6)8)-T, (6 &) /T (6, n).
A similar evaluation was made for total observed cross-sections:

K, (Bn ()= G, (B.m(8) /. (6, 6)

where ¢,,,(0,,0)is the total observed cross-section extrapolated
to zero-sample thickness.

As for the capture transmissions, these were compared using

functions of the type

R.(6.n(6).6)~FL2ELL)p (5 n16).6,).

The temperature dependence of this coefficient shows the extent
to which the temperature dependence of a capture transmission
differs from that of a total transmission. Comparison with the
experimental value of this quantity seems to give a better
understanding of how accurately the calculation describes total
cross-section temperature dependence in the vicinity of
absorption resonances, than does a straightforward analysis of

the coefficient:

7(6,n06),8)/% (8, 6).

One of the important aspects of these calculations was to
account for changes in the density of the sample with
temperature. We used the experimentally corroborated calculation
curve cited in [5] for surface density changes in metallic
uranium samples. This curve corresponds to the linear

temperature expansion law.
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The Doppler broadening calculations for resonances were
conducted for an effective temperature @, which in the case of
metallic uranium differed noticeably from the sample temperature
only at temperatures below 300K: 0..(77K)=101K.

Analysis of results

Figs. 1 and 2 show the results obtained from the comparison
of normalized transmission functions R.(0,n(0),0,) for various
'sample thicknesses when heated up to a temperature of 1000K.
Similar results from a comparison of normalized transmission
functions R,(0,n(0),0,), but for temperatures of approximately
100K, are given in figs. 3 and 4. On the whole, good agreement
can be observed between calculational and experimental values for
the wide range of sample thicknesses considered.

The following should be noted:

- at greater thicknesses the curve obtained from subgroup
parameters begins to diverge from both the experimental data and
calculations which conducted for average resonance parameters
using the GRUKON application package. This mismatch occurred
because in the evaluation of subgroup parameters more emphasis
was placed on the description of the #**U cross-section resonance
structure for dilution cross-sections values (g > 10 barns) [1].
The description of resonances minima was thus not accurate
enough. The discrepancy could be eliminated by introducing one
more subgroup to describe the resonance cross-section minima;

- To describe experiments using cooled samples having an
effective temperature 0., instead of the temperature 0, was
essential, especially at greater thicknesses:

- it would seem that the change in sample density as a
function of temperature has not been accurately explained by
Byoun T. et al. When a sample cools down its density should
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increase by approximately 1%. This has only a slight adverse
effect on thin samples, where flow attenuation is small, but it
begins to become noticeable at a thickness of 0.0621 at/b.
According to the data provided by Byoun et al., the density of
their sample did not change on cooling. When a sample 0.0621
at/b thick was heated to 975K, its density, according to the data
in reference (4], was reduced by ~2% whereas, if the temperature
dependence curve for surface density of metallic uranium from
reference (5] is used, the change ought to be ~3.5%. Clearly, if
in our calculations we had assumed a density change of a given
sample which agreed with that in reference [5] (i.e. ~3.5%), then
the agreement between the experimental data of Byoun et al. and
the calculational values would have improved;

- The experimental data of Tsang and Brugger for a heated
sample - this time at 24keV, and for a cold sample - indicate a
stronger cross-section structure temperature dependence than the
data of other authors.

It should be noted, however, in the calculational
description of the experimental data obtained by Tsang and
Brugger we came up against other, perhaps more significant
problems. In Fig.5, for example, we see the data obtained by
these authors for the temperature dependence of a normalized
observed cross-section at two energies, namely 24 and 144 KeV.
The straight line drawn through these energy points were
calculated by the authors using average resonance parameters
(quite close to those assumed in ENDF/B-4 by means of the U3R
program. The figure also shows temperature dependence curves for
a normalized observed cross-section which we calculated using the
GRUKON application package based on the average resonance
parameters assumed in ENDF/B-4 and FOND, and also obtained using
subgroup parameters. Clearly, both the character and magnitude
of the temperature dependence we obtained are quite different
from those in [5]. Using the average resonance parameters given
by Tsang and Brugger in [5] produced results which were very
close to those obtained on the basis of ENDF/B-4. There is thus
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a contradiction here which seems unlikely to be resolved without

additional information.

Processing of the experimental capture transmission function
data of Byoun et al. (see Figs. 6 and 7) showing the energy
dependences for the function R.(0,n(0),0,), showed that for hot
samples the calculations performed using average resonance
parameters agreed fairly well with the experimental data,
especially when the average resonance parameters from the FOND
library are used. It is true that with an increase in sample
thickness at energies below 10 keV, the calculational value of
the quantity R.(0,n(0),0,) appears to be overstated. 1In
experiments with cold samples, that discrepancy shows up far more
strongly. It illustrates that the temperature dependence of
capture transmission in the region below 10 keV does not differ
as much from that of total transmissions as should follow from
the calculation. The reason for this discrepancy are also

difficult to resolve without further experimental data.

As regards the description of the function R.(0,n(0),0,) by
means of subgroup parameters, the insufficiently accurate
description of total cross-section minima noted earlier also
appeared here. The effect of this inaccuracy compensates
(sometimes overcompensates) for the error in the description of

R.(0,n(0),0,) by means of average resonance parameters.
Conclusions
Our analysis leads us to the following conclusions:
1. The existing experimental data for temperature dependence of
total and capture transmissions on the whole confirm the
assumption about the nature of temperature dependence of the 2**U

cross-section structure in the unresolved resonance region.

2. Solutions are needed for the small discrepancy, which

nevertheless exceeds estimated experimental errors, in the
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temperature dependence of capture transmissions in the energy
range below 10 keV (which is essentially an area of partly

resolved resonances).

3. The experiment of Tsang and Brugger resulted in considerable
qualitative and quantitative differences in transmission function
temperature dependence compared to those we calculated. Just as
great were the differences in the results which Tsang and Brugger
obtained from their calculations for average resonance parameters
using the U3R program. It is possible that the reason for the
discrepancies is a misunderstanding on our part of certain

features of the data given in [5].

4. Further experimental research into temperature dependence
for total and, in particular, capture transmissions would be
extremely useful. It would be particularly interesting to
measure the the dependence of a capture transmission
R.(0,n(0),0,) for a sample/detector temperature 0, at a constant

sample/filter temperature.



t.0t

1,01

0,99

0,9

0,9

o O
1,00 | fo] %
| Q"' ,./. e e

0975 1n,¢0,7621 ar/6

Fig. 1. Energy dependence of

a normalized total transmission
function for heated ?*®U samples:
©=[4); a = [3); o = [5];

- - - - ENDF/B-4; ~-.-.- MULTIC;
FOND; ....... FOND with
sample density (75K)= 0.06 at/q.

I

0,n

0,u5

— ey v -

Beldud ne), )] ar/6

’ IV WP VNN B Y W N R e

100,00 &, waft

Fig. 2. Bnergy dependence of a
normalized total transmission
function for a heated **u
sample:a = [3); -———~ ENDF/B-4;
-+ =.—-+« MULTIC; FOND.




e

@
1 r
{ )
N o] - o
b= ~ R -4

&

Ao A 3. 1 ) I.

i 2 1 113 il A AL

10,0 100,0

Fig. 3. Energy dependence of a
normalized total transmission
function for cooled U samples:

o= 1[4); a = [3]; o= [3);
————— ENDF/B-4; ~.--~ MULTIC;
FOND; ...... FOND with

sample density (101K) 0.0628 at/b.

™77 TT T T rrTT

{ 0« 77K %e=0,%03 a1/6 A

| W W T W 1 A Il 1 PR W U U0 Wy NS ——

10,0 100,0 E. kaB

Fig. 4. Bnergy dependence of a
normalized total transmission
function for a cooled **U sample:
A {3); ---- ENDF/B-4;

—-+—+«— MULTIC; FOND.



Ru(8,n10)

E

0,58
0,9
0,4
0,92

0,90

v L4 v L v L] L] v L]

B M ;8 Nw0,0574 #0/6

L_ i k. A A 23 L

g
100 30 800 - 700 900

Fig. 5. Temperature dependence of

a normalized observed cross-section
for a U sample; o6 = [5]:

-+ -+ - MULTIC; FOND;

—————— ENDF/B-4; -"“-"“_-""_ U3R.

1,02

0,98

0,9

 (6,niBe,) .

v v ¥ v irrry

T rrryy L4

0 « 975K %,=0,0316 at/6

g
o 1
o) 4
1
4
. - o O
}%§“-—1>1L__

r Ba 978K %,20,0621 or/6 |
- 7 |
b 1 N
o
N . |
- 1
8 1
o
! o o ]
o O -1
1a i 4.1 1 s O . o101,
10,0 100,0 E, xaB

Fig. 6. Energy dependence function
R,(0.n(0),0,) for heated ***U samples;
O = {4)}; ----ENDF/B-4;-+-. - .MULTIC;
FOND; ..... FOND with sample
density (975K) 0.06 at/b.




~ 29 _

o |
:3;- B 101K n,e),03i6 ar/6 T -
0 i
= L 0] OO -
1.00 ]_..\:‘\ S ST 0L —
L Yo 8 o—= :
0.9 0. :-CCCF:“ o o© ]
!- _0_% o o
O o0 G 1
0.% [ 0] © © -
' -
1.9 | -
Loe L ° 6« 10IK n=0,0621 at/6 ]
1.92 4.
O
I_ {
2 o=
/z‘o O ~
0.98 L o) CQ -
0.96 P -
p= o b
0.94 | o d
OAQZ i _— o e O ) - Ao FE— N {2t 4
10.9 100.0  E, 8

Fig. 7. Energy dependence of
function R,(0,n(0),0,) for cooled
2%y samples: O -[4);---- ENDF/B-4;
—e=+- MULTIC; ——— FOND;

+e+.. FOND with sample density
(101K) 0.0628 at/b.



