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1 Introduction

The advanced nuclear fuel cvcle studies request the nuclear data of minor
actinides [1]. The buildup of higher actinides in fast bLreeder reactors is
strongly affected by the neutron capture cruss section of 22Pu. In this work
the evaluation of 242Pu neutron data is performed. The quantities evalnated
are resolved and unresolved resonance parameters. total. elastic and inelastic
scattering,. fission. capture. (n.2n) and (n.3n) reaction cruss sections. angular
and energy distributions of secondary neutrons. including partial (n,xn) and
(n.xnf) reaction spectra. fission spectra and number of neutruns per fission.
The incident neutron energy range covered is from 10°% eV up to 20 MeV.
The evaluated quantities are compared with JENDL-3.2 [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 evaluation Breit-Wigner single-level parameters recommended
in BNL-325 [5] up to 986 eV are adopted. Negative and first 2.68-eV reso-
nance parameters are fitted to thermal total crouss section values by Young
and Reeder [6] and by Young and Simpson [7].

In JEF-2 evaluation resunance parameters of JENDL -2 are adopted. i.e.
neutron and capture width values up to 1290 eV calculated Ly Poortmans
et al.[8] and Auchampaugh and Bowman [9]. Fission resonance area val-
nes. vbtained by Auchampaugh and Bowman [9] and Bergen et al.[10] are
emploved. Negative resonance is intruoduced instead of smooth background
rruss section. as it was done in JENDL-2. Scattering radius value is used to
fit total cruss section data in resunance valleys.

In JENDL-3 evaluation basically resonance parameters by Poortmans et
al. [3] and Auchampaugh and Bowman [9] up to 1115 eV are adopted. fission
widths are ubtained by fitting fissiun resunance areas measured by Weigmann
et al. [11]. Thermal cross section values estimated by Mughabghab [12] were
fitted with two negative resunance parameters.

The purpuse of current resunance parameter evaluation is to extract the
resoulved resunance parameters iip to 1300 eV by cunsistent analysis of mea-
sured total and fissiun data base. As a first order approximation resunance
parameters by Poortmans et al. [8] were adopted.



2.2 Measured data fitting
221 Status of measured data

2.2.1.1 Total cross section data A number of total cross section mea-
surements are available. Auchampaugh et al.[13] have measured total cross
section in the energy range of 0.02-389 eV with time-of-flight method. The
uxide samples were used. Resonance shape and area analysis provides re-
duced neutron width I';, values. Total cross section was measured by Young
et al.[6] frum 0.0015 up to 150 eV for high purity oxide sample. They provide
resonance parameters I'2 and I'., below 150 eV. Total cross section data by
Young et al.[6. 7], as well as that by Auchampaugh et al.{13] exhibit strung
sensitivity to the sample. specifically the total cross section value. obtained
for oxide target [6. 7] is much higher than for metallic target (7]. How-
ever when the influence of powder scattering and water impurity is taken
intu account [7], the total and capture data [14, 15. 16. 17. 18] seem to be
compatible with the estimates of potential and elastic scattering [19].

Cote et al. [20] have measured the transmission and obtained the 2.65-
eV and 33.6-eV resonance parameters. The measurements were performed
for two sample thicknesses. so capture width I', of 2.65-eV resonance was
obtained.

Pattenden et al. [21] have measured transmission with time-of-flight
method below 850 eV. Resonance areas were obtained below 320 eV. a num-
ber of resonances have been detected, not seen by Auchampaugh et al.[13]
and Young and Reeder [6].

James al.[22] have measured total cross section in the energy range from
16 eV up to 35 keV with time-of-flight methud. Fission areas for 767-eV
and 799-eV resunances are estimated.

Auchampaugh and Bowman (9] have measured total cruss section in the
energyv range of 600 eV - 81 keV. