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AVERAGE GROUP DATA FOR 2%'pu
IN THE 0.1-21.5 keV ENERGY REGION

N.T. Koyumdzhieva and N.B. Yaneva

Nuclear Research and Power Institute, Sofia Bulgaria

ABSTRACT

Group neutron data for 2*Pu neutron were calculated for
the unresolved resonance region (0.1-21.5) keV using
multilevel R-matrix formalism.

INTRODUCTION

Neutron data for the heavy isotopes of Pu are essential to
improve fuel processing in the U-Pu cycle and also to predict
reactor characteristics for a nuclear power plant. Recent
efforts have been directed towards obtaining reliable physical
models to have a reliable description of available experimental
results and also to extrapolate neutron cross-sections in a

region for which no (or little) experimental information exists

[1].

In recent years several evaluations [2, 3, 4] have been made
for #*?Pu in the unresolved resonance region. All these
evaluations were based on the single-level Breit-Wigner
formalism [5] with the addition of elastic scattering from the
permanent background to the resonance cross-section to allow for
the effect of inter-resonance interference and the contribution
of widely spaced resonances. In the present paper the 2%Ppu

neutron data (average neutron cross-sections, resonance
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self-shielding factors and their Doppler broadening) are
calculated. Multilevel R-matrix formalism of the nuclear
reactions (Reich-Moore approximation) (6] is used and allowance
made for the statistical distributions of average resonance

parameters by using the Monte-Carlo statistical method.
Average resonance parameters

Energy averaged resonance parameters are used to
parameterize neutron cross-sections in the unresolved resonance
region. They are constants for the given energy range (energy
group) and their values change when they undergo transition to a
different energy group. It is in this sense that we refer to the

energy dependence of average resonance parameters.

In this paper we took the average resonance parameter‘values
from the JAERI evaluation [3] and reduced them to the BNAB energy

ranges [7] by the linear interpolation method.

The average radiative width Ti and the potential scattering
radius R, are taken as energy independent values. For all spin
states fi = 0.4 eV and R. = 9.8 fm (Table 1).

The average spacing between the resonances of a compound
2(21+1)

(27+1)
target spin, J is the compound nucleus spin, D

nucleus with spin J* is D; = Dopser Where I is the nuclear

obs 1S the average
observed spacing between resonances in the low energy region.

The energy dependence for D, starts to develop when E, > 4 keV,
and this dependence is taken into account in D,, (Table 2). Not
making allowance for the energy dependence D,, in the energy
group (10-21.5) keV leads to a 2.4% drop in the average radiative
capture cross-section @, and to a 1.5% drop in the average

fission cross~section Us.

In our evaluation, we make allowance for the contribution of
p-resonance states of the compound nucleus as one state averaged

over spin J. We are able to do this because the p-resonance
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contribution to the neutron cross-sections in the region examined
is relatively small (=10%). Then we obtain the average spacing

between the p-resonances from the following equation:
5 o= Lo 1
- gy SEJ Ej(l/DJ ’
J J

where p; is the resonance density of a compound nucleus with a

spin J%.

The power functions for s-states §, and for p-states §, are
heavily energy dependent. We obtain their average group values
from the JAERI evaluation by reduction to the corresponding
energy groups in the BNAB system by quadratic interpolation.

The average fission widths are also dependent on the energy
value. We used the same procedure as for the power functions to
obtain the fission widths for each compound nucleus state J*. In
the calculation process we retain the ratio of the fission width
in one épin state to ﬁhe fission width in every other, as it is
done in the JAERI evaluation. Since we consider the p-resonance
contribution of the compound nucleus as one state averaged over
the spin conditions J* = 17, 27, 37, 47, then ff;, is obtained as
an average of the fission widths of these states. All the energy

dependent average resonance parameters are given in Table 2.