[1]

(2]

[3]

[4]

[3]
(6]

[7]

(8]

(9]

[10]

- 30 -

REFERENCES

DOLGOV, E.V., KOSHCHEEV, V.N., SINITSA, V.V., Subgroup
parametrization of the cross-section structure of basic fuel
materials in the unresolved resonance range, in Proc. Int.
Conf. on Neutron Physics, Kiev, 21-25 September 1985. [in
Russian]

KOSHCHEEV, V.N., DOLGOV, E.V., TSIBULYA, A.M., Voprosy
atomnoj nauki i tekhniki, Nucl. Const. 4 (1988) 39. [in
Russian]

GRIGOR'EV, Yu.V., Measurement of neutron cross-sections and
uranium-238 resonance characteristics on the spetrometer at
the IBR reactor, Diss. (Abstract} Dubna (1980).

BYOUN, T.Y., et al., Temperature Dependent Neutron
Transmission Measurements in ?%*U, Proc. Nat. Topical Meet
ing on New Development in Reactor Physics and Shielding,
12-15 September, 1972, New York, USAEC, p.1115.

TSANG, F.Y., BRUGGER, R.M., Nucl. Sci. Eng. 72 (1979) 55.
HASTE, T.J., SOWERBY, M.G., Report AERE-R 8961, Harwell
(1978). '
BEE, N.J., The relationship between the local S-wave
strength function in 2%y, in Proc. IAEA Cons. Mtg. on U and
Pu Isotope Resonance Parameters, 28 Sep.-2 Oct. 1981,
Vienna, (INDC(NDS)-129/GJ (1982) 182. '

DOLGOV, E.V., SAVOS'KIN, M.M., TSIBULYA, A.M., Voprosy
atomnoy nauki i tekhniki, Nuclear Constants 5(59) (1984) 49.
[in Russian]

SINITSA, V.V., Voprosy atomnoy nauki i tekhniki, Nuclear
Constants 5(59) (1984) 34. [in Russian]

SINITSA, V.V., Voprosy atomnoy nauki i tekhniki, Nuclear
Constants 5(54) (1983) 3. [in Russian]

Submitted for publication 18 May 1988



- 31 -

ON THE CONTRADICTION BETWEEN THE MICROSCOPIC AND
INTEGRAL DATA FOR FAST NEUTRON ABSORPTION
CROSS-SECTION FOR ?**U NUCLEI

A.A. Van'kov

ABSTRACT

The contradiction between a measured integral neutron
absorbtion cross-section averaged over a fast reactor
spectrum and the corresponding value which was calculated
with the use of evaluated microscopic cross-sections and
a theoretical neutron spectrum has been investigated.
The possible systematic error of a correction factor
which takes into account multiple resonance neutron
scattering in samples used in the measurement of the
absorption cross-section is investigated. It is proposed
that this error may be one of the main reason for the
contradiction mentioned above which arises in the
measurement of the #*®yJ neutron absorption cross-section.

Radiative capture cross-sections of heavy nuclei in the
energy range of a few keV to ~0.5 MeV are usually measured using
neutron time-of-flight spectrometers by recording the y-quanta
emitted during radiative capture of neutrons in a thin sample.
For heavy nuclei, this energy range is the unresolved resonance
region. Resonance effects are particularly pronounced at low
energies and therefore the "optical" thickness of the sample
increases as the energy of the incident neutrons decreases. A
compromise has to be found between the contradictory requirements
of collecting statistical data rapidly and of ensuring a minimum
distortions of the observed cross-section caused by the effects
of resonance self-shielding and absorption after scattering of
the neutrons in a sample of finite thickness. 1In practice,
samples having a thickness of about x = 1 mm, i.e. t = 5:10°?
nucl/b are used in such experiments. Such samples are far from
being "ideally thin" since the relative correction for ¢, for
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scattering at g, ~10 b is of the order of 2¢,t, i.e. 10% (if the
mean path length is taken to be 2 x). If the contribution to the
error of g, as a result of this correction were to be less than
1% this would mean that the scattering effect correction would

have to be known within an error not worse than 10%.

In evaluating this correction, the main difficulty lies in
correctly taking into account the resonance structure of the
neutron cross-sections. With the existing approximation methods
it was not possible to check if the resonance structure was taken
into account correctly since there were no adequate mathematical
methods for representing it on the basis of the theory of neutron
cross-section behavior in the unresolved resonance region. We
have developed a way of representing it based on the R-matrix
theory using the Monte Carlo method to generate the total
cross-section function and the partial cross-section correlation
functions [1, 2]. It thus became possible to calculate reliably
any non-linear cross-section behavior. Adopting this approach,
the author developed an analytical method of calculating the
correction for multiple scattering of neutrons in the sample,
taking into account the resonance structure of the neutron

cross-sections.

Let us examine the essence of our calculational method, the

geometry of which is shown in Fig. 1. The symbols used are as

follows:
¢ = o(E") - total cross-section;
0, = 6,(E) - absorption cross-section;
g, = 0,(E") - scattering cross-section;

g, 0, O, - corresponding cross-sections at
energies E after initial scattering;
- thickness of layer, cm;
- density of nuclei, cm™3;
= nx - thickness of the layer, nucl/b;
= cos@® - cosine of the scattering angle of

The observed self-shielding cross-section which is
proportional to the number of absorption events at the first
collision in a layer of thickness t is
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<b >-4<(1- ef)ﬁ )

This cross-section increases to AE“ as a result of the

absorption events in the layer beyond the initial scattering

f,t (_6_;}[ ) e :]dﬂf(/t)[/‘p(t;ﬂ)]. (2)

Here: f({u) is the angular distribution of the scattered
neutrons, assuming that the isotropic scattering f(u) = const;
P(t',u) is the probability of neutron emission after the initial

scattering.

Introducing p=1/f we can rewrite expression (2) as follows:

a6 t= (“’7(£"')f6°dte'€ Udu(! 6-"‘)/d/¢// €_L’._u) =
o (3)

=4 &) . st rdE _-6t€ [ 12-2)
z(éé;)/g:’{[o@dte [2;/?—9 . f%,ie 57,

Expression (3) has to be integrated with respect to E and
E', i.e. an averaging of the type < > = [ dE and < >' = [ dE’
(with respect to the incident neutrons spectrum and the scattered
neutron spectrum respectively). This is equivalent to
integrating with respect to the total cross-section distributions
< > = [P(o)do and < > = [P(@')De’. The cross-section
distribution functions aie obtained from independent calculations
of the neutron cross-sections. In the unresolved resonance
region they were calculated by the Monte Carlo method based on
the R-matrix theory.

Based on a rigorous approach we calculated the corrections
for multiple neutron scattering in the sample for typical
conditions of measuring the radiative capture cross-section for
238y [3]. The results were compared with those of typical
approximation calculations in which the effect of multiple

scattering in the constant cross-section approximation was
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~calculated together with the additional correction for the effect
of resonance self-shielding. This method (attributed to
Maklin-Smith) is generally used by experimenters to process the
results of g, measurements [4-8]. Correction calculations using
this method have been carried out by L.E. Kazakov. A comparison
is shown in Fig. 2. It can be seen that the approximation method
lowers the resulting correction, particularly in the region of
low energies, where the effect of the resonance structure is very
large. 1Integrating over the spectrum of a fast reactor core

yields a discrepancy of 3-4%.

It is well known that the experimental
integral data for the ?*®*U capture
cross-section for is systematically 3-4%

lower than the corresponding calculated data

based on microscopic cross-sections (see for 63 © -
example Ref. [9]). 1If we assume that there
is a systematic error in the microscopic
]

evaluations for 2%®U associated with the fact ¢ —{}ot |t
that the correction calculated above is too .

Fig. 1. Geometry used
low, as shown in Fig. 2, the contradiction in thecalculation of

neutron capture after
between the microscopic and integral data scattering in a layer

i 3 of thickn t (nucl/b).
practically disappears. ess t(nu )

The conclusion that the existing method of calculating
corrections for finite sample thicknesses in experiments designed
to measure the neutron radiative capture cross-section using the
gamma-ray recording method is inadequate and applies not only to
the experimental data for #*®*U in the unresolved resonance region,
but also to data for other heavy nuclei in both the resolved and
unresolved resonance region. The contradictions between the
"alpha™ measurement results for ?°U and #°Pu using different
methods are discussed in the literature. Since samples of
different thicknesses and dimensions (determined by the
transmission, the resolution and other conditions) can be used in
various experiment methods, it can be assumed that at least one

of the reasons for discrepancies is associated with errors in the
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corrections for multiple scattering of resonance neutrons in the
detecting equipment.

The most universal method of calculating different equipment
corrections is the Monte Carlo method. This method has been
increasingly used recently to analyse different kinds of
experimental data. 1In applying this method, it was shown that
details of the resonance structure of neutron cross-sections can
be represented by so-called subgroup parameters. The extent to
which such representations are physically justified , has to be
checked in each specific case. As the test calculations for #*°U
[10] have shown, the subgroup method in the Monte Carlo
calculation has yielded results close to those obtained in our

calculation.

Using the analytical method in Ref. [10], similar
corrections were calculated for the self-indication function

T-(t)<ch S 6 (E)expl-6L]. -

This type of measurement is described, for example, in Ref. [11]
where this correction-was disregarded. Figure 3 shows the
results of calculating it using the analytical method for
conditions in Ref. [11]. It can be seen that the correction is
systematic: it grows monotonically as the thickness of the sample
increases and with the incident neutron energy decreases.

Since in evaluating the average resonance parameters the
experimental data are analyses not only with respect to the
average cross-sections but also with respect to the
self-indication functions, the latter may also make a
contribution to the systematic error in the results of the
optimization analysis when evaluating the average resonance
parameters. Therefore, evaluations of "pure" average resonance
parameters obtained exclusively from the analysis of the resolved
resonances, are more reliable. The calculated data of the energy
dependence of the average absorption cross-section for 2*U in the

unresolved resonance region using "pure" average resonance
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parameters are in fact lower than the experimental values at low

energies in the unresolved regions [12].

From Fig. 2 it follows that if the correction for multiple
scattering in the sample is correctly taken into account, there
should be a further reduction in the average absorption
cross-sections for ?*U of approximately 5-6% for the energy group
4.65-10 keV and of 3% for higher energies. Such a correction is
similar to fitting evaluated microscopic data by taking integral
experiments into account. Consequently, the suggested additional
correction, which has a physical explanation, is close to the
so-called ABBN-MIKRO and ABBN-78 evaluation [13] (the latter is
the result of fitting to the integral data), and eliminates the
contradiction between the integral and microscopic experiments.
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THE EFFECT OF v(E) ENERGY DEPENDENCE AT E < 1 eV ON THE
GROUP CONSTANTS OF #*pu IN THE LOWER ENERGY GROUPS

A.G. Gusejnov, M.A. Gusejnov, N.S. Rabotnov

ABSTRACT

The effect of the energy dependence of the average
number of prompt neutrons on the #**Pu fission BNAB-26
group cross-sections has been estimated. It was also
found that the values of T(E) are lowered by
approximately 1% when the temperature increases from
300 °K to 2000 °K. Taking this dependence into account
may improve the predictability of the plutonium-fueled
reactor characteristics.

Measurement of the average prompt fission neutrons VU(E,) in
the reaction #**Pu(n,f) at E, s 1 eV indicate that there is
noticeable energy dependence of V(E,) in this region [1-4]. The
authors of Ref. [5] performed precision measurements of the
average kinetic energy of fission fragments emitted in the same
reaction for the same energy region. By comparing these results
with the systematics data in Refs. [1-4] using energy balance,
they concluded that the physical cause of the variations in V(E,)
and E,(E,) was a difference of the order of 2% in the values of ¥
for the 0* and 1* states of the compound nucleus corresponding
to the binding energy of the "negative™ (0*) ?*°Pu level and to
the first resonance at E° = 0.299 eV(I*). The figure shows a
system of the type used in Ref. [5]. The same symbols are used
for points taken from various sources. Detailed references may
be found in Ref. [5]. We evaluate the influence of this effect
on the mean value v used in the 26-group set [6] for low energy
groups, in particular, we evaluate the effect it has on their
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dependence on the neutron spectrum temperature and dilution
cross-section taking resonance s3elf-shielding into account. (From
this point on, for the sake of brevity, E will be used to

signify E,).

The experimental data points in the figure shows the average
number of prompt neutrons per fission at given incident neutron
energies. Assuming that the V(E) values are different for the
two spin subsystems but are not in themselves energy dependent,

the V(E) dependence can be expressed by

DE) = [@‘;(E) o1+ 6°(E) ]/[6’(E)+ (E)] (1)

where ©° and ©! are the values of v for the 0* and 1* resonances,
and o!;(E) are the contributions of the individual resonances to

the fission cross-section.

The continuous thick line in the figure represents the
dependence calculated using expression (1) as given in Ref. [5].
We calculated this curve in a two-resonance approximation, i.e.
assuming that only the two above-mentioned resonances contribute
to the total and fission cross-sections (in fact, in the energy
region in question, their contribution accounts for approximately
90% thereof). The two curves are very close to one another. In
this calculation we used the resonance parameters for 2**Pu given
in Ref. [7]). The cross-sections, which are measured in barns,
take the following form (ignoring the Doppler effect):

tlE-e
6t(E)=O,6557/}/E'Z G5 +H5 [~ £5)/ 7] + 656 (2)
FJ{1+[(E E:;)/F:J] }

fouf 0
Gl +rif(e-€
6}(5)=0,6537/@Z 3+ [(E-E5)/1) . (3)
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The numerical values for the parameters are given in Table 1 for
Opor = 10.2 b.

For the v’ coefficients in expression (1) we used values of
¥° = 2.886 and ¥ = 2.827 normalized to the value of ¥ = 2.862
for thermal neutrons (this corresponds to the curve from Ref. [5]
and using Av = §° - 9! = 0.059, also taken from Ref. [5].

First, let us evaluate the simplest effect - namely the
dependence of ¥, averaged over the Maxwellian neutron spectrum on

the temperature of that spectrum

TdE(b(E,'T‘)[D"ﬁJf(E) + D’@Jj(f)]

(P>(M= o ’ (4)
dEGE,T[6%E)+ 61(E)
acoem(se 6e)]

where qb(E,'f’)=2}/£?e:rp(-.E/k7‘)/*y/sl(k'r')_3’1 .

The values obtained for T = 300-10000 are also represented
in the figure (by large dots); the temperature T is expressed in
eV. The <v>(T) dependence does not repeat 9(E), but the maximum
extent of the effect (reduction in <¥9>) amounts to approximately
1%.

Various cross-section attributes for the twenty-fifth and
twenty-fourth groups of the 26 group set were also calculated in
order to illustrate the influence of the Vv(E) energy dependence
on the mean values of <v>(T) which may be obtained by taking the
resonance self-shielding of the cross-sections into account. The
following group averages were calculated: <1/{(g, + 0,) >ui <0,/ (0,
+ 0,) >ai <v0./ (0, + 0,)>, where AE is the energy interval over
which averaging is performed, 6, is the dilution cross-section,
for AE,; = 0.215-0.465 eV and AE,, = 0.465-1 eV, 0, = 0 and g, =
100 b respectively. As above, < > indicates averaging over the
Maxwellian spectrum, and ve, is an abbreviation for (9%°% +
v'e’s) . The symbol <1> stands for normalization - the spectrum
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integral over the AE interval. The results are given in Table 2
which also gives some relations for these attributes including

the integrated value of the self-shielded value of wv:
(P> (T,6,) = <V6,/(6, + 6,)),/46, /(6,4 6)> - (5)

Clearly, the self-shielded <¥> value for the twenty-fifth group
is hardly dependent on the neutron spectrum temperature. As for
the twenty-fourth group, it is only slightly dependent, and in
contrast to the not self-shielded value ,averaged over the total
spectrum, it increases with T. However, both values, at kT =
0.0253 eV for instance, are significantly lower than the
"thermal™ v value for monoenergetic neutrons at E = 0.0253 eV.

Because of the approximations used, the evaluated values
presented in this paper are not precise; they do suggest, '
however, that if a more precise method were to be used to
estimate the v(E) dependence effect, it could help improve the
liability of the characteristics of thermal systems using

plutonium fuel.
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Figure. Dependence of the average number
of prompt neutrons for ,,,Pu at a fission
induced neutron energy of < 1 eV:

*» - experimental data systematized in
Ref. 1]},

® - results obtained by averaging over the
Maxwellian spectrum [4];

QO - conversion into V(E,) of the
dependence on En of the mean kinetic
energy of the fragments as measured in
Ref.[1];

- the continous lines are the calculated
U(E,) dependences assuming that the
values differ by 0.059 for the 0+ and
1+ resonances;

- the thick line is taken from Ref.[1],

- the thin line was calculated by us in
a two-resonance approximation whose

283001

0,1 1 E,eV

Table 1

Resonance parameters for the %*Pu cross-section
structure to obtain cross-sections in barns

using expressions (2) and (3)for
energies smaller than 1 eV [7]

0 _f t t
E),ev | J G:’: H G H TS

=0,230 0 0 3I,92 0 45,21 5,100

C,299 I 129,38 3,32 220,76 35,07 0,047




Dependence of cross-section parameters
averaged over the 24th and 25th groups
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Table 2

on a Maxwellian spectrum temperature T.

Functionals
T, K (V) v 1 ><v6;¢>/ 6
<1/(6t+60)> <6f/(6t*6°)> <V6J¢/(6¢*60> <6t *6o> <6t+6° 6.+, /<6t+60>
For the 24th group AE = (0.465 - 1.0) eV, 6, = 0 barns
300(9,0253)  2,95I(-3)  5,832(-I) 1,656 561,3 2,540
- wWi{0,042I7) 3,443(-3) 5,825(-I) 1,854 47,2 2,340
I000{0,03433) 4,730(-3) §&,730(-I) 1,646 343,7 2,044
2N0(3,I3887) 3,302(-3)  5,720(-I) 1,628 23%,9 2,340
3009(0,2530)  3,059(-2) 5,679(-I) 1,817 20,7 2,543
$300(0,4217)  3,I.42(-3) 5,333(-I) 1,607 I175,8 2,350
10000(J,c2d3)  I,90I(=<¢) 5,393(~I) 1,535 159,35 2,301
For the 24th group 0, = 100 barns

339(0,0253)  2,253(-3)  4,3I5(-I) I,282 537,9 2,340
S0{0,04cI7) 2,509(-3) 4,335(-I) 1,239 433,9 2,840
1oX0(0,wii33) 3,036(-3) 4,0II(-I) 1,143 372,3 2,043
&030{0,15.37) 3,753(-3)  3,575(-1) 1,017 265,7 2,548
L20{0,2550)  +,i33(-3) 3,353(-1) 9,543(-1) 230,9 2,347
SMI(3,4217)  4,435(-3) 3,I56(-I) G,939(-1) 202,3 2,43
20uu0(3,0=33) 4,354(=3)  3,004(-I) §,553(-1) 132,7 2,349
30&(0,&3ﬁ5) 4,357(~-4)  3,335(-I) 1,009 3374 2,031
$99(0,01217) 3,973(=+)  5,985(~I) I.GGQ 4185 2,330
2030(0,03433) 3,732(=2)  5,873(~1) 1,332 244,38 2,330
2000(0,23¢37)  <ydadi=3)  5,333(~I) 1,350 378,9 2,331
SO{0,230) I1,53(-3) 5,333(-I) 1,350 8940 2,83
3w0(0,4217) I,543(-3) 5,231(-I) 1,859 0m 2,331
10000(0,5433) 1,889(-3) 5,330(-I) 1,580 II94 2,831

