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1 Introduction

The advanced nuclear fuel cycle studies request the nuclear data of mi-
nor actinides [1]. The neutron data for ®*Pu are important also for non-
proliferation concepts development. In this work the evaluation of ®3Pu
neutron data is performed. The quantities evaluated are resolved and unre-
solved resonance parameters, total, elastic and inelastic scattering, fission,
capture, (n.2n) and (n.3n) reaction cross sections, angular and energy distri-
butions of secondary neutrons, including partial (n,xn) and (nxnf) reaction
spectra, fission spectra and number of neutrons per fission. The incident
neutron energy range covered is from 107> eV up to 20 MeV. The evaluated
quantities are compared with JENDL-3 [2], ENDF/B-VI [3| and JEF-2 [4]

evaluations.

2 Resolved resonance region

2.1 Previous evaluations of resolved resonance parameters

In ENDF/B-VI Breit-Wigner single-level parameters by Young et al. [5] up
to 200 eV are adopted.

In JENDL-3 evaluation four resonance parameters bv Young et al. {5]
up to 10 eV, including two negative resonances, are adopted. Above 10 eV
up to 500 eV 49 resonance parameters by Silbert et al. [6] were emploved.
Thermal fission cross section estimate by Mughabghab [7] was used to get
first positive and negative resonance parameters.

In JEF-2 evaluation negative resonance parameters by Young et al. [5]
are adopted. Parameters of first three positive resonances are adopted from
Stabbins et al.[8] and Young et al.[5]. Above 20 ¢V resonance parameters
by Silbert et al. [6] are adopted with minor modifications.

The purpose of eurrent resonance parameter evaluation is to extract the
resolved resonance parameters up to 500 e\ and to reconcile the available
fission data by Budtz-Jorgensen et al. [9] from 5.5 ¢V up to 500 ¢V and Alam
et al.[10] from 0.1 ¢V up to 100 keV with bomb-shot fission data by Silbert
et ;\l.[(i] and Drake ot al. [l l]. let alone the consistent analvsis of total cross
section data by Young et al. 5], fission cross section data [6. 8. 9. 10. 11, 12]
and capture data by Silbert et al. [13].



2.2 Measured data fitting

Basically there is only one fission cross section measurement by Budtz-
Jorgensen et al. [9] covering almost whole energy region of interest (up
to 10 MeV). The latest fission cross section measurement by Alam et al.[10]
is roughly compatible with the former measurement at low energies. Current
state of the measured data base at resolved resonance energies is as follows.
The extensive bomb-shot data cover energy range of 18 ¢V - 500 V. At
lower energies down to thermal point we fit basically data by Alam et al.
[10]. the same is the case abuve 500 eV. In the intermediate energy range
we maintain the data fit attributing highest statistical weight to the data
points by Alam ct al.[10].

2.2.1 Status of experimental data

2.2.1.1 Fission data Neutron induced fission cross section have been
measured by Stubbins et al. [§] from 2 ¢V to 4 MeV. The neutrons were
produced at 30-MeV linac. Fission fragments were detected with a spark
chamber. which contained 63 mg of 2*Pw. The fission cross section of 2%Pu
relative to 29Pu (resonance fission arcas in the overlapping region) was nor-
malized using absolute fission cross section by Barton and Koonts [14] at 3
MeV, the uncertainty of normalization is about 40 % (2.5+0.12 barns was
obtained relative to 1.3 barns for #3U. while relative to 29Pu, ; =2 barns).
Values of I'Y T'» /T are provided. Fission resonances are identical to those
detected in total cross section measurement by Young et al. [5]. except
59.8-cV resonance. Above 0.1 MeV the data shape is different from that of
Butler and Sjoblom [15] data, mecasured in the energy interval 0.14 MeV -
1.75 MeV

Gerasimov [12] has measured energy dependence of fission cross section
from 0.02 to 400 ¢V. The ncutrons were produced with linac. Fission cross
section was normalized to the thermal fission cross section value of 16.6 barn.
The fission arcas of first and second resonances are compatible with other
data, while those of next three resonances are about two times lower than
values obtained by Budtz-Jorgensen et al. [9].

The bomb-shot fission cross section data of Silbert et al.[5] are available
in the energy region of 18 eV 2 3 MeV. The neutron fux was measured rel-
ative to the reactions :‘Hc(n.p) (182100 V). ®Li(n.at) (100 - 1000 ¢V) and
U ) (above 1000 eV, 2 U data by Davey [16] were used). Fission cross
section arcas are reported for 49 resonances helow 500 eV, the fission reso-
nance arcas are compatible with data by Stubbins et al.[8]. Puintwise data
are also available. A munber of previously unobserved resonances, either in
fission and total cross section measurements, are reported. the estimate of

D = 9507 e\ i obtained. Estimate of second well resonanee spacing



D;; of 1 keV is obtained by analysis of intermediate structure. The bomb-
shot measurement arc inherently very sensitive, while the energy resolution
is poorer than that obtained with linacs. Intermediate structure is evident
above ~300 eV.

Fission cross section is measured by Budtz-Jorgensen et al. [9] from 5 eV
up to 10 MeV. The range of 5§ eV - 2 MeV is covered with linac. Influence
of a-pileup was diminished with ®pecially designed fission chamber. Above
150 keV Van de Graaff accelerator is emploved. Above 100 keV fission cross
section is measured relative to 2U fission cross section of ENDF/B-V, at
lower energies relative to the ®Li(n,at) cross section shape. To normalize
fission data below 100 keV fission integral of ®°U (240 barnxeV)(17] between
7.8 and 11 eV is used. Fission width and fission areas below 500 eV are
obtained for resonances except the first one. they are consistent with data
bv Stubbins et al. [8]. The sensitivity is an order of magnitude worse than
in bomb-shot experiment by Silbert et al. [6], however the resolution is a
factor of two better. Value of I'y =34 meV is assumed throughout, a fission
widths were obtained using capture areas obtained by Silbert et al. [13],
except that of 9.97-eV resonance.

Recently the fission data measurements in the energy range from 0.1
eV to 100 keV. made with linac at RINS spectrometer were reported by
Alam et al.[10]. The fission areas and widths for three first resonances were
defined, however they disagree with data by Budtz-Jorgensen et al.[9]. The
fission resonance integral is found to be 15.940.6 barns. The a-pileup effects
were suppressed. The fission data are normalized to resolution-broadened
ENDF/B-V U fission cross section. Broad peaks near 280, 600 and 6500

eV are noticed.

2.2.1.2 Total cross section data Total cross section was measured bv
Young et al.[5] from 0.008 eV to 6500 eV. They provide single-level Breight-
Wigner parameters below 200 eV. Thermal total cross section is measured to
be 588*12 barns. thermal absorption cross section is predicted to be 532+12
barns. Resonance absorption integral is calculated with resonance parame-
ters up to 200 eV and average resonance parameters at higher energies. to
be 164415 barns. To fit the data below 2 eV two negative resonances are
emploved. From 2 ¢V up to 200 ¢V resonance parameters are obtained by
shape fitting and areca analvsis. Above 130 ¢V up to 200 €V there might be
clusters of unresolved resonances. The radiative width I'y = 38 meV was
assumed for resonances above 22 eV, That is just an average for the first
three positive resonance values. Potential scattering cross section used is 17
barns. Neutron strength function S,=1.140.2 was obtained.
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2.2.1.3 Capture cross section data Capture cross section was mea-
sured by Silbert et al.[13] above 17.79 ¢V. There is a strong non-resonant
contribution evident in resonance vallevs. Data could be used to extract
partial widths of strong capture resonances only.

2.2.2 Energy region below 20 eV

Thermal total and fission cross sections are defined by varying negative res-
onance parameters which fit also the data shape up to 1 ¢V, We assumed
potential scattering cross section of 17 barns to fit thermal total cross section
value of 588.3 barns. This high value of potential scattering cross section
one needs to fit total cross section data by Young et al. [5] in valleys be-
tween resonances. Afterwards we used the scattering radius P = 9.238 F.
obtained with optical model calculations. That leads to the renormalization
of evaluated total cross section to the value of 579.642 barns.

The first resonance ocours at 2.882 ¢V, The values of I, 'y and T, for
the 2.882-eV. 9.971-eV and 18.56-¢V resonances are defined by fitting in
effect data by Alam et al.[10] and Gerasimov [12].

2.2.3 Energy region 20 +~ 500 eV
The I

¢. s and I'y resonance parameters are derived by consistent analvsis
of total [5], fission [6. 9. 10. 11] and capture [13] measured data. The main
problem of fission data fitting is the relative weighting of different data. Data
by Alam et al. [10]. which are fitted below 20 ¢V have rather poor energy
resolution at higher energies. Figure 2.1 shows the fit of data by Alam et
al. [10] up to 500 V. Actually we will use them to estimate the average
cross section value above 18 ¢V, Data by Budtz-Jorgensen et al. [9] seem
to have rather high background. hence we deereased their weight twice, as
compared with the weight we attributed to the data by Alam et al. [10].
Relative weight of bomb-shot data by Silbert et al. [6] and Drake et al
[11] was decreased after fission resonance area analvsis by 50%; and 30 ',
respectively. Data by Stubbins et al. [8] are discrepant with data by Alam
ot al. [10] below 10 eV, henee we decreased their weight 5-fold. Total cross
scction data by Young et al.[5] should be used for fitting purposes only up
to ~55 eV, Because of poor resolution at higher energies we will use them
only for illustrative purposes. Figures 2.2, 2.3, 2.4, 2.5 show the comparison
of total cross sectiop. caleulated with present resonance parameters with
measured data. Figures 2.2 and 2.3 demonstrate data measured by Young
et al.[5] with different resolution. Present parameters describe data at res-
onance peaks somewhat better. Figures 2.4 and 2.5 show the improvement
of total data description above 145 eV oup to 350 ¢V, Decrease of neutron

width of 320.5-0\" resonance from 170 meV up to 75 meV improves data
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description sufficiently. Figures 2.6, 2.7, 2.8 show different fission data fits
in the energy interval 100 - 150 eV. Figure 2.8 shows that the measurements
by Budtz-Jorgensen et al. [9] are made with good resolution, while there
is large background contribution in the valleys between resonances. The
same drawback is observed in case of capture data by Silbert et al. [13] (see
fig. 2.9). At still higher energies 284.5-eV class II resonance is observed
with anomalous fission width value of 3.37 eV. Figures 2.10. 2.11, 2.12 show
different fission data descriptions in the energy interval 250 - 350 eV. Cap-
ture cross section measured data in this energy interval also demonstrates
non-resonance contribution (see Fig.2.13).

2.2.4 Resonance parameter analysis

We have got 58 resonance parameters up to 500 ¢V. The average resonance
parameters, thermal cross sections and resonance integrals are presented in
Table 2.2. Thermal cross sections and resonance integrals are fairly compat-
ible with respective measured data.

Table 2.2

ENDF/B-VI | JENDL-3 | JEF-2 | This evaluation
(T%) , meV | 1.7418 1.2573 1.2673 | 1.0157
(Ts), meV | 6.9998 81.0745 | 79.8631 | 68.388
(T,) . meV | 36.077 34066 [ 34.141 | 34.845
(D), eV 13.4667 9.7308 [ 9.5472 | 9.2544
So x 107" | 1.3796 1.31696 | 1.3524 | 1.1168
7 . barn | 596407 586.723 | 583.70 | 579.404
7, . barn | 561.086 540.307 | 546.70 | 540.978
o; . barn | 17.0117 17.8897 [ 17.150 | 16.601
. barn | 20.3092 28.5257 1 19.860 | 21.965
g © 0.96044 0.95979 1 0.96162
 gr ~0.96058 096064 : 0.96357
' I, .barn | 152,671 153708 136,494 | 141.765
| Ir .barn | 30.7234 327017 | 32,197 | 284497

Thermal total my, fission 75, capture 7, and scattering m,, cross sections.
g~—. and g;— factors. as well as resonance integrals I, and 7; values are
calculated with a code INTER [18]. In case of JENDL-3 and present evalu-
ations the multi-level Breit-Wigner formalism was used, while for ENDF/B-
IV evaluation single-level formula was emploved.



3 Unresolved resonance region

3.1 Review

f ¥Pu is supposed to be from 0.5 keV up

Unresolved resonance region o
to 14.2667 keV. The lower energy is the end-point of resolved resonance
region, the upper energy is the threshold energy of the first excited level.

We suppose s—. p— and d—wave neutron-nicleus interactions to be effective.

3.2 The s-wave average resonance parameter evaluation
3.2.1 Estimate of resonance level missing influence on (D, and Sj.

Preliminary estimates of average partial widths were obtained by averaging
the evaluated resolved resonance parameters. Figure 3.1 demonstrates the
cumulative sum of resolved resonance levels. The average resolved resonance

parameters are as follows:

T9 = LOI5Tx 1074 (eV)!2
{T'r) =34 meV
(Dops) = 9.2544eV
(Ty) = 34.845 meV

Average fission width value (I'-) = 34 meV assumes that experimental reso-
nance fission widths must be averaged over the fission resonance spacing in
the sccond well. which is around 1 keV.

Due to missing of weak resonances these values overestimate neutron
resonance spacing (D) and actual average reduced neutron width {(gI'?).
To get a physically justified values of (D, and (gT'?: we employ a method.
which is deseribed clsewhere [19]. Both reduced neutron width and nen-
tron resonance spacing distributions with account of missing are obtained
in a unified approach. We take into account the correlation of weak reso-
nance missing and resonance missing due to poor experimental resolution.
The resolution function as well as ‘D, and (gI'?! values are obtained by
maximum likelibvod method when comparing experimental distributions of
reduced neutron width and neutron resonance spacing with Porter-Thomas
and Wigner distributions. modified for experimental resonance missing. The
latter distributions are called here expected distributions.

3.2.2 Evaluation of (D,,,;, S, :I'y; and {I'-) based on the resolved resonance
parameters.
We applied our method {19] to the resolved resonance data base. The eval-

nated values are:
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So = (1.036:£0.217) x 10~* (eV)!/2
(Doss) =(8.301 £0.6)eV

Figure 1 shows cumulative s of neutron resonances. Figure 3.2 shows
the cumulative sum of reduced neutron widths. Figure 3.3 shows the com-
parison of expected and experimental reduced neutron width distributions.
Figure 3.4 shows the comparison of distributions for neutron resonance spac-
ing. The expected distributions shown on the figures 3.3 and 3.4 demonstrate
the influence of resonance missing. These figures also show that expected
distributions are consistent with experimental data within statistical errors.
That is the reason to consider the estimates of (D) and Sy reliable.

3.3 The s-, p- and d-wave average resonance parameter evalua-
tion
3.3.1 Neutron width

Average neutron width is calculated as follows

(I5)) = S{DHE/ P,

where P; is the transmission factor for the {th partial wave, which was cal-
culated within black nucleus model. The p-wave neutron strength func-
tion S; = 2.399x107* (eV)~'? was calculated with the optical model. us-
ing the deformed optical potential. described below. According to the re-
sults of optical model calculations Sy was assumed to decrease linearly from
So=1.036x10"* (eV) 1’2 to the value of S;=0.968 x 10~*(cV)~'/? for neutron
energy of 44.2667 keV. The d-wave neutron strength function was taken from
optical model calculations: Sz = 1.242x107% (V)72 Since the d-wave
contribution is rather small. the impact of any reasonable approximation on
calculated values is negligible.

3.3.2 Neutron resonance spacing

Neutron resonance spacing (D) was calculated with the phenomenological
model [20], which takes into account the shell, pairing and collective effects.
The main parameter of the model @ was normalized to the observed neutron

he

resonance spacing of #8Pu (D,,,) = 8.301 eV
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3.3.3 Fission width

Fission widths are caleulated within a double-humped fission barrier model.
We constructed transition spectra by supposing the triaxiality of inner sad-
dle and mass asymmetry at outer saddle. Energy and angular momentum
dependence of fission width is defined by the transition state spectra at inner
and outer barrier humps. They will be described below. The calculated fis-
sion width for neutron incident energy of 0.5 keV equals TV = 0.013eV.
One must realize that due to the second well impact on fission width distri-
bution, which can not be taken into account within ENDF /B format. fission
widths values describing measured fission data at this neutron incident en-
ergies might be lower than actual fission width values. Moreover, this effect,
is cenergy dependent and the ratio of evaluated and actual fission widths
decreases at low incident neutron energy.  This effect tends to disappear
around neutron incident encrgy of 45 keV.

3.3.4 Radiative capture width

Encrgy and angular momentum dependences of radiative capture width are
calrulated within a two-cascade ~-emission model with allowance for the
(n.~f) and (n,vn) reaction competition to the (n.~~) reaction. In this en-
ergyv region (nvv) reaction appears to be a radiative capture reaction. The
radiative capture width was normalized to the value of (I} =34.845 meV
determined for ¥ Pu in resolved resonance region. (For details see Chapter

V).

3.4 Cross section evaluation in the region 0.5-44.2667 keV
3.4.1 Fission cross section energy dependence

Fission cross section of *Pu in mnresolved energy region was measured by
Silbert et al.[6]), Budtz-Joergensen et al..[9], Alam et al.[10]. Drake et al.[11]
and Ermagambetov et al [21]. One can see (fig 3.5) that experimental data
are rather discrepant. Owur evaluation is based on data of Alam et al.{10].
reproducing measured fission cross section structure. Evaluated fission eross
section values were adjusted by fitting T > width.

3.4.2 Capture cross section energy dependence

. - 235 . .- . ‘.
Capture cross section of *%Pu is measured by Silbert et al [13]. Since prob-
lems, which are supposed to be due to high background in that bomb-shot

experiment were not solved. evaluation is based on ecaleulated values.
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3.4.3 Comparison of present, JENDL-3 and ENDF/B-VI evaluated data

Evaluated fission cross sections of this work is ~40% lower than JENDL-3
and JEF-2 (the latter is taken from JENDL-2) at higher boundary, at lower
energies our evaluation ignores structure observed by Silbert et al [6], which
is adopted in JENDL-3 and JEF-2 evaluations. ENDF/B-VI evaluated fis-
sion cross section is ~30% higher in this energy region except short energy
interval of 10-15 keV. We keep in mind that this evaluation is too old. orig-
inating from ENDF/B-1. Figure 3.5 shows the comparison of fission cross
sections ¢ for these evaluations. Current evaluated capture cross section
., is lower than that of JENDL-3, which is ~15% higher at lower edge of
energv interval and almost coincides with ours at higher boundary of un-
resolved resonance region. ENDF/B-VI evaluated ., is in good agreement
with our evaluation. Comparison of the evaluated capture cross-sections is
given on Fig 3.6. Comparison of the evaluated fission and capture cross-
sections is given in Table 3.1 also.

Table 3.1 Comparison of the evaluated fission and capture cross-sections

Energyv., a5, b oy, b
keV present | J-3 | JEF-2 | B-VI | present | J-3 | JEF-2 | B-VI
050 | 230 [120] 136 | 311 | 788 [9.62] 194 | 7.85
060 | 250 [1.83] 128 | 283 673 1313 7.89 | 6.80
0.70 261 1296 669 | 2621 589 1676 9.15 | 6.02
0.80 224 [287] 328 | 245 ] 545 [613] 540 | 537 |
1.00 172 T1.71] 198 [ 222 479 [553] 119 [ 148!

1.50 1.26 1.25 1 106 ' 189 | 369 4191 1.97 | 3.22
2.00 1.17 1227 1.38 | 1.2 3.02 340, 2.10 | 3.52
2.80 1.22 1L.77 | 225 ' 1.58 236 12521 263 | 291

150 0 0.97 086! 090 | 1457 1.8 2.05] 1.97 | 2.30
500 0 0.95 103 125 1430 1.63 187 148 | 220
6.50 091 1200 116 ' 1.40 | 150 155! 1.12 | 1.90

10.0 073 10771 076 11361 128 11371 126 | 1.45
115 0.66_ 080 | 0.70 | 056 | 123 |128] 132 | 131
- 150 0.63 [082] 072 1050 | 112 | 113} 099 | 115
20.0 0.60 (0817 085 075 1 1.01 101 078 | 0.96 |
25.0 058 1081 062 [ 072 094 (092 079 | 0.92 |

4

L 35.0 0.53 (0751 0.83 | 0.68 0.83 | 081 089 | 0.84

4

300 | 052 1075 071 ' 0.66 | 0.80 |0.77 | 0.66 | 0.80
051 070 060 065 077 075] 064 076

b

T

| 14.2667
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3.4.4 Drawbacks of ENDF/B-VI format and assoaated inconsistencies in neu-
tron cross sections

Within ENDF/B-VI format number of the degrees of freedom for fission
widths distributions must not exceed 4, while structure of fission barriers
leads to a greater number degrees of freedom for most compound states. Dis-
tribution due to second well fission resonances can not be described within
current format. To fit the data we ought to decrease the fission width value
and assume rather abnormal energy dependence of fission widths,

4 Fast neutron cross sections

Measured neutron data in fast energy region, i.e. above ~44 keV are avail-
able only for fission cross section. The detailed fission cross section data are
available up to ~16.9 MeV. The available fission data fit would be wsed as
constraint for (n.1') and (1, ~) reaction cross sections calculation. We repro-
duce also the average resonance fission width within double-humped fission
barrier model. To fix fission channel parameters the svstematie trends are
wsed.