The degrees of freedom for the neutrons (unf, the fission
(ve) and radiative (07) widths are given in Table 1. For
compound nucleus s-resonance states the values v, and v, are the
same as those obtained by other authors [2]. For the generalized
p-state we take v, = 1 and v, = 1. The contribution of each of
the two fission channels for the J® = 2% state is considered
equal as the use of the Porter-Thomas distribution to describe T}
fluctuations is only justified in cases of very weakly or very
strongly diverging relative contributions of the channels, and
when they are equal the integral values of v can be used rather
than v, [(2]. The average number of prompt fission neutrons
v, = 2.913 + 0.149 E, agrees with the JAERI evaluation.
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Results and discussion

Calculations were carried out using the MNCARL program [8].
Group averages were calculated for the neutron cross-section
values. The radiative capture cross-section G; and the fission
cross-section @; were calculated using the procedure proposed by
Luk'yanov with the aim of optimizing the calculation process. If
we write the K-matrix elements in the form: K, = A, + A,,

Kee = B, + iB,, K, = C, + iC, then:

_ A %2N+B (N-M)+BQ (1)
o =4-
al®
- Cz *Cz (2)
0}—4 > .
|3}
where: N=A B +Cz
22 2
‘M=4 B -C°
11 1

Q=4 B +B_4_-2C C
172 172 Tz .
|A] =(1+A2+BZ+N-M) +(A +B +Q)".

The calculation of the cross-section using formulas (1)-(2)
gives identical results to calculations using (1 - iK) matrix

elements [9].

The corresponding resonance self-shielding coefficients f,,
f¢, f, and f, and their Doppler broadening At':?, Af!:?, Ay!?
An'? were calculated for three temperatures, 3000C, 9000C and

and

21000C, and also for the dilution cross-section values g, = 1 b,
10 b, 100 b, 1000 b. Doppler broadening was calculated according
to the formulas:
¢ (900°C)f (900°C;o )-c (306°C)f (300°C; o )
1 1 i [ i i °

A -
1 ¢ (300°C)

o (2100°C)f (2100°C; o )-o (900°C)f (900°C;c )
AZ_ i i o i i o
t , ¢, (300°C)
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where i = t,f,y,n. All the éalculation results are given in
Tables 5-8.

As can be seen from Table 2, the energy dependence TI%, is
very weak. Calculations showed that not making allowance .for the
energy dependence F;m in the energy range (0.1-21.5) keV has'no'
effect on the average radiative capture cross-section values
which are very sensitive to the average fission width values. In
this case f:; was calculated as the average of the initial
fission width values of all p-resonance channels; f; = 960 MeV,

I, = 270 Mev, T,, = 600 Mev, T, = 230 MeV (see JAERI [3]).

Kon'shin et al. [10] calculated the particle contributions
of each spin state J* in average fission cross-sections and of
the radiative capture cross-section. From these calculations it
can be seen that, owing to p-wave spin states, the fission
cross-section is approximately 1% of the total fission
cross-section at E, = 1 keV. The same also applies to the
' radiative capture cross-section. When E, = 10 keV, however,
these contributions increase respectively by 10% for g, and 20%
for 6?. Then use of one averaged p-resonance state in the 11th
energy group results in a 10% reduction in 6; and an
approximately 18% reduction in @,. Therefore we are limited to
using one averaged p-resonance state only up to an energy value
of E, = 2 keV. The average fusion widths of the states J* = 1°,
27, 37, 4 in energy groups 13, 12 and 11 are given in Table 3.

In Table 4 the calculated group cross-sections of the
present work are compared with the group cross-sections obtained
on the basis of a full system of evaluated data {2]. These are
the only average group cross-sections for ?*Pu in the BNAB energy
ranges‘known to us. It can be seen that the calculated radiative
capture cross-sections g, of the present paper are systematically
higher than Kon'shin's group cross-sections. Comparison with the
only available experimental data by Weston [11] (Fig. 1) shows
good agreement, with the exception of the 17th energy group
(100-215) eV. The experimental data are taken from Ref [3].



In Fig. 2 the fission cross-section is compared with experimental

results,
Conclusion

The average group data (e.g., average neutron
cross-sections, resonance self-shielding coefficients, and their
Doppler broadening) were calculated on the basis of a
self-consistent approach to the calculation of the resonance
structure of neutron cross-sections. The average group data were

calculated in the BNAB system energy groups.
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Fig. 1. Comparison of evaluated group radiative capture
cross-sections Pv (solid line) with experimental data.
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Fig. 2. Comparison of evaluated group fission
cross-sections Iy (solid line) with experimental
data.
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Table 1

Average inter-resonance spacing D, and degrees of freedom for
neutrons v,, fission v, and radiative v, widths
for compound nucleus s- and p-resonances

n
< J =3 L Ve vr R_fm ry, ev
o 2" 0.4167 1 2 © 9.8 0.04
0 3" 0.5833 1 1 ® 9.8 0.04
1 1 0. 2500 1 2 © 9.8 T 0.04
1 2" 0. 4187 2 2 ® a.8 0.04
1 3 0.5833 2 2 e 9.8 0.04
1 4" 0. 7500 1 2 © 9.8 0.04
1: orbital moment of s- and p—neﬁtrons,

_J% cempound nucleus spin and parity,

g;: statistical factor

Table 2

Energy dependence of the strength functions S, and S, and of the
average fission widths for s- Ty, and Ty..,)
and p-resonances (Iy.,) and D,

| @roup | S,-10°° | §.1077 | Teez®s 1 Tee™, | P | Doe |
| { l | ev | eV [ ev | ev |
|- == | === al easeean |- |- !
| 17 ] 1.0085 | 1.4832 | 1.1420 | 0.4913 | 0.8838 | 0.85 |
| 16 }1.3376 | 1.9712 | 0.7982 | 0.4770 | 0.3425 | 0.e5 |
| 15 | 1.0895 | 1.5761 | 0.8207 | 0.3531 | 0.4914 | 0.85 |
| 24 | 1.1247¢ | 1.6908 | 0.8356 | 0.3595 | 0.5004 | 0.85 |
| 23 | 1.12728 | 1.7283 -] 0.9632 | 0.4144 | 0.5768 | 0.8415]
| 12 | 1.1615 | 1.7116 | 1.0141 | 0.4363 | 0.6073 | 0.833 |
| 213 | 1.1446 | 1.6868 | 1.0272 | 0.4418° | 0.8158 | 0.8245|
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Table 3
Average fission widths I'f for p-resonance states
above E, = 1 keV

| erowp | . J"=1" | J"=2" | J"=37 | J"=47 |

e b |- ee —— e |

| 13 | 1.0752 | ©0.302¢ | o0.6720 | O0.2575 |

| 12 | 1.1320 | o0.218¢ | 0.7075 | O0O.2876 |

| 12 | 1.1467 | o0.3225 | o0.7186 | o©0.2748 |
Table 4

Average group cross-sections 0., O¢ 0, and o,

- —— —— A — - S T - —— Y . . —— ———— — — — " —— . - ——— — — . — ————— > €T ————— - —————— ——

| | e,.bparn | o barn | o . barn | g .barn |
| eroup |------ v I e b vy R | reaent!
| 1121 lwome 112 lwomc - 1 121 lwome | 21 lwome |
| 17  |46.747]48.351 [26.006|26.040| 6.872] £.651 |13.8562|13. 700|
| | |£5.390]| - |4.910] J*1.848] |20.374|
| 16  |43.254]43.450]22.714[21.640| 6.772| 7.930|13.757|13.880|
| | |£2.678] - |x1.778] j*1.021 | 21,143
I---;; |20.234|29.320(12.718]11. 440] 2.920] 4.260|13.5%6{13.620]
| i j£1.240] |+0.e20] |20. 420] |20.130]
I--_;Z---Iéé 45;|a4 487| 8.480| £8.137} 2.614] 2.830|12. 278|123, 450]|
| i |¥0.338] j*0.120] |¥0.146]| }|70.152|
I--—13 |21.145]21.0567] 6.421| 6.003] 1.606] 1.844|13.102]:13. 220
i ] |20.151 | jx0.010] ] £0. 064 | | £0. 031 |
I--_;;-‘-I;s 277 |18.269] 4.4580] 4.144] 1.073| 1. 225]12.738|12. 500]
| | |x0. 072 | | £0. 041 | jx0. 018 [20.C34

- -—— - —— ——— ——— ———— —— — i — " - f——— T —
- s o . - T I S — O O= e T T — e —— — " - - — - —— -