For the 25th group AE

= (0.215 - 0.465) eV, g, = 100 barns

SIH( U, wil3)
302(2;0:21R)

1030{,05133)

IT2X,427)
10023(5, -+33)

‘&.J..J-.i(' a)
3,735(-4)
£,272{ <)
$,233(=4)
\:49631(‘1)
3,37(-4)

3,442(=a)

2(-1)
3I(-I)
»o2L(-1)

[ 4}
(4]

.6
:"5

h Cren 0. O
we OOV O
> & C.
e
~—~
U
[\
~

1,300
1,502
1,590
1,573
1,585
1,558
1,552

3839
4222
3724
3008
2750
2551
2409
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TESTING OF THE 2°*U, 2°*U AND 2**Pu CROSS-SECTION
RESONANCE STRUCTURE DATA IN THE UNRESOLVED RESONANCE
REGION USING TRANSMISSION EXPERIMENTS

V.N. Koshcheev, E.V. Dolgov and A.M. Tsibulya

ABSTRACT

Subgroup parameters of U, 2*®*U and 2?*Pu in the
unresolved resonance region used in the MULTIK multigroup
data system have been tested wusing transmission
experiments. Calculated and experimental data were found
to be in agreement. The need for experimental
transmission data as well as information on the resolved
resonance region for the evaluation of the cross-section
resonance structure in the unresolved region is
emphasized.

Information on the cross-section resonance structure in the
unresolved resonance region occupies a special place among the
various types of neutron-nuclide interaction characteristics.
This is because the cross-section structure is described in terms
of average resonance parameters, evaluated using the results of
indirect experiments and theoretical models of the cross-section
structure. It is clear that the reliability of the data thus
obtained increases as the range of heterogeneous experiments on

which they are tested is widened.

Evaluated neutron data files, particularly the FOND library
[1], include average resonance parameters which have been

obtained, first by averaging resonance parameters from the
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unresolved resonance region and, then by correcting them in such
a way as to produce a correct description of the energy
dependence of the observed neutron cross-sections, averaged over
many resonances, in the unresolved region. 1In Ref. [2], subgroup
parameters were obtained using the contribution of temperature
independent subgroup based on a set of this type of data for 2*°U,
2%y and ?*°Pu. It is rather difficult to assess the accuracy of
the resonance self-shielding effects calculated using these
parameters since evaluations of this type are carried out in the
framework of a concrete theoretical model to describe
cross-sections. For example, for ?*®U various authors give close
and rather high evaluations of the accuracy values of the
cross-section self-shielding contribution [3-5], on the other
hand, the discrepancies between the evaluations often exceed the
expected uncertainty range. For #*°U and ?*Pu, theoretical
modelling of the cross-section structure is less reliable because
of the presence of the fission channel and the high density of
the resonance levels, with the result that the reliability of
existing resonance structure evaluations is even lower. 1In the
light of this, it is extremely important to test the evaluated
resonance structure of the cross-section in the unresolved
resonance region against an independent group of experimental
data. This is the aim of the present paper.

We present results of tests of #°U, #®*U and #*°PU subgroup
parameters in neutron transmission experiments for various sample
thicknesses of the investigated materials. These subgroup
parameters [2] are currently used in the MULTIK multigroup sets
of data [6]. The idea of using neutron flux transmission curve
measurements right up to extreme attenuation as an information
source for cross-section structure in the unresolved resonance
region was proposed by M.N. Nikolaev and first carried out in
Ref. [7]. Recently interest in this method has grown sharply,
but as yet the amount of information accumulated is not very

great.
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COMPARED VALUES
Experiment

The following transmission results have been obtained in the
neutron transmission experiments for the nuclides under

investigation:
Total transmission: 'r'tezp(n)=‘fcp(E)ezp(-nb;)dE/Scp(E)dE
Partial transmission: 'T’_:'tp(n)=j(p(E)6’x(E)e:cp[-116,:(E)JdE/) PEL(E)DE

where @(E) is the neutron flux spectrum, n is the thickness of
the sample under investigation, and ¢.(E) and ¢,(E) are the total
and partial interaction cross-sections, respectively.
Occasionally, as a result of the processing of the experimental

data, the following effective cross-sections were obtained:
- ' . e __1 exp
s = - a[rP s efFme-Lin[rETw]

It is easy to see that
eim 657 = [ p(E)6(E)6,DAE/ [P EIE(E)AE = <6, 6, /<6, > ;

tim 6P = CP(E)b't(E)d.E/ (pE)dE =<6, ,

where < > denotes averaging over the energy interval. The last
value is a total cross-section averaged over the resonance
characteristics having the weight of a partial cross-section.

To obtain boundary values it would have been particularly
important to have reliable data for thin samples of the
investigated nuclide. However, these were the least accurate

data obtained in the experiment.

As a rule, the Fermi spectrum ¢(E) was used as the averaging
spectrum in the averaging interval.
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Calculation

In the ABBN-78 [3] and MULTIK [6] group data, which were
used in the calculations, the Fermi spectrum ¢(E) was used as the

averaging spectrum in the investigated region.

Using subgroup parameters it is possible to express the

total transmissions in the form of

‘and partial transmissions by

%) = $a;6, ; exp(-n6, 1)/ Ta; 6, ; »

where a; is the fraction of subgroup i, ¢.; and g¢,; are the
subgroup total and partial interaction cross-sections,
respectively. It is easy to obtain the effective cross-sections

by analogy using the experimental data:

G'tctat(n) = ~—:~1 en [’T’:at(n)] IR 6t°:t(n)- -1; en [:'T‘;az(n)] .

In the calculations we used the normalized subgroup
parameters, a;, ki, kii, kcisr ke taken from Ref. [2]. The
subgroup cross-sections were determined by

O =Opkeii Gei=Oekeis Oi=%heis G,i= %Ki -

Here o,, 0., 0. and @, are the total, scattering, capture and
fission multigrop cross-sections, respectively (taken from the
MULTIK multigroup sets of data), derived from files of evaluated
neutron data given in the FOND data library [1]and using the
GRUKON software package [8], all data but ¢, for #*®U, were taken
from Ref. [9]. 1In addition, calculations were made using the
subgroup parameters of the ABBN-78 group data, as well as with
the evaluated parameters [10,11]. All the calculated values were
averaged over the energy intervals in accordance with the MULTIK

or ABBN group data nomenclature, respectively.
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Testing of the “*U data

Several transmission experiments have already been carried
out to measure the basic ?*®U resonance absorber: four of them
using the radiative capture self-indication technique. The
experimental data measured in these experiments which were used
to test the calculated data are listed in the following Table.

LIST OF 2°®U TRANSMISSION EXPERIMENTS

Refs Listgd Energy region N?mber of atoms per barn
quantity (keV) thicknesses
S S I I—.

12 T, 0.46 - 120 11 0.0047- 1.060
13 T, 4.65 - 200 10 0.0142-0.615
14 T., T. 10 - 80 5 0.005-0.0943
15 T,, T. 5 - 110 7 0.047-0.190
16 T, 1 - 100 8 0.0024-0.305
17 O.c 55 and 144 1 0.0094-0.279
18 T, 10.2 - 91.9 5 0.0076-0.0621
19 Over Oec 1.0 - 10.2 5 0.0076-0.0621
20 O 66 and 205 6 0.006-0.092
21 T, 24 and 144 15 0.010-0.266
22 Oye 24.3 - 649.1 4 0.0063-0.0807
23 Oee 3.04 - 4.0 4 0.0237-0.140
24 Oce 24 and 144 8 0.023-0.240
25 T, 4.0 - 10.0 4 0.0038-0.0521
26 T. 4.0 - 5.0 11 0.0074-0.144
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from Fig. 4, it is impossible to determine this law with
sufficient accuracy on the basis of experimental data alone as

the data spread is too great. As a rule, extrapolation is based
on a description of the cross-section structure in terms of
average resonance parameters. Variation in these parameters can

have a considerable influence on the ¢..(n) dependence.

It follows from the analysis carried out that a correct
evaluation of the average resonance parameters should use the
T**®.(n) transmissions themselves as initial data and not the
total cross-sections 0, deduced from them. If it were possible
to unequivocally describe the available ¢.(E), T**®.(n,E) and
T***_(n,E) data, then agreement between T**®_ (n,E) and T (n,E)
for thick samples in the 5-200 keV energy region would be
guaranteed because of the increase in the subgroup cross-section
0.,; in subgroup i for low values of o,; and @.;, which would only
arise in T.(n,E) at large values of n and would have virtually no
effect on the value of T .(n,E). At the present time, evidently,
"only one paper [15] has done this. The analysis also shows, in
our view, that much remains to be done to improve the accuracy of

experimental T, and T. ?*®U transmission data.

Testing of the 2*°U data

There is little experimental information on 23U
transmissions: 1in 1969 data were published on fission
transmissions [29], followed by the presentation of revised data
of the experiment in 1979 [30] which aimed to reduce the error of
the old data. Finally, in 1979 data appeared in Ref. [10] on

total and fission transmissions

Figure 5 shows how MULTIK and BNAB-78 calculations describe
experimental effective cross-section @, (n). The calculations
were carried out using ABBN energy group data. From the figure,
it can be seen that the existing MULTIK and ABBN-78 data which
are quite divergent in several groups, do not on the whole
contradict one single experiment [10]. Clearly new experimental
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Figure 1 shows the energy dependence of calculated and
experimental transmission values T,(E) for three sample
thicknesses. It can be seen from that figure that, on the whole,
the multigroup curve describes the experimental data quite well,
especially for thin samples. As the thickness of the sample
increases, there is a tendency for the calculated and
experimental data to diverge in the 50-200 keV energy region. At
the same time, as can be seen from Fig. 2, the data obtained by
the capture self-indication technique agrees well with the
calculated data for all energy regions and thicknesses. By
examining the total transmission data T,(E,n) only, we get the
impression that the total cross-section used in the multigroup
calculations is a little too high in the 50-200 keV energy
region.