4.1 Optical potential

The deformed optical potential for n4+2**Pu interaction was obtained. The

. - <2 - -
starting values for the potential parameters were those for n+#*U interaction[22].

The isotopic dependences of real and imaginary parts of the potential were
calculated using the optical potential parameter svstematics. We modified
the original potential geometry parameters22] to fit total cross section and
differential scattering data for N-odd and -even targets above 10 MeV. This
procedure of parameter fitting is well-tested in case of and 30U, 29Pu, U,
2Th and 2*U targets. Four levels of the ground state rotational band
(0727 47.6%) are coupled. Deformations parameter of the potential 4y, 7,
were adjusted to fit evaluated Sy value. The potential parameters are as

follows:

VR=46.26 —03E. Mel irp= 126 fm.ar=0615 fm

3.63 +04E. Mel. E < 10Mel . rp =124 fm.ap=0.5 fm
TH3 Mel, E > 10 Mel’

Vo =02 Melir,o =112 fm.aso =047 fm. 3, =0.197. 3y = 0.061

I‘.D =

The s-. p-. and d-wave strength functions and potential scattering cross
section. caleulated with this potential parameters in a coupled channel ap-
proach at incident neutron energy of 0.5 kel are:

So = 1036 « 10 e\ 2 0 PP =9238 fin

-
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and at 44.2667 keV are:

So = 0.968 x 10*(eV)"? §,=2.399 x 10*(eV)/? S = 1.242 x 107*(eV) /2

The 8Pu reaction cross sections, calculated with deformed optical po-
tential and spherical optical potengial, which is used in JENDL-3 evaluation.
are compared on fig. 4.1. The significant differences below 1 MeV and above
10 MeV would be manifested in inelastic scattering cross section and (1. 3n)
cross section. The total and elastic scattering cross sections also appear to
be rather different (see figs.4.2, 4.3).

4.2 Fission cross section
4.2.1 Status of the experimental data

Besides measurements described in Chapter "Resolved resonance region”
fission cross section was measured by the following authors.

Fission cross section ratio of ®8Pu and #°U was defined bv Fomushkin
et al. [23] in the range of incident neutron energies from 0.45 MeV to 3.62
MeV. Theyv have used mica detectors. The sample weight was defined using
Ta,,, =87.48 years, renormalization of their results to new value of T, ,,
=87.75 vears changes original values only slightly.

Fission cross section was measured by Ermagambetov et al.[24] relative
to U and PU from 0.5 up to 16.9 MeV. Sample weight was defined
in thermal flux. Data should be renormalized to new values of ®*U and
28U fission cross sections {25, 26]. Subthreshold fission cross section of
38Pu was measured by Ermagambetov et al. [21] relative to fission cross
section of 25U Fission fragments were registered with glass detectors. The
absolute values were normalized to the fission cross section values of previous
measurement [24].

Fission cross section ratio to 2U and ®*U at incident neutron energy
of 2.9 MeV was measured by Aleksandrov et al.[27]. fission fragments were
registered with glass detector.

Fission cross section ratio to ®*U and #*"Np was measured at 14.5 MeV
by Fomushkin et al.[28]. when renormalized to recent values of #*U and
B'Np fission cross section, the resulting value is compatible with data by
Ermagambetov et al. [24].

The data by Budtz-Jorgensen et al. [9] are consistent with data by
Barton and Koonts [14], Ermagambetov and Smirenkin [21. 24], Fomushkin
et al. [23] within experimental errors.

The data bv Alam ct al. [10] are available up to 100 keV. The data
bv Budtz-Jorgensen et al.[9] cover the incident neutron energy region from
0.1 eV up to 10 MeV. Below 100 keV thev are rather discrepant with data
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by Alam et al. [10]. Both data sets predict different fission cross section
shapes, data by Budtz-Jorgensen et al.[9] being svstematically higher than
former data (see fig.4.4). Another set of data by Ermagambetov et al. [21],
when renormalized properly, appears to be consistent with data by Alam et
al.[10] below 100 keV (see fig. 4.4). Above 1 MeV available data sets are
compatible within errors (see figs. 1.5, 1.6).

4.2.2 Statistical mode! calculation of fission cross section

We choose to fit data Alam et al. [10] below 100 keV. At higher neutron
energies we will follow basically the trend of data by Budtz-Jorgensen et al.
[9]. The most peculiar feature of data base is the step-like structure around
1 MeV. ie. just above fission threshold and decreasing trend of data above
~2.5 MeV incident neutron energies. Structure of the same kind is evident
in 2**Pu nentron-induced fission cross section [29]. Both features would be
reproduced within the statistical model calculations. To describe the step-
like structure above 1 MeV. we assume it to be due to interplay of level
densities of even-odd ®Pu fissioning nuclide and even-even ®#*Pu residual
nuclide.

The comparison of calculated fission cross section with measured data is
shown in figs. 4.4. 4.5 and 4.6. The statistical theory calculation of fission
cross section was accomplished within the double-humped fission barrier
model. The approach emploved in code STAT [30] is described in more
details elsewhere [31, 32]. The procedure of caleulating fission transmission
coefficients is briefly described below.

4.2.3 Fission transmission coefficient, level density and transition state spec-
trum

The different behavior of level densities of even-even and even-odd nuclei at
low excitation energies should be taken into account. The one-quasiparticle
neutron states of even-odd **Pu fissioning nuclide, lving below the three-
quasiparticle states exeitation threshold define the shape of 2¥Pu(n.f) fission
cross section below incident neutron energy of ~ 1.5 MeV. At higher excita-
tion energies three-quasiparticle states are excited. Each one-quasiparticle
state Is assumed to have a rotational band built on it with a rotational
constant. dependent upon the respective saddle deformation. These lev-
cls comprise the diserete transition spectra at both saddles. We construct
the discrete transition spectra up to 100 keV, using one-quasiparticle states
of Bolsterli et al. [33] (see Table 4.1). At higher excitation energies the
continous level densities are wsed.