- 10 -

Table 5
Self-shielding resonance factors f, and f,

| @roup | o, barn| z00°c | 200% | 2100°c| 200% | 900°c | z100°C|

———— ———— ——————— -——— - —— - —— e —

| | 1 | 0.4495] 0.4804| 0.5185| 0.5235] 0.5752] 0.6246|
| l 10 | 0.5075]. 0.5422| 0.5817| 0.5919] 0.6368| 0.6822|
| 17 | 100 | 0.7051| 0.7455| 0.7823| 0.7893| 0.8234| 0.8528]
| | 1000 | 0.8224] 0.8418] 0.9550] 0.9551 | 0.9uS6| 0.3733]
A | 1 ] 0.4731| 0.5228| 0.5752| 0.5551| 0.6216] C.5£165]
| | 10 | o0.8318] 0.5227] 0.6322] 0.6208] 0.8809| 0.7320|
| 18 | 100 | 0.7320| 0.7772| 0.8131| 0.8196] 0.8552| 0.8827|
| | 1000 | 0.e335| 0.2506] 0.9616] 0.9657| 0.8742] 0.3800]
I ------- | 1 | o.8248| 0.6752| 0.7150| 0.6524| 0.7156] 0.78622
| | 10 | o.8832] 0.7365| 0.7717| 0.7204| 0.7743| 0.8129|
| 15 | 100 | 0.8622| 0.89234] 0.91292] 0.8912] 0.9163| 0.923g|
] ] 1000 | 0.8788| 0.8832| 0.8870] 0.9832| 0.9873| 0.8307|
i -| 1 | 0.7250] 0.7683] 0.7995| 0.7480| 0.8016| 0.8383]
| | 10 | 0.7842] 0.8216] 0.8471] 0.8061 | 0.8491| 0.8773]
}] 14 | 100 | 0.8200| 0.9383| 0.9493| 0.9341| 0.8503| 0.9614
I ] 1000 | 0.9830] 0.8912| 0.9930| 0.9508]| O 99341_9_??5?1
i_-— -] 1 | 0.7943| o0.8238| 0.8434| 0.8158| 0.8524] 0.8770]
] ] 10 | 0.8470] o.8708] 0.8858] 0.2645| 0.8932] 0.9109]
| 13 | 100 | 0.9520| 0.9614| 0.9€68| C.9595| O.9s692| 0.9748]|
I | 1000 | 0.9934] 0.9348| 0.9956| 0.99428| 0.9961 | 0.9969]
I—-_-———I _____ ;_—I-giesazl 0.8693] 0.8791| 0.881&] 0.8045| 0.8174]
I | 10 | ©0.8968] 0.9094] 0.9165| 0.9180| 0.9342| 0.9433]
] 12 | 100 | o.g726] 0.9757| O.g9788| 0.9787| 0.9833| 0.955¢|
[ |] 1000 | 0.83866] .0.9370| 0.9974] O Q?Zfi_g-???il_?_??éfl
i-_--__—i _____ ;-_]-8j8910| 0.8388] 0.8028| 0.9236| 0.9240| 0.9326|
[ | 10 | 0.s5270| 0.9323| 0.9350| 0.9492" 2.9562] 0.8601 |
| 22 | 100 | 0.8324| 0.9838] 0.9846] 0.9878| 0.9897| 0.8807|
| | 1000 | 0.s978} 0.9976] 0.9976] 0.9986] 0.9938| 0.9933 ]|
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- Table 6
Self-shielding resonance factors f, and f£,