At the same time, the experimental data describe the energy
dependence of both the total cross-section and the radiative
capture cross-section quite well (Fig. 3). However, the
experimental cross-sections shown in Fig.3a are nothing else but
the result of an extrapolation of the effective cross-section
0..(n) to zero thickness. How reliable this extrapolation is can
be seen from Fig. 4 which shows the dependence of effective
cross-sections ¢,.(n) for the two energy intervals 10.0-21.5 keV
(11th ABBN group) and 21.5-46.5 keV (10th BNAB group). In the
first, the total cross-section g, of the intervals in MULTIK is
somewhat lower than experimental data [18]), whereas in the
second, it is higher (see Fig. 3a). It can be clearly seen from
Fig. 4 that in the 11th group the g,.(n) , the multigroup
parameter curve, lies lower than the data in Ref. [18], not only
when n - 0 but also for finite values of n. 1In the 10th group,
the experimental points from [{18] lie lower than the MULTIK
calculation, except for the first two points where n is thin and
where the statistical error and the probability of undetected
systematic errors are high. It is evident that by extrapolating
to zero thickness (i.e. the deduced total cross-section ¢,)
depends considerably on what law is being used to estimate the
dependence of the effective cross-section o¢,.(n). As can be seen
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data are required for a more accurate determination of the

discrepancies to be made.

Figure 6 shows the effective cross-section ¢, as a function
of the sample thickness under investigation. According to the
data shown in the figure, the experimental data points are well
described by calculation. The experimental results are in better
agreement with the multigroup parameters in groups 15, 14 and 13
than with the ABBN-78 calculations. 1In groups 17, 16 and 12 both
calculations are equally good. Finally, in group 11 the
BNAB-78 system describes experimental data perhaps better than
MULTIK, although the data spread here considerably exceeds the

discrepancy between the two calculations.
On the whole, the transmission data confirm the predictions
of the #**U cross-section structure on which the evaluated neutron

data in the FOND library are based.

Testing of the 2%Pu data

At the present time, two sets of experimental data are known
to exist for %*Pu: in 1967, data were published on fission
transmissions T, [31], and in 1979 the results of an experiment
on total T, and fission T, transmissions appeared [11]}.

Figure 7 shows how MULTIK, ABBN-78 and subgroup parameter
calculations based on Ref. [11] data describe the experimental
dependence of the effective cross-section ¢g.(n). It can be seen
that on the whole good agreement is observed between the single
experiment and the calculated values, with the exception perhaps
of groups 17 and 16. 1In these groups, calculations were not
carried out using the parameters given in Ref. [11] since the sum
of the subgroup contributions in these energy groups had not been
normalized to unity, and the average cross-sections, deduced from
the subgroup parameters, do not coincide with the cross-sections
from which the parameters were derived. As regards the

description of the resonance structure in groups 17 and 16, a
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more correct description is evidently obtained if three

subgroups, and not two as was done in MULTIK, are used.

Figure 8 shows a similar comparison of calculated and
experimental data for g.(n). As can be seen from the figure, in
this case, a better agreement of calculation with experiment is
actually observed in the low-energy groups. As energy increases
from groups 15 to 11, experimental values for o..(n) are shown to
be systematically higher than the calculated values for thin
samples where n < 1072 atom/b. It is difficult to understand
such curve behavior if the cross-section structure is described
within the framework of the given model, i.e. in terms of average
resonance parameters. Thus, the evaluations carried out quite
independently in Refs [32] and {11] for groups 14 to 11 give an
almost identical shape of the curve g.(n). In addition, the
curve becomes thickness-independent for thin samples. from this
point of view it is curious that o.°*(n), as calculated by using
ABBN-78 subgroup parameters, displays behavior analogous to that
observed in experiment. This behavior of the curve is observed
because in BNAB-78 the ratio of the fission cross-section of the
maximal and minimal subgroups is much larger than assumed in
contemporary evaluations, and so the role of the subgroup with a
high cross-section is particularly emphasized for thin samples.

It should be remembered that subgroup description of
cross-section resonance structure for ?*®Pu is still the same in
ABBN-78 as in BNAB-70 [33]. The subgroup parameters were
combined to describe the dependence of the self-shielding
cross-section coefficients on the dilution cross-sections which
were evaluated already in 1962. Of course, the reliability of
the old data is not high and there is no reason to give them
preference over contemporary evaluations, as for the indicated
energy groups, they are seen to diverge from the only experiment.

In conclusion, it should be noted that on the whole, the
experimental 2°®U, 23®*U and ?*®Pu transmission function data

support predictions of the cross—-section structure of these
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nuclei in the unresolved resonance region, which were based on
extrapolation of cross-section structure characteristics from the
resolved resonance region and on theoretical description of the
energy dependence on average cross-sections in the same
unresolved resonance region. For ?*U and **PU available
experimental transmission function data are clearly insufficient;
it would be very useful to obtain new information. The present
discrepancies for **Pu are still not sufficiently established to
justify making changes in the data used. 1In the case of #%*y, it
would seem that the reliability of the average resonance
‘parameters might, , be considerably raised if experimental data
on transmissions T,(n,E) and T_.(n,E) were used in their
evaluation instead of total cross-section data. Additional
experimental data will be useful if they can compete with

available data.
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0..(n) for energy groups 11 (a)
and 10 (b).
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TESTING OF CROSS--SECTION FUNCTIONALS
IN THE UNRESOLVED RESONANCE REGION

V.N. Koshcheev, A.S. Krivtsov
V.V. Sinitsa, V.F. Ukraintsev

ABSTRACT

The results of a comparison of the GRUCON, MMK and NJOY
data processing codes in the treatment of evaluated
neutron data in the unresolved resonance region are
presented. The sets of average resonance parameters of
2%y and 2 Pu isotopes, which have been published by
Munos-Cobos et al., and Rikon et al., were used in this
exercise. Average cross-sections, self-shielding factors
and Doppler braodening self-shielding factors are
compared with the original results presented by the

above-mentioned authors. Conclusions regarding the -
reliability of the neutron data processing codes are
made.

After several rounds of international verification of data
processing codes under the auspices of the IAEA [1], the
attention of many specialists has been focused on the accuracy of

neutron data processing.

Drawing on two publications [2, 3] which study the
reliability of the methods used for the calculation of resonance
cross-section self-shielding factors using test sets of 2°*U and
23%J data as an example, the authors tested the neutron data
processing codes used 1in the Soviet Unlion (GRUKON, MMK and NJOY)
on the basis of the tests proposed in those publications. The
tests are totally representative and enable conclusions to be
drawn about the reliability of the tested codes used to process
evaluated neutron data files and to derive group constants for

fast-neutron reactor and radiation shielding calculations.
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Testing conditions

Test No. 1 : The average ?°®U resonance parameters in the energy
region 2.0347-3.3546 KeV [2] were obtained by averaging the known
resolved resonances parameters. Only the s-wave, which gives the
maximum contribution in this energy region is studied. The

averaging spectrum ¢(E) = 1/E.

Test No. 2 : The average %*®U resonance parameters at 4.0 KeV
[3]. Although the parameters for s-, p~- and d-waves are used for
the test, the maximum contribution, as in the case of test No. 1,
is made by the s-wave. Unlike test No. 1, the error in the

averaging over the energy interval is eliminated.

Test No. 3 : The average ?*Pu resonance parameters in the energy
range 275.36-454.0 eV [2] are obtained by averaging the
parameters of the known resolved resonances. The s-wave which
excites states for which J = 0 and J = 1 is studied.
‘Consequently, there is the additional (in comparison with tests
nos 1 and 2) problem of taking into account the comparable

contributions of both states to the non-linear cross-section

function parameters. Moreover, there are additional
complications associated with taking fission into account. The
averaging spectrum ¢(E) = 1/E. The average resonance parameters
for all the tests are listed in Table 1.

The following cross-section function parameters were calculated

and compared:

(1) The mean cross-sections < @,(T)> = [(E)e,(T,E)dE/[$(E)dE;
(2) The cross-section resonance self-shielding factors for partial

cross-sections:

£,(0,,T) = <0x(T)/[0.(T)+0,1>:{<0,(T)><1/[a.(t)+a,]>},
for the total cross-section
£.(00,T) = <1/0.(T)>{<1/[0.(T)+0,]>/<1/[0.(T)+0,1%> - @,l;

(3) The Doppler broadening of the self-shielding factors
£f,.(0,,T2) - £,(0,,Ty), Wwhere x is the reaction index
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t is the temperature of the medium and ¢, is the dilution

cross-section of the nuclide in the medium.

Testing codes

All the codes used in the testing provide various resonance
cross-section structure models for calculating function
parameters of these cross-sections in the unresolved resonance
region. Let us briefly review the characteristics of the

calculation models used in the programs.