The discrete transition spectra. as well as continuous level contribution
to the fission transmission coeflicient are dependent upon the order of svm-
metry for #Pu fissioning nuclens at inner and outer saddles. Due to the
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axial asymmetry at the inner saddle [34] we additionally assume (2J + 1) ro-
tational levels for each J value. The negative parity bands A™ = 1/27,3/2~,
5/27 ... at outer saddle are assumed to be doubly degenerate due to mass
asymmetry [34]. With transition state spectra thus defined (see Table 4.1)
the fission barrier parameters are obtained (see table 4.2). The fission width
I‘]f/"H == (0.013 eV calculated at incident neutron energy of 0.5 keV coincides
with average fission width obtained in unresolved resonance region.

The generalized pairing model provides the means of taking into ac-
count the discrete character of few-quasiparticle excitations. It was shown
to be important in case of even-even fissioning nucleus #*¢U in the 2*U(n.f)
reaction [31]. However that is a general effect. which is evident in neutron-
induced fission cross sections of even-even, Z-even, N-odd and odd-odd tar-
get nuclei [29]. We will model the discrete few-quasiparticle excitation ef-
fects in level density in the following approximate way. The level density
of axially symmetric fissioning nucleus is calculated in constant tempera-
ture approximation, i.e. p(U) = Tf"exp((U — U,)/Ty). The respective
parameters, nuclear temperature Ty and excitation energy shift U, are de-
fined at the matching energy U. =2.4 MeV. At excitation energies above
U, the continuum part of the transition state spectrum is represented with
the phenomenological model [20], which takes into account pairing, shell
and collective effects at saddle deformations. The asymptotic value of the
main parameter of the level density for fissioning nucleus 2Pu is assumed
to be the same. as that of 2%Pu compound nuclide. Then the effects of
non-axiality and mass asvmmetry are included. The detailed procedure of
calculating fission transmission coefficient is described elsewhere [31. 32].
The respective parameters: shell correction at saddles W, pairing corre-
lation function A, quadrupole deformation £, and momentum of inertia at
zero temperature Fo/h? are given in Table 4.3.

The threshold energies for the excitations of few-quasiparticle states are
calculated within generalized pairing model [20] wsing closed-forn equations
by Fu [35]. The procedure is described in more detail elsewhere [36]. In case
of even-odd nuclei the nuclear level density p(U) up to the three-quasiparticle
excitation threshold depends on the excitation energy only weakly, since the
intrinsic state densitv is constant. In this excitation energy region we will
model the level density as p(U) ~ T.7(14+2(U —0.5U3)) exp((Af — U,)/T5).
Above the three-quasiparticle states excitation threshold the constant tem-
perature model is used. The one- and three-quasiparticle states level density
of even-odd fissioning nucleus 29Pu defines the fission cross section shape at
incident neutron cnergies below ~2.5 MeV (see fig. 1.5). Above ~2.5 MeV
incident neutron energy fission cross section data were fitted (see fig. 4.6)
by slight increase of pairing correlation function value. The parameters used
for calculation of residual nuclide >*Pu level density for neutron emission



competition are described below.

Table 4.1

Transition spectra band-heads of ®Pu

" inner saddle -~ outer saddle

A" | Egr.McV A" 7 Eper. MV

1/2% 100 1/2% 0.0 ;

“5/2+ 10.08 1727700 '

1/27 1 0.05 3/2% 10.08

372100 - 3/27 1 0.08

5/2% 10.0 ,
5727100 ;

Table 1.2

Fission barrier parameters

! Nucleus | Barrier | Barrier height. MeV | Curvature, MeV
X9Pu inner 6.325 0.75 ‘
2 | outer 5.70 0.6 J

} 3BPu T inner 15.60 1 0.9

33Pu I outer | 5.10 0.6

 ®Pu__ inmer  6.00 0.8
BPu | outer i 5.80 106
3Py inner | 5.60 l 0.9
6Py | outer [[ 5.10 106

Table 4.3

. 3 . - . .
Level density parameters of #%Pu fissioning nucleus and residual nuelens

3Py
" Parameter inner saddle  outer se\ddi«_"'fﬁ}slmigli\;n(}ij
W, MoV 2.5 00 o
S AL A eV Ny 4006 26 4006 Dy |
T 0.6  0X 0.24 -
CFo RE MV 100 200 T3 -

Below incident neutron encrgy of 1.14 MeV the neutron cross sections
are calenated within Hauser-Feshbach approach with a width fluctuation
correction taken into account. For width fluctuation correction caleulation
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only Porter-Thomas fluctuations are taken into account. Effective number of
degrees of freedom for fission channel is defined at the higher (inner) saddle
as vy" = T{"/T{7 ... where T}7,, is the maximum value of the fission
trapsmission cvefficient T}". Above incident neutron energy of 1.14 MeV

the Tepel et al. [37] approach is emploved.

4.2.4 Fission cross section above emissive fission threshold

The first chance fission cross section of 2¥Pu(n.f) reaction above the emissive
fission threshold is fixed with the level density and fission barrier parameters
svstematics [31, 32] ( see Tables 4.2, 4.3) and secondary neutron spectra
parameterization [11] (see fig. 1.6). A consistent description of a complete
set of measured data on (n,f), (n,2n) and (n.3n) for ®*U and *U targets
was accomplished with the secondary neutron spectra parameterization [41],
which is used here.

The fission barrier parameters of 2*Pu are fixed by *"Pu(n.f) inferred
data [38] description. Figure 1.7 shows the ®**Pu(n.f) measured data de-
scription. We modelled the fissioning even-even nuclide ®*Pu nuclear level
density p(U) above the pairing gap up to the four-quasiparticle excitation
threshold as p(U) = p(U)/(1 + exp(Uz — U + 6,)/8;). The two-quasiparticle
states level density of even-even fissioning nucleus 2**Pu defines the fission
cross section shape at incident neutron energies ~ 0.5+-2MeV (see fig. 1.8),
the parameters U = 1.7 MeV, 6, = 6, = 0.2 MeV are fixed by analysis of
fission data for U and Pu target nuclei.

The fission barrier parameters of *"Pu are fixed by the **¢Pu(n,f) reac-
tion data [39. 40] and inferred data by Britt et al.[38] analysis. The fig.4.9
shows the Pu(n.f) data description.

The calculated fission cross section is rather different from previous eval-
uated curves above (n.nf) reaction threshold (see figs. 4.10). The calculated
fission cross section at ~15 MeV neutron energyv appears to be consistent
with data by Ermagambetov and Smirenkin [24] (see fig. 4.7). The discrep-
ancy of the calculated cross section with data by Budtz-Jorgensen et al. [9]
appears unavoidable, since the measured data are just as high as reaction
cross section around 10 MeV! so they are incompatible with the calculated
fission cross section.

4.3 Inelastic scattering cross section

The inelastic scattering cross section is calculated with the statistical codes
STAT [30] and STAPRE [42]. The discrete level excitation (compound and
direct). continuum excitation and pre-equilibrium emission contribute to the
inelastic scattering cross section.