-—— - —— - — T — —— — ——— — ——— ————— —— — —

l | 1 | 0.4082] 0.4822] 0.5546] 0.8883| 0.£244| 0.%004
] ] - 106 ]| 0.4676] 0.5441] 0.6142] 0.9047] 0.S108] 0.9165]
| 17 | 100 | o.es&1] 0.7554] 0.8078] 0.9483] 0.9552] 0.9607 |

i | 1000 | 0.8250] 0.9487| 0.9532] 0.9874] 0.9206] 0.9325
if-.-- | 1 ] 0.4408] o.s261] © S982] 0.8392] 0.8523] 0. &e664]
] [ 10 ] 0.S037] 0.5870] 0.55232] 0.&£380| 0.&723] 0.8842]
| 18 | 100 ] 0.7247] 0.7876] 0.8300] 0.9121] 0.9204| O.9s332]
I ] 1000 | 0.9363] 0.8560] 0.8572] 0.9780| 0.9837] 0.<«372]
|1 1 | o.sest| o.ss4e] 0.7¢23] 0.9022] 0.5144] 0. 5223 ]
| 10 | 0.868¢] 0.7463] 0.79S4| 0.9233] 0.e320] 0.93¢5]
1S | 100 | 0.8541] 0.5044] 0.8271] 0.S597] 0.8755] 0.9790]
| 1000 | 0.9786] 0.5853] 0.9537| 0.9552] 0.9964] 0.9570]
E_--_-Q-I—— 1 ] 0.7105} 0.7784} 0.8192] 0.9167] 0.8270] 0.92335]
| | 10 | 0.7745] 0.8305] 0.8628] C€.S368| 0.8453] 0.38503|
| 14 | 100 | 0.9212] 0.9444] 0.536<] 0.$786] 0.6225] 0.9845]
|1 10 | 0o:esee] o.ases] o.sac2] o 8370] o ce7e) 0. e0to]
] | 1 | 0.7974] o0.8426] 0.8338] 0.927+| 0.€350] 0.3296]
| i 10 | 0.8502] 0.8353] 0.5051] 0.9477] 0.8535] 0.9570]
] 13 | 100 | 0.9549] 0.9588] 0.8733] 0.65+8] 0.2871] 0.5883|
|1 000, 1 o;me2] o.mee] o 0a7] 0 nt] 0.%0%] 0]
I N | 1 | OT;;;SI 0.8975| 0.9108] 0.9285] 0.9432| 0.94¢58]
| | 10 | o.s111] 0.9282] 0.9237] 0.9573] 0.9s313| o.qsa?l
| 12 | 100 ] 0.9767| 0.9520] 0.884C| 0.9884| 0.5204] 0.8803]
| { 1000 | o0.8872] 0.987%] O. 583|_9;§?fi__?;§??§1_?;?§??£
i----_-f; ----- 1 | 0.9219] 0.9222] 0.9388| 0.5493] 0.e517] O.s528|
| | 10 | 0.9473] 0.8556] 0.9595] 0.28606] 0.968z] 0.9650]
| 11 | 100 [ 0.e876] 0.9895| 0.9305] 0.9522] 0.5926] 0. ss2e|
| |] 1000 | 0.ss85] 0.9888] 0.9588] 0.8881 | 0.93¢1| 0.8682]