The GRUKON program [4]

The characteristics of the physical model used to calculate

the cross-section function parameters is as follows:

- It is assumed that the reaction cross-section in the
vicinity of a given energy point E (comparable to the
characteristic dimension of the resonance - the average
distance between levels D) can be divided into two
components:

o(E) = 0.(E)+0,(E), where 0.(E) is the cross-section for the
resonance in the vicinity of point E (i.e. resonance
cross-section) and o,(E) is the contribution of all the
remaining resonances lying in the vicinity (i.e. smooth

cross-section) ;

- The effect of fluctuations in the resonance and in the
smooth cross-section region for a given function parameter
are different, the fluctuations of the smooth component
o, (E) are significantly smaller and can be disregarded, i.e.
Flo.(E)+0,(E)] e F[0x(E)+0,(E)]. For linear function
parameters this assumption is accurate;

- The resonance component is calculated using the Breit-Wigner
formula (single- or multi-level, in the latter case the
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interference terms are evaluated from the model of identical
equidistant resonances);

- The effect of Doppler broadening of the resonances is
calculated with the aid of the § and yx resonance form
functions;

- The integrals for the resonance width distributions are
calculated from quadratic formulas which have a very high
degree of algebraic accuracy; '

- In order to take account of fluctuations in the resonance
width the g?, distribution is used for v degrees of freedom.
Fluctuations in the gaps between the resonances in the test
calculation were not taken into account;

- The cross-sections belonging to different level systems are
considered to be statistically independent and therefore the
function parameters are initially obtained for each level
system separately. Then, for each level system the Pade
approximation is performed on the dependence of the function
parameter of the dilution cross-section for each isotope in
the medium. This makes it possible to determine the
subgroup parameters describing the cross-section structure
for the given level system. Finally, a convolution of the
contributions of all the subgroups of all the level systems

in the calculated function parameters is performed.

The MMK Program [5]

In this program the calculation of cross-section function
parameters F(g) is based on modelling the cross-section energy
dependence (using the "Leder" method). From the physical point
of view the MMK program produces the most accurate cross-section
calculation model in the unresolved resonance region:

- The parameters of the individual resonances are obtained by
selection from the sequence of pseudorandom numbers which
follow the Porter-Thomas distribution for the resonance
widths and the Wigner distribution for distances between the

resonances;
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- The detailed energy structure of the cross-section is
reproduced either in the Reich-Moore approximation (for
fissile nuclei) or the single-level Breit-Wigner
approximation (for non-fissile nuclei);

- Analytical account is taken of resonance Doppler broadening,
when using the Breit-Wigner approximation account is taken
care of by using the form function §-%, in the case of the
Reich-Moore approximation, account of the change in the
interaction energy as a result of thermal movement is
modelled by using pseudo-random numﬁers weighted by the
Maxwellian distribution;

- The cross-section function parameters F{g) are calculated at
various temperatures using the same selection of resonances.
This ensures acceptable accuracy in the calculation of the
Doppler broadening of the resonance self-shielding factors
without involving a vast amount of statistics;

- All the function parameters in the program are calculated
using the total cross-section probability density function
p(o,) -and the <correlation function between the partial and

total cross-sections e¢,(g,).

The NJOY Program [6]

In this program, the following considerations are taken into
account in the calculation of the cross-section function

parameters in the unresolved resonance region:

- implementation of the analytical method to calculate the
cross-section function parameters for Breit-Wigner

resonances;

- calculation of integrals of the function parameters with
respect to the resonance width distributions, and of the

distances between resonances using quadratic formulas.

At present, the authors do not have a detailed description

of the method adopted in the current version of the NJOY program.
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There is evidently no correlation between calculation errors
using this program and the GRUKON and MMK programs, it is
therefore interesting to compare the calculation results obtained

using these programs.
Analysis of Results

The calculation results for the average cross-sections and
self-shielding factors for the above three tests were compared
with original data provided by Muiios-Cobos, et al. [3] and Ribon,
‘et al. [2]. The results of the comparison in the form of
relative errors of the original data for a set of dilution
cross-sections for an isotope, equal to 1, 10, 100 and 100 barns,
are shown in tables 2-4. From the data given in the tables, it
follows that:

- All the tested programs reproduced the average
cross-sections with an acceptable degree of accuracy, with
the possible exception of the MMK program in which the
statistics need to be improved in order to obtain more
accurate results;

- The programs do not reproduce the cross-section
self-shielding factors equally well. Particularly marked
differences in the self-shielding factors are observed when
the dilution cross-section of the isotope in the medium is
small (on the order of 1 b). Here, a significant role is
played by the extent to which the physical model set up to
calculate the cross-section function parameters describes
the minima in the total cross-section. By "contaminating"”
these minima with the background cross-section - the isotope
dilution cross-section in the medium ,g,, the calculation
results become more compatible;

- For the fissile nucleus %*®Pu, the self-shielding factors
calculations results agree less well than for the
non-fissile #*®U nucleus . This is particularly manifest in
the calculation results for the capture cross-section
self-shielding factors, the discrepancies of which reach +
12% for o, = 1 b in the case of #*Ppu.



_ 73 -

Tables 5-7 show absolute values for Doppler broadening in
the self-shielding factors for the three tests respectively. For
the purposes of comparison, the original data were used where
available [2 and 3]. It can be seen that, as in the case of the
self-shielding factors, the results of calculating the Doppler
broadening agree well among themselves in the case of large
dilution cross-sections of the isotope in the medium and differ
for small {(on the order of 1 barn) dilution cross-sections. The
greatest differences are observed for Doppler broadening of the
self-shielding factors of the total cross-section which confirms
the importance of correct reproduction of the minima in the total
cross-section. The calculational results for Doppler broadening
for those programs which implement the "Leder"™ method agree among
thémselves; in the case of the GRUKON program, the results are
somewhat higher than for the other programs, and in the case of
the NJOY program, lower than the main set of results (with the
exception of the capture data). The calculation results of the
Doppler broadening of self-shielding factors for the whole set of
dilution cross-sections for the non-fissile ?°®U nucleus agree
better than for the fissile ?*Pu nucleus.

The set of average resonance parameters examined in this
paper relate to the lower part of the unresolved resonance
region, in which the effects of cross-section resonance self-
shielding and the dependence on temperature is most pronounce.
As the energy increases, the effect of overlapping of individual
resonances and the contribution of higher waves bring the
resonance shelf-shielding factors closer to unity and their
Doppler broadening closer to zero. This gives reason to hope
that the tests used in this paper give a clearly enough
indication of the accuracies of the methods and programs examined
over the whole range of their practical application.

Comparison of the results from the three programs shows
that:
1. All programs give reasonably compatible calculation results
for the preparation of group constant which are of practical
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importance i.e. when the dilution cross-section of the

isotope in the medium is large;

In the preparation of group constants, the use of programs
which use analytical methods for the calculation of
cross-section functions, are more rapid in comparison to the

more detailed "Leder"™ method.



Table 1

Average resonance parameters of the tested sets

o ||
)
<

-

O. aﬂs
1 2% z6,006 9,184 0,5 20,0 2,%-3 0,0235

2 2% 236,006 9,3981%" 0,5 20,0 2,ICE-3 0,036
‘ 1 0,5 20,0 I,549E-3 0,0235

1,5 10,0 7,745E-4 0,0235

2 1,5 10,0 2,5E-3 0,025

2,5 6,67 I,67E-3 0,035

3 %Pp 236,499 9,0835 0 0,0 8,20 8,49E-4 0,0407
' 1,0 2,86 2,83E-4 0,0462

Sest Isotope AWR R, fm 4 J _ﬁ,evL F:, eV F' ev
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% [eNelNelelNelNo]

:

o ©
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In the original text of Ref. [3] the value of R = 8.9 fm is given and
the background scattering cross-section is used. 1In Ref. [2] the
background scattering cross-section is taken into account by means of
the scattering radius R = 9.3981 fm. 1In this paper, the background
scattering cross-section is taken into account in a similar manner.

Table 2

Relative deviations in the average cross-
sections and self-shielding factors f from
data in Ref. [2] for Test No. 1 (T = 300°K)

Cross- Data from Ref [2] | relative deviations
section ; L e % MK T N.‘J'OYT GRUKON
(A Elastic scattering
1 Y T T
10° 0,9501 40,1  +0,4+0,6 40,1 40,1
102 0,70 40,3  +0,8¢1,7 40,9 40,3
101 0,6504 40,5 +0,7¢2,9 45,2  +I,2
10 0,579 40,6 -0,I+4,1 +II,7  +2,7
<G> 18,23 40,7 -I1,243,1 +0,9  -0,3
55 Capture
10° 0,9402 I -0,140,3 0,2 ,

+0,1 0,0
102 0,706 40,3 -0,8+1,2 0,8  +0,I
‘108 0,4118 10,4 -I,132,0 +0,3  +0,8
10° 0,3166 40,4 -I,I+2,5 43,4 42,0
6> 1,095 30,6 -4,6:2,4 +1,6 +0,6
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Table 3

Relative deviations in the average cross-
sections and self-shielding factors f from
data in Ref. [3] for Test No. 2 (T = 300°K)

Cross- |Pats from Ref (2] relative deviations
section ta T
f £,% |WMK |pjoy | GRUKON|DAZ® 339"
<@B> Total intexraction
LI ! L LB I
108 0,79  +I,3 +2,5:3,8 +I,0 40,1 -
100 0,645 1.4 43,4467 +6,8 +I,I -
100 0,55  +I,8 +7,6¢10,9 +2I,3 44,2 -
<G> 17,95 —  2,245,6 +0,8 0,6  -2,94I,2
G, Capture
1° 0,88 +2,4  0,040,8 +0,4 +0,2  -0,5:0,2
100 0,60  +I,7 -0,2¢4,5 +0,5 +I,7  -I,0+1,0
1 0,52 41,9 -I,345,6 +0,4 +0,8  -B3,I+I,6
<G> 092 - 0,252 +0,I -0,I  -0,8:1,6
Table 4

Relative deviations in the average cross-
sections and self-shielding factors f from
data in Ref. [2] for Test No. 3 (T = 300°K)