4.3.1 Levels of ¥3¥Pu

The low-lving levels of scheme of Nuclear Data Sheets [43] (see table 4.4)
appears incomplete at excitation energy above 1.14 MeV (see fig. 4.11). In
JENDL-3 evaluation there are 29 discrete excited levels up to 1.636 MeV,
i.c. the missing of levels above ~1.14 MeV is ignored (see figs. 4.12, 4.13).

Table 1.4

Level scheme of ¥ Pu

" Ef.. McV[J |7 K band
£ 0.000 0 '+]0 A
00408 2 4+ 70 TA
0. 14598 1 +]0 A
C0.3034 6 1+10 A
0.5134 8 [ +]0 A
0.60518 - 10 |B ,
0.66143 3 1- 10 B |
0.76320 5 - 10 B ;
0.7728 107+70 A 1
0.9415 0 +/0 C |
[ 0.96277 1 - |1]D
0.9681 2 - 11D
0.9831 2+ 1 C
1098546 2 - 0 A
1102855 2 4+ 2 D
106995 3+ 1 | C
T1.0785 12+ 2 A
108257 1 - 21D
1.1258 + + 0 E
1.1340 0 '+ 2 [B
432 ¥"Puy level density
The contimuun level density helow exeitation energy U = 3.6 MeV is cal-

culated with the constant temperature model

Pl =T "expl(l ~ L,)/T).

here, energy shift Uy = -0.0002 MeV. nuclear temperature 77 = 0.38454 MeV
are the constant temperatie model parameters, . The cumulative number
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of observed levels is compared with constant temperature approximation on
fig. 1.11. At higher excitation energies the phenomenological model [20] is
used. The main level density model parameter a for ***Pu residual nucleus
is obtained by systematics [44].

The generalized pairing model provides the means of taking into account
the discrete character of few-quasiparticle excitations just above the pair-
ing gap. It was shc.wvn to be important in case of even-even residual nucleus
#8Pu in the ®?Pu(n.2n) reaction [36]. We modelled the nuclear level density
p(U) above the pairing gap U, up to the four-quasiparticle excitation thresh-
old Uy as p(U) = p(Uy—0.1) /(1+exp(Us —U +61)/62). The two-quasiparticle
states level density of even-even residual nuclide 2*Pu influences the fission
cross section shape at incident neutron energies above ~1.4MeV, the pa-
rameters, §; = 63 = 0.1 MeV values were extracted. Below the pairing gap
the collective levels were emploved.

4.3.3 9Py level density

The level density of even-odd compound nuclide 2?Pu one needs to calculate
radiative capture width and (n,yn’) reaction contribution to the compound
inelastic scattering cross section. The continuum level density below exci-
tation energy U. = 2.4 MeV is calculated with the constant temperature
model, the constant temperature model parameters are: energy shift Uy =
-0.65658 MeV, nuclear temperature 7" = 0.36845 MeV. The cumulative num-
ber of observed levels is compared with constant temperature approximation
on fig. 1.14. At higher excitation energies the phenomenological model [20]
is used. The main model parameter & for 29Pu residual nucleus is obtained
by fitting the evaluated neutron resonance spacing of **Pu target nuclide
(Dops) = 8.301 eV.

4.3.4 Compound inelastic scattering

The residual nucleus 2¥Pu level density modelling, adopted in present work
changes the inelastic scattering cross section below 5 MeV as compared
with ENDF/B-VI1. JEF-2 and JENDL-3.2 evaluations. The most close to
our estimate is that of JEF-2 evaluation (see figs. 4.12, 4.13. 1.15-4.20).
However the discrepancies still remain in the range 1-5 MeV and above 10
MeV. Above ~1.5 NMeV incident neutron energy the discrepancies are due
to direct excitation of the ground state band levels. Above 1 MeV incident,
neutron energy inelastic scattering to the continuum gives a major contri-
bution to the total inelastic scattering cross section (see fig. 1.13). Above 5
MeV incident neutron energy pre-equilibrimun emission and direct inelastic
scattering are the two reaction mechanisms which define inelastic scattering
cross section (see fig. 4.12). The pre-equilibrimun model parameters were



tested by the statistical model deseription of ®*U+n interaction secondary
neutron spectra and consistent description of fission and (n.xn) reaction data
for major actinides [41]. Steep decrease of inelastic scattering cross section
of JENDL-3 above 5 MeV (see fig. 1.12) is due to missing of pre-equilibrium

emission of neutrons.

4.3.5 Direct inelastic scattering

The direct inelastic scattering changes the shape of ground state band levels
execitation cross sections above 1 MeV incident neutron energy (see figs. 4.15
- 4.20). This mechanism defines partly the hard-energy tail in total inclastic
scattering cross section (see hg. 4.13).

4.4 Radiative capture cross section

The radiative capture cross section is caleulated within a statistical approach
up to 5 MeV. Radiative capture strength function equals Syg = 41.977. At
higher incident neutron energies we assume radiative capture cross section
to be 1 mbarn. The radiative capture width was calculated with (n.~+f)
and (p,vm’) reactions competition against “true” capture reaction (n,v7y).
Due to low fission threshoid for #*Pu compound nuclide the competition of
(n,~f) reaction is stronger than that of (nvn’) reaction. The influence of
(n.yn’) and (n,vf) reaction competition on radiative capture cross section
is illustrated on fig.4.21 by sharp decrease of capture cross section above
1 MeV incident neutron energy, as compared with (n.vx) reaction cross
section.  Present capture cross section shape and that of JENDL-3.2 are
rather similar.

4.5 Cross sections of (n,2n) and (n,3n) reactions

Current and JENDL-3 evaluated (n.2n) and (n.3n) cross sections are dras-
tically different. The magnitude of (n.2n) cross section below the (n.2nf)
reaction threshold is defined by (n.nf). (n.n~) and (n.2n) reaction compe-
tition. Present and JENDL-3 cvaluated fission cross sections are rather
different. as well as reaction cross sections above 10 MeV incident neutron
cnergy (see fig. 4.1). To caleulate the (n.2n) reaction cross section we use an
approach. developed for deseription of the #*U(n.2n) reaction cross section
[41]. The present and previous evaluations are compared in fig. 4.22. There
i~ no hard-cnergy tail in (n.2n) reaction cross sections of JENDL-3 evalua-
tion. In case of (n.3n) reaction the difference in reaction cross section above
11 MeV (see fig. 4.1) contributes essentially to the discrepancy, shown on
fg. 4.23.
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5 Energy distributions of secondary neutrons

There is no measured data on secondarv neutron spectra. To calculate
neutron energy distributions of (n,xnvy) and (nxnf), x=1, 2, 3 reactions we
use a simple Weisscopf-Ewing evaporation model [45] taking into account
fission and gamma competition to neutron emission. The pre-equilibrium
emission of first neutron is included.