Doppler broadening of self-shielding factors

_ 12 —

Table 7

lorowp | obamm| Ay | AT I Af | A} |
[=====]- =l l l l
| | 1 ] 0.0302 | 0.0381 | 0.0467 | 0.0494 |
| | 10 | 0.0347 | 0.0395 | 0.0448 | 0.0454 |
| 17 | 100 | 0.0404 | 0.0288 | 0.0335 | 0.0294 |
l | 1000 | o0.01892 | 0.0134 | 0.0105 | ©0.0077 |
[ B 1" | 0.0%03 | 0.0528 | 0.0871 | 0.0607 |
| ] 10 | 0.0514 | 0.0501 | 0.0506 | 0.0528 |
| 16 | 100 | 0.0458 | 0.0257 | 0.0364 | 0.028%3 |
[ | 1000 | ©0.0279 | ©.0118 | ©0.0084 | ©0.0087 |
| | 1 | 0.0500 | 0.0403 | 0.0826 | 0.0472 |
| | 10 | ©0.0468 | 0.0357 | 0.0532 | 0.0393 |
] 15 | 100 | C.02e5 | ©.0201 | 0.0248 | 0.0177 |
[ | 1000 | ©0.0058 | ©0.0045 | ©0.0038.| -0.0037 |
[ | 1 | 0.0430 | ©0.0308 | 0.053¢ | 0.0386 |
| | 10 | ©0.0371 | ©0.0251 | 0.0428 | 0.0287 |
| 14 | 100 | 0.0179 | 0.01068 | ©0.0166 | 0.0107 |
I | 1000 | o0.0028 | ©0.0014 | ©.cO24 | 0.0018 |
i | 1 | o.o2s6 | 0.0185 | 0.0376 | 0.0236 |
| I 10 | ©0.0238 | 0.0150 | ©0.0288 | 0.0176 |
| 13 | 100 | 0.0084 | 0.0054 | 0.0097 | 0.0055 |
| | 2000 | ©0.0014 | ©0.0008 | 0.0013 | 0.0008 |
i I 1 | o0.0170 | ©0.0098 | ©0.0227 | 0.0129 |
| | 10 | o©0.0126 | ©0.0073 | O.0162 | 0.0091 |
| 12 | 100 | 0.0040 | 0.0021 | 0.0046 | ©.0025 |
| | 1000 | ©.0005 | ©0.0002 | 0.0006 | ©.0002 |
I- | 1 | ©0.0078 | 0.0040 | 0.0104 | 0.0056 |
| | 10 | ©0.0053 | 0.0032 | 0.0070 | ©0.003% |
| o1z | 100 | ©0.0014 | ©0.0008 | ©0.o0018 | 0.0010 |
| | 1000 | ©0.0000 | ©0.0000 | ©.0002 | 0.0001 |
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Table 8
Doppler broadening of self-shielding factors

| eroup logbarmn | A L | A7 | Aa | AL
e B T |- |- !
i | 1 ] 0.0740 | 0.0724 | 0.0081 | 0.0080 |
I ] 10 | 0.0785 | 0.0701 | 0.0081 | 0.0057 |
] 17 | 100 | 0.0865 | ©.0514 | 0.0068.] 0.0055 |
| | 1000 | ©0.0237 | 0.0145 | 0.0032 | ©.0019 |
S | 1 | o.o0884 | o.07z8 | 0. ces3 | ofa;éf-f
l | 10 | o0.0845 | 0.0670 | 0.0822 | ©0.o0862. |
| 15 | 100 | ©0.0848 | 0.0433 | ©0.0822 | 0.0424 |
| ] 1000 | o0.0217 | o©.0122 | 0.0187 | o0.0112 |
| | 1 | o.0e70 | ©.0800 | ‘C.0112 | 0.0078
i ] 10 | 0.0770 | 0.0514 | ©0.0087 | 0.0085 |
| 15 | 100 | o0.03e83 | ©.0248 | 0.0058 | 0.0025
| | 1000 | 0.0054 | ©0.0081 | 0.0012 | ©.0006 |
| L R |
[ | 10 | 0.0548 | 0.0316 | 0.0085 | 0.0050 |
| 14 | 100 | o0.0217 | 0.0113 | 0.0033 | '0.0021 |
1 | 1000 | ©0.0022 | 0.0010 | 0.0006 | ©0.0004 |
| I 1 | 0.0452 | 0.0263 | 0.0076 | ©.0046 |
| ] 10 | 0.0351 | 0.0183 | 0.0058 | ©0.0025 |
| 13 | 100 | ©0.0120 | ©.0064 | o©0.0022 | 0.0012 |
| ] 1000 | ©.0016 | ©0.0008 | ©.0003 | 0.0002 |
i - 1 | 0.02850 | 0.0133 | 0.0047 | 0.0026 |
| | 10 | o.ot& | 0.0095 | 0.0034 | 0.0018 |
| 12 | 100 | ©.0053 | o0.0026 | ©0.0010 | ©.0005 |
| "] 1000 | ©0.0007 | ©0.0003 | 0.0002 | ©.0000 |
| | 1 | ©0.0113 | ©0.0057 | ©0.0024 | 0.0011 |
| 1 10 { 0.0077 | 0.0040 | 0.0016 | 0.0008 |
| 12 ] 100, | ©0.0018 | ©0.0010 | ©0.0004 | 0.0002 |
i | | ©0.0003 | 0.0001 | ©0.0001 | ©.0000 |

1000
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