Cross-— Data from Ref [2] relative deviations
section
f | &% WX [ 80Y | GrURoN
65 Elastic scattering
I T T T
108 0,9713 10,2 +0,140,3 +0,1 +0,1
106 0,89II 10,4 +0,3+1,0 +0,3 +0,4
0l 0,825 10,6 +0,4+1,5 +0,5 +0,9
10° 0,8079 40,6 +0,241,6 +0,7 +1,4
6. 13,30 40,8 +3,041,8 +0,5 +0,1
@% Fission
100 0,9541 +0,2 0,040,3 +0,1 -0,2
12 0,775 40,6 -0,4+1,3 +0,3 -0,1
10l 0,552 41,1 -1,742,3 -1,7 +2,3
100 0,485 +I,2 -2,742,6 5,5 +4,6
<6;> 9,57 11,5 -1,9+7,2 -0,8 20,3
6, Capture
10 0,928 40,2 -0,5+0,4 +0,1 -0,1
102 0,6587 40,5 -2,4+1,4 -0,2 +1,7
10(1> 0,3890 +0,8 -4,742,1 5,9 +7,4
10 0,3147 40,9 5,5¢2,4  -I2,9 +11,6
6.> 9,38 41,0 -0,5+4,2 +0,4 -0,2
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Table 5

Doppler broadening of self-shielding factors,
calculated from various programs for Test No. 1

Cross-

section MMH r“m ] N ||| MMK [ ooy I GR N
6,6 4, (900 K) - £, (3'00 K) | jt(ZIOO'K) - £:(9%0 10
1
10° 0,027 0,088 0,08 0,016 0,018 0,018
102 0,0 0,046 0,050 0,044 0,043 0,046
101 0,036 0,023 0,038 0,036 0,030 0,04l
100 0,073 0,016 0,066 0,052 0,023 0,053
£ (900 K) - £(300 K) £, (2100 K) - £, (300 K)
10° 0,05 0,06 0,016 0,009 0,010 0,010
102 0,04 0,039 0,042 0,033 0,033 0,034
10! 0,03 0,031 0,040 0,037 0,033 0,040
100 0,085 0,025 0,045 0,040 0,030 0,043
. (900 K) - £, (300 K) £, (2100 K) - £ (900.K)
10° 0,023 0,024 0,023 0,013 0,0I4 (,0I3
102 0,088 0,087 0,085 0,058 0,063 0,082
10! 0,008 0,107 0,104 0,086 0©,099 0,098
100 0,086 0,100 0,094 0,089 0,102 0,102
Table 6

Doppler broadening of self-shielding factors,
calculated from various programs for Test No. 2

Cross Ref.[3 MK Boox Wi NyoY ..GRUKON. Ref. (2]
Tt on Ref. 3] GRURON|| Ref. [3) | data
£ (1000 1) - £, (300 K £; (2000 1) - £, (1000 Ky
12 0,05 0,046 0,046 0,050 0,8 0,0 0,05 0,081
10! 0,048 0,045 0,030 0,049 0,034 0,032 0,027 0,087 -
10 0,072 0,060 0,022 0,077 0,044 0,040 0,021 0,045 -
_#.(1000 K) - £ (300 K) Fo(2000 K) - £.(1CO0 K)  af*
1 0,06 0,080 0,064 0062 0,03 0,029 0,032 0,032 0,088
100 0,10 0,095 0,106 0,103 0,06 0,05 0,067 0,067 0,I5I
1° 0,10 0,06 0,109 0,109 0,07 0,066 0,076 0,077 0,162

* af, = f, (2000 K)- £, (300 K).
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Table 7

calculated from various programs for Test No.

3

Cross-
section

_&:S

MK I NJOY ]MON

MMK ] NJOY I(RUKON

£,(900 K) - £, (300 K)
1

£, (2100 K) - £; (900 K)
1 {

L 3

103
10°
10!
10°

0,029 0,031 I 0,029
0,08  C,060 0,065
0,038 0,010 0,061
0,030 -0,014 0,062

0,017 0,019 0,019
0,049 0,056 0,058
0,045 0,011 0,066
0,039 -0,015 0,070

F£ (900 K) - £ (300 K)

F£ (2100 K) - £ (900 )

10°
10°
10!
100

0,009 0,010 0,009
0,021 0,024 0,025
0,019 0,018 0,023
0,017 0,013 0,022

0,005 0,006 C,008
0,017 0,020 0,022
0,019 0,021 0,026
0,018 0,016 0,02¢

££(900 K) - £p (300 K)

Fr (2100 K) - fpr (900 K)

10°
10°
10!
100

0,014 0,015 0,015
0,047 0,081 0,051
0,056 0,050 0,066
0,054 0,030 0,071

0,009 0,010 0,010
0,036 0,043 0,042
0,055 0,055 0,066
0,058 0,034 0,074

£, (900 K) - £, (300 K)

£0 (2100 K) - £, (900 K)

103
10°
10!
109

0,029 0,031 0,030
0,089 0,102 0,097
0,094 0,III 0,120
0,085 0,090 0,124

0,016 0,018 0,019
0,063 0,07 0,074
0,085 0,1i€ 0,109
0,085 0,I02 0,II9
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POSSIBLE INFLUENCE OF CORRELATION BETWREN y AND I, ON RESONANCE
SHIELDING OF Vv

A.G. Gusejnov, M.A. Gusejnov, N.S. Rabotnov

ABSTRACT

The effect of a phenomenological positive correlation
between the average number of prompt fission neutrons
and fission widths on the resonance self-shielding of v
is investigated. Both an estimate of the isolated
resonance approximation and direct numerical
calculations for 0.2 eV g E, £ 50 eV in ?**Pu show that
the increase of T resulting from self-shielding may be
0.2 to 0.3%.

The dependence on excitation energy of the number of prompt
fission neutrons v averaged over a suitably large number of
levels of a fissile nucleus can, with a fair degree of accuracy,
be taken to be linear where the neutron energy is high enough to
cause fission (E, 2 1 MeV) [l]. There are indications that the
value of v varies even in the resonance region. These variations
are of interest both from the point of view of understanding
their physical nature, and when one is accounting for their
influence on the results of reactor calculations. They may be of

two types:

- Random changes from resonance to resonance which show
no correlation with other level characteristics (spins
J, partial and total widths);

- Systematic changes which do show such a correlation.

Clearly, it may be essential to take into account variations
of the first type in the very lowest energy groups but, as the

energy and the number of resonances in the group increases, they
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should average out. Variations of the second kind may be smaller
in amplitude, but they may give rise to a certain dependence on J
and Tﬂ values even in averaged values; consequently,
cross-section resonance self-shielding may exert an influence

on v which may, in principle, be measured in experiments using

filtered beams or in integral experiments.

The results systematized in Ref. [2] indicate that precisely
such a systematic effect may exist; they reveal an approximately
linear dependence of the value of v on the inverse of the fission
‘'width. This effect is most noticeable for I* resonances in ?*°Puy,
and the authors of that paper connected it with the reaction
(n,yf); Ref. [3] first indicated the possibility that this
reaction might be occurring. This paper evaluates the influence

of that correlation on possible "shielding™ of W.
Simplest evaluation of the possible magnitude of the effect.

Ih line with the phenomenological conformity revealed in
Ref. [2], let us assume that the number v is related to the

resonance fission width I'y in the following way:

Expression (1) must be averaged using the weighting factor
proportional to the contribution of the resonance under
investigation to the fission cross-section; 1in the isolated
resonance approximation this is the area under the resonance
curve. Where there is no shielding it is proportional to I I%,/T,
and where there is shielding it is related to the partial widths
in a more complex manner. From this point, averaging over the
statistical distributions of the partial widths of resonances
with the above-mentioned weighting factor will be indicated by
the use of angled brackets. Fluctuations in the fission and
reduced neutron widths can be assumed to be independent, and
insignificant fluctuations in the radiation width can be ignored

and assumed to be constant. In addition, for fissile nucleus
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resonances the inequalities I', << Iy and T, << I'; apply, and the
total width may be taken to be approximately equal to the sum of
the fission and the radiation widths: T =T, + I'y. The
existence of the reaction (n,yf) should cause the fission width
to be split into two components: Ty = T
the radiation width, does not fluctuate, and I', obeys the

= Iy, where Ty, like

Porter-Thomas distribution having a mean value of fu. Thus,

averaging expression (1) we obtain:

4 1
<v>=Vo<1-F‘—fl<m>), (2)
where x = P}/fﬂ, and & = Pﬂ/fu. Insofar as <x> = 1,
and <5%F>ZJ where there is no shielding, one may expect

that, as shielding increases, the influence of fluctuation will
be mitigated and <E%Z> will approach unity. The actual
change is also of the order of 1. Thus, the maximum change
(increase) in <v> due to shielding should correspond to A/f&.
According to the data given in Ref. [2], A =~ 0.22 MeV for the I"
resonances in #*°Pu, and I', = 40 meV. Therefore the possible
change in the number <y> due to shielding is not greater

than 0.5%. This value, if it is realistic, is not small enough
to be negligible. Consequently, a more detailed evaluation must

be carried out.
Calculation in the isolated resonance approximation.