5.1 Model calculations of (n,nx) reaction spectra

The first neutron spectra for the (n,nx) reaction is the sum of evaporated
and pre-equilibrium emitted neutron contributions. The pre-equilibriwun
emission contribution is calculated with a parameter systematics tested in
case of n+%8U and n42*U interactions [41]. We have calculated the 1st, 2nd
and 3d neutron spectra for the (n,nv), (n,2n) and (n,3n), where applicable.
According to the ENDF/B-VI format we included the secondary neutron
spectra in the following way. The calculated spectra were summed up and
tabular spectra for the (n,nvy), (n,2n) and (n,3n) reactions were obtained. To
clarifv the competition of neutron, v-emission and fission in case of (n,nx)
and (n,2nx) reactions we have chosen the following presentation of spectra.
Figure 5.1 shows the spectrum of 1st neutron of the reaction (n.nx) and its
partial contributions for (n.n¥), (n,2n), (n,nf), (n,2nf) and (n.3n) reactions.
Figure 5.2 shows the spectrum of 2nd neutron of the reaction (n,2nx) and its
partial contributions for (n,2n), (n,3n) and (n.2nf) reactions. The spectra of
Ist and 2nd neutrons are normalized to unity. The partial neutron spectra
shown on figs. 5.1, 5.2 are normalized to the contributions of appropriate
cross sections to the (n.ox) and (n,2nx) reaction cross sections, respectively.

The inclusion of pre-equilibrium emission changes significantly the aver-
age energies of emitted neutron spectra. That is shown in Table 5.1, where
the average secondary neutron energies for current ENDFB-VI and JENDL-
3 evaluations are compared. The most significant is the change of neutron
spectra of (n.nv) reaction. Figures 5.3-5.7 demonstrate the discrepancies of
secondary neutron spectra in current and JENDL-3 evaluations.

The 1st neutron spectra of (n.nf) reaction also becomes harder and that
influences prompt fission neutron spectra. On the other hand. the spectra
of 2nd and 3d neutrons become softer.



Table 5.1 Average energies of secondary neutron spectra

|
1

pres. | B-VI T J-3  pres. "J-3 ] pres. pres. i J -3

8.0 [ 0.14 ] 055 048
140 1075 | 1.55 1 0.90 1 032 057 © 059 | 0.10 | 0.51

200 [ 074 ] 1.85 [ 131 | 1.09 | 1.31 | 108 [ 059070

5.2 Prompt fission neutron spectra

Prompt fission neutron spectra were calculated with the account of pre-
fission neutron emission above emissive fission threshold .

5.2.1 Prompt fission neutron spectra evaluation

Prompt fission neutron spectra are calculated involving Watt[46] formula
with the parameters given in Table 5.2, Approach emploved by Watt as-
sumes neutron evaporation from fully accelerated fission fragments.

Above emissive fission threshold the fission neutron spectra N(E| E,,) is
the superposition of emissive fission spectra, ie.

NE.E) = (2L (ENUEE) + 72

T

;_'_i [(I)YUL’;‘(E- EVL) + I/Z(VEVL‘)‘\’Z(E' En)]

_+_fn;n ¢ ‘((I)l
- R 2 s
nkF -

(E.E) + 02, \E.E) + 15 ENGE. E)).

n2ny

LB+ T+ 0 E)) + L2 4+ (B

TuF

where @m0 mr T el Mo are the total and i-th chance fission cross sec-

- ) R 2 . : . . . .
tions (1 = L23): Oy,pe. Oy 0 and 2, are emitted neutron spectra: for

E,. . Ist neutron average energy. MeV J
MeV (n. n’) (n. 2n) “(n.nf) (n.3n)  (n 2nf).
cpres. | B-VI | J-3 | pres. | B-VI | J-3 1 pres.  pres. | J-3 . pres.
20 1042 [ 045 | 021 Z
80 38 119 [ 106 043 020 | 054 | L1T
140 997 [ 156 | 144 | 320 © 108 [ 1.43 T 301 7036 1 062 0.81
200 160 | 1.85 | 173 | 947 148 | 1731 450 284 | 1.71 = 3.24
T E,. 2nd neutron average energy, MeV 3d neutron
MeV (n, 2n) I (n, 3n) (n, 2n’f)
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(n,nf) reaction. 1st and 2nd neutrons of (n,2nf) reaction, respectivelv: v;
and N; are multiplicity and prompt neutron spectra for the i-th fissioning
nucleus. Prompt neutron multiplicities v; are described in Chapter 6. Av-
erage neutron energy dependences of prompt neutron spectra for the i-th
fissioning nucleus N;(E. E,,) were calculated using assumption by Terrell[47]
E =a+ b\/l + v;(E,,)( for parameters see Table 5.2). The pre-equilibrium
emission of the first neutron is included, the ¢!

n.2INn

fission are calculated with Weisscopf-Ewing evaporation model [45].

¢ spectra for the emissive

Table 5.2

Parameters a and b of Terrel’ systematics

Fissioning a, b,
nucleus MeV MeV
BIPu 0.75 0.645
8Py 0.75 0.645
H7py 0.75 0.645 |

Figure 5.8 shows the comparison of calculated prompt fission neutron
spectra involving maxwellian and Watt spectrum with the same average
energies of neutrons. The maxwellian spectrum overestimates number of
emitted neutrons below 1 MeV and above 6 MeV emitted neutron energies.
Average energies of fission spectrum for thermal neutron-induced fission pre-
dicted with the adopted parameters are 2.014 MeV for 29Pw. 2.017 MeV for
238Pu and 2.012 MeV for ¥"Pu. They are compatible with evaluated value
of 2.022 MeV in JENDL-3, however the spectra shapes are significantly dif-
ferent. Figure 5.9 demonstrates the differences between our spectra taking
into account pre-fission neutrons and those calculated using Watt formula
with the same average energy of emitted neutron. Large differences can
be found above 3 MeV emitted neutron cnergies. Figures 5.10-5.12 show
the partial contributions of i-th chance fission to the total fission neutron
spectrum at incident neutron energies of 6. 14 and 20 MeV. Table 5.3 gives
comparison of average neutron encrgies for our JENDL-3 and ENDFB-VI
evaluations. Our estimate of average fission spectrum cnergy almost coin-
cides with JENDL-3 and is much higher than that of ENDF/B-VI at high
neutron incident energies. Both JENDL-3 and ENDF/B-VI evaluation use
simple maxwellian approximation for fission spectra, without taking into ac-
count emission of pre-fission nentrons. Differences which mav arise because
of this simplification are shown on Fig. 5.9



-8 -

Table 5.3 Comparison of average fission spectra cnergies for different

evaluations.

E,. [Present | JENDL-3| ENDF/B-VI |
MeV | Average fission spectrum energy, MeV |
Termal | 2014 | 2.022 1.995

1.0 2.036 | 2.046 1.995
. 50 2120 2,138 1.995
10,0 2176 2244 1.995

150 | 2310 2345 | 1995
200 | 2472 | 243 1.995

6 Number of neutrons per fission

There are no experimental data on munber of prompt fission neutrons v, for
B8P except thermal values measured by Jaffev et al.[48] and Zamyatnin et
al.[19]. We adopted thermal value uf’“ =2.84 for **Pu using normalization
procedure by Malinovski[50]. Numbers of prompt fission neutrons v, for
neutron-induced fission of *7Pu and *Pu were taken from svstematics[52]
and are 2.86 and 2.83. respectively. The systematics by Howerton[51]. used
in JENDL-3 and ENDF/B-6 evaluations gives steep increase of v/, with exdi-
tation encrgy (fig. 6.1). In present approach we assume that below emissive
fission threshold energy dependence of munber of neutrons per fission on
the exeitation energy has a slope dv,/dE =0.14 MeV™!. When calculating
excitation energies E of emerging muclel we took into account binding and
average kinetic energies of pre-fission neutrons. The comparison of v, (E).
calculated with fixed parameters, with JENDL-3 and ENDF /B-VT evalua-
tions is shown in fig. 6.1. The adopted slope of dv, /dE = 0.14 is considerably
lower than that of Howerton svstematios[51] prediction. adopted in JENDL-
3 and ENDF /B-VI. However. it is consistent with di,/dE for neighboring
nuclei. Our calculations predict non-linear shape of 17,( E) above emissive
fission threshold. The influence of pre-equilibrium pre-fission neutrons man-
ifests as additional appreciable decrease of dy,/dE above 12 MeV,

The delaved munber of neutrons per fission 174 is taken from svstematies
by Tuttle[53]. Speeifically, 17, = 0.0047 for incident neutron energies up to 6
MeV oand vy = 0.0032 for £, - 8MeV. Both values are linecarly connected
between 6 and 8 MeV. The decay constants for six groups of delaved neutrons
are taken from Brady et al.[54]



7 Angular distributions of secondary neutrons

The angular distributions of elastically scattered neutrons and those for neu-
trons, scattered on four levels of ground state band are calculated with the
coupled channel method. The isotropic compound scattering contribution
is taken into account by renormalizing I-th Legendre polynomial coefficients
Af€. calculated with coupled channels:

A= A?”dir/(”dir""”rmnp)*

where 74, and 0., are the scattering cross section direct and compound
contributions. respectively. For the other cuntributing reactions angular
distributions of secondary neutrons are assumed isotropic.

8 Conclusions

The evaluated neutron data file for 2*Pu is compiled in ENDF/B-VI format
and sent to the International Science and Technology Center (Moscow) and
Japan Nuclear Data Center at Japan Atomic Energy Research Institute.

The scarcity of experimental data coupled with possibility of some new
data becoming available may urge some revision of data file. Present version
of P8Pu data file mayv be revised before March of 1998, the expiration date
of Project CIS-03-95.
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Figure captions

. 2.1 Fission cross section of 2**Pu in the energy region below 600 eV.
2.2 Total cross section of 28Pu in the energy region 100-150 eV.

2.3 Total cross section of 28P1 in the energy region 100-150 eV.

2.4 Total cross section of 28Pu in the energy region 145-200 eV.

2.5 Total cross section of 2¥Pu in the encrgy region 100-150 eV,

2.6 Fission cross section of 2¥Pu in the energy region 105-145 eV,
2.7 Fission cross section of #¥Pu in the energy region 105-145 eV.
2.8 Fission cross section of #*®Pu in the cnergy region 105-145 eV.
2.9 Capture cross section of *Pu in the energy region 105-145 eV.
2.10 Fission cross section of %Py in the energy region 250-350 eV.
2.11 Fission cross section of ***Pu in the energy region 250-350 eV.
.12 Fission cross section of 2¥Pu in the energy region 250-350 eV.
.13 Capture cross section of 2#Pu in the energy region 250-350 eV.
.14 Distribution of capture widths.

3.1 Cumulative sum of neutron resonance levels of #*Pu

3.2 Cumulative sum of reduced neutron widths of **Pu

3.3 Distribution of reduced neutron widths for 2**Pw.

3.4 Neutron resonance spacing distribution for *Pu.

3.5 Fission cross section of ¥Pu in nnresolved resonance region.
3.6 Radiative capture cross section of ®*Pu in unresolved resonance region.
4.1 Compound reaction cross section of 2P

1.2 Total cross section of PP

4.3 Elastic scattering cross section of 2*Puw

4.4 Fission cross section of 2¥Pu.

2
>
-
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-

1.5 Fission cross section of 2¥Pu
1.6 Fission cross section of 2¥Pw
4.7 Fission cross section of 8P
. 4.8 Fission cross section of 7P

2. 4.9 Fission cross section of #*6Pu.
- 4.10 Fission cross section of %P,
- 1.11 Cumulative number of levels of 3P

N . . . 2
. 4.12 Inelastic scattering cross section of 2P

- 1.13 Contimunum inelastic scattering cross section of 2¥Pw
s 5

- 4.14 Cumulative number of levels of 9P

o

. 4.15 Cross section of ZPuw 0.04408 MeV, 27 level excitation.

g 4.16 Cross section of 2¥Pw 0.14596 MeV, 4% level excitation.



Fig. 4.17 Cross section of ¥*Puw: 0.3034 MeV, 67 level excitation.

Fig. 4.18 Cross section of #*Pw: 0.5134 MeV, 8% level excitation.

Fig. 4.19 Cross section of #*Pw 0.60518 MeV, 17 level excitation.

Fig. 4.20 Cross section of #*Pw: 0.66143 MeV, 37 level excitation.

Fig. 1.21 Radiative capture cross section of 2¥Pu.

Fig. 4.22 ¥%Pu(n.2n) reaction cross section.

Fig. 4.23 #**Pu(n.3n) reaction cross section.

Fig. 5.1 Components of first neutron spectrum of **Pu for incident neutron
energy 14 MeV.

Fig. 5.2 Components of second neutron spectrum of #**Pu for incident neu-
tron energy 14 MeV.

Fig. 5.3 Comparison of (n.n’~) reaction neutron spectra of 2*Pu for incident
neutron cnergy 8 MeV.

Fig. 5.4 Comparison of (n,2n) reaction neutron spectra of 2*Pu for incident
neutron energy 8 MeV.

Fig. 5.5 Comparison of (n.n'~) reaction neutron spectra of **Pu for incident
neutron cnergy 14 MeV

Fig. 5.6 Comparison of (n.2n} reaction neutron spectra of 2*Pu for incident
neutron energyv 14 MeV,

Fig. 5.7 Comparison of (n.3n) reaction neutron spectra of 2*Pu for incident
neutron energy 14 MeV.

Fig. 5.8 Thermal prompt fission neutron spectrum of 3P

Fig. 5.9 Calculated fission neutron spectra of ®*Pu ratio to JENDL-3 eval-
uation ( Thaww = 148 ).

Fig. 5.10 Fission neutron spectra of *Pu for incident neutron energy 6
MeV.

Fig. 5.11 Fission neutron spectra of 2*Pu for incident neutron energy 14
MoV

Fig. 5.12 Fission neutron spectra of **Pu for incident nentron energy 20
MoV,

Fig. 5.13 Fission neutron spectra of **Pu for incident neutron energy 15
Mol

Fig. 5.1 Prompt fission neutron multiplicity for 2P,
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