Let us assume that the dependence of the total cross-section
0. and the fission cross-section @, on energy E, near the
s-resonance level is described by the single-level
Breit-Wigner formula e.(E) = ILNI'/[(E - E;)2 + (I'/2)?). Here,
a = gxA®, where A is the length of the neutron wave;
g = (23 + 1)/2(21 + 1); I and J are the spin of the target
nucleus and the resonance respectively. The fission
cross-section o, = o /I'. We then determine the area under the
resonance of fission cross-section taking shielding into account:

T rr
T = S dE exp[—6t(E)n] Gf(E)=291a—’;_,—i exp(-2any )I,(2any,),
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where y, = I/T, n is the effective thickness of the absorber in
nuclei/b and I, is the Bessel function of the third kind. We
then introduce the additional designations I'/T, = vy, I;/fxr= a,
c=a+p, I/T' = € and the Porter-Thomas distribution function
(g is the distribution with the number of degrees of freedom v)

(Vz/g)v/z'1e:£p(- vz/2)dz v (3)

2)dz =
v (=) rov/2)

N

and from this point we shall assume that the value of y obeys the
distribution given in (3) with the number v = v, = 1, and that the
value of x obeys the same distribution with v = v, =1 (or 2).
Then the unknown averaged value <1/(x + B> in formula (2) may be

expressed in the following form:

2> = <E}F> = If,n,_?(c,g/[lln%(c,g)+Jel’f,n,,f(c,9)] , (4)
where g = 2ane, and the integrals
oo ®o (4
EYX
If%(&g):é' g d:z:d.y (pv(y)c&‘(x)—zw exp [— 99/(9:+ch0 [%/(xw)]. (5)

Expression 5, by integration with respect to y, is converted

into a single integral which takes the form

T ¢

If;(c,g)fv S dx exp(- x/2)x" E(k) o Y= (6)
J 1/.2(3:+c)(:z:+c+49)
T ¢

I1ez(c,9)~gda:e:cp( z)xb Ek) ™ Ye2, (6')
3 +ch+c+49)

where E(k) is the total elliptic integral k =J3g/(x + ¢ +4qg).
Certain general multipliers which do not depend on the index 1
and are therefore abbreviated in expression (4), have been
omitted from these expressions, and the equality signs have been

replaced by the proportionality sign.

First of all let us compute the expressions (6)-(6') for the
extreme cases of absorber thickness g = 0 and g - . 1In the
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first instance, K = 0 and E(O) = %/2, and in the second, K =1
and E(1) = 1. Direct integration and substitution into

expression (4) yields:

for g =0 > o2y -1 (7)
<CZ> = -'/_C EM:__—C.p ] , V=13
[ n eqr@fﬁb F }
<T>=- Ei(¥c)/[ex;>(-c)+(c-ﬁ)Ei(—c)] , 1§=2 > (71)
for 9 = = i R LSICAN - =1 (8)
fim<z> == [Ko(c/4) 1, 1§ 1;
. rasz,e)y 17 .
m<z>= F(TAZ_,C—)-C y 1?—2,

where I'(a, x) is the incomplete y-function; K;(x) is the
Macdonald function; E;(x) is the integral exponent [E;(-x)<0].
Assuming monotonic dependence of the effect on g, its maximum
value takes the form of the difference

Ar = <r(g = 0)> - <r(g = e)>.
The behaviour of Ar(c) is shown by the curves in Fig. 1.

For arbitrary values of g the integrals (6)-(6') should be
solved numerically. Examples of the r(c, g, B) dependences
obtained are given in Fig. 2 for parameter values in the ranges
0.2 sc<1, 0sg <£1.5and 0 < P 2. In reality, values for c
and g change within these limits. The evaluation of the size of
B = Pﬂ/fn is suitably indeterminate [2, 4]. The non-fluctuating
value I, should not exceed the minimum observable values of T
which, for fissile nuclei, comprise a few meV. The resulting
values for P are deliberately confined to the range given
above - B < 0.2.
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Discussion of results.

Let us discuss the results obtained for the %°°Pu nucleus for
which one can expect a maximum value for the effect owing to the

following characteristics:

= Largest observable value for the coefficient A/I in
expression (1) for the I' resonance spin subsystem;

- Largest average distance between resonances by
comparison with the other fissile nuclei #**U and ?*%U,
and pronounced resonance structure which magnifies

shielding effects.

Although the resonance structure of ?®Pu cross-sections has
been analysed up to approximately 500 eV, the most reliable data
on average widths and cross-sections for the two spin subsystems
are concentrated in the range up to 200 eV. At higher energies,
level suppression becomes more frequent and the problems of
identifying resonances from spin are greater. Let us examine the
range up to 200 eV. The data required for the evaluations are
given in the table. The boundaries of the energy ranges in the
majority of cases are the same as the group boundaries in the
26-group constant system. There are only three resonances
below 10 eV, and an evaluation using statistical methods is

clearly inapplicable here.

The average widths are calculated from evaluated data in
[5], and the average cross-section values were computed using the
GRUKON program package [6], also using evaluated data. The small
value for the constant A/fi in expression (2) for 0' resonances
(it is at least an order smaller than for I*), their very large
average fission width and consequently, their small cross-section
value at the maximum points lead one to assume that there must be
no shielding of v at all for this spin subsystem, and shielding
of the cross-sections is noticeably lower. Therefore, one can

only expect to see the effect in those groups where the
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contribution of I* resonances to the total fission cross-section
is predominant. As may be seen from the table, there are two
such groups: 10-21.5 eV and 21.5-46.5 eV. The &% /d; ratio in
these ranges is 6.7 and 6.0 respectively. Within the gccuracy
limits of our evaluation, contribution of 0* levels could be
ignored. 1In the other groups this ratio is approximately equal
to or less than one and should decrease as resonance
self-shielding increases, so the effect of v shielding in these

groups can be assumed to be small.

The radiation width is approximately constant and is equal
to 43 meV [5], and for the unified group 10-46.5 meV I, = 42 meV
(see Table). Thus, a value of ¢ = 1 should be chosen for the
formulae given above. Despite the indeterminacy noted in the
value of Iy, it is clear that this value makes up only a small
portion of Iy and therefore, for evaluation purposes, one can
assume B = 0. In line with the results shown in Fig. 1, where
c =1 and v, = 1, when Vv shielding reaches saturation, Ar =« 0.5
and the corresponding relative increase in the number v is
approximately 0.5A/T, « 0.25%.

The approximation of isolated resonances used is fairly
rough. Therefore, in order to make the evaluation more
accurate, a numerical calculation can be made taking into account
the real resonance structure while preserving the basic
assumption that the correlation of v with the fission width of
the resonance is described by expression (1).

Numerical calculation using evaluated resonance parameters.

Since the isolated resonance approximation used above is
fairly crude, it was decided to carry out a direct numerical
calculation of the number <y> for several absorber thicknesses
using detailed information on the fission cross-section and the
total cross-section for ?*Pu in the resonance region. In this

case
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Emax N N
§ deeEerZ Vi6fi(E?exp[—tn Zﬁti(E)jl

- Em"l.n =1
<V> = Eor ~ = ? (9)
§  dEQE) 26,;(E)exp [—tn Z%Uﬂ]
Emin i=1 i=1

where ¢(E) is the spectrum of the neutrons incident upon the
absorber; the index i numbers the resonances, and the
contribution of each resonance to the cross-section is determined
from its Adler-Adler formalism parameters:

1 Afi(E-E'i)+ Bfi

(E)=— (10)
VE' (E-502+Gf

%&

and for the total cross-section, in a similar manner to the other
parameters A,; and B,;. The value for the number of prompt fission
neutrons over the given resonance was determined, as before,
using the expression v, = v’ (1 - A3/T,.). The values n’; and AJ,
according to the data in Ref.[2], are almost independent of the
spin J: vy = 2.87; v% = 2.88; A'v', = 0.7 meV; A%% = 0.74 meV
(however, one should not forget that the effect is determined
using the indefinite quantity NUT“,, and it is approximately 50
times smaller for J = 0 than for J = 1). The parameters A, B, €
and G in expression (10) were taken from the evaluation in

Ref. [7] which describes most accurately the behaviour of 2*pu
cross-sections in the resonance region. The total number of
terms in the summations in expression (9) is N = 217. The energy
interval E,, = 0.2 eV, Egy = 50 eV was looked at, the Fermi
spectrum ¢(E) = 1/E was chosen for the neutron spectrum, and the
density of the absorber n was taken to be 0.504 x 10%%/cm3.

From the computational point of view, one should also note
one significant difference between the evaluation using
formula (2) and calculations using expression (9). 1In
formula (2) the effect is presented in the form of a small term
where the value of the coefficient must be evaluated; this does
not require a high level of accuracy in the calculation. 1In

expression (9), on the other hand, to find the weak
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dependence <v>(t) the integrals from highly complex functions
must be computed to a high degree of accuracy. For absorber
thicknesses t of 0.05, 0.1, 0.15 and 0.6 cm, the following values
were obtained for the effect: 0.19, 0.26, 0.29 and 0.38%
respectively, showing a qualitative agreement with the evaluation
given in Refs [2-4].

The evaluations performed yield a small value -
approximately 0.2-0.3% - and the shielding effect of the v value
is concentrated in the low energy groups of the resonance region.
It is hardly noticeable in experiments with filtered beams and in
integral experiments. However, just recently data have appeared
(see Ref.[8] and the reference materials used in that paper)
concerning possible existence of a systematic difference of
approximately 2% in the mean values for the number v for the 0°
and I* resonances in %*®Pu. If this is substantiated, the v
shielding effect should increase close to 1% assuming the figure
does not change. We feel that further calculations should be -
done, and that possible influence on the temperature effect in
reactors should be looked at
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aze
21
1

1 2 i
Fig. 1. Dependence of Ar = r(0) - r(e)
on c for v, equal to 1 and 2

4 —_ (curves 1 and 2 respectively).
0 0,5 c

(a) (b)
r
J*Q
; Z*g
21 £=02 3
§§:** f . I
{ A . n
0
0 -
C=0,5 €=05

T

1 : - 11&_”
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Fig. 2. The dependence r(v,,c,qg,¥)
determined by using expressions (4)-(6):
(a) - ve&=2; (b) - v,=1. For each set

of 4 curves the values of § are 0,0.05,
0.1, 0.2 (top to bottom).



Table

Data on the mean characteristics of the 0* and I*
resonance subsystems for **°Pu

Average | Epin = Enpexr €V
characteri- —
stics 10 - 21.5 21.5 - 46.5 46.5 - 100 100 - 200
T's*, meVv 55 29 43 29
o.'*, barns 73.1 14.9 25.3 7.1
', meV 650 112 1970 1030
o.”, barns 10.9 2.5 33.8 11,7

Note: E,, and E_, are the boundaries of the energy range investigated .

_16 —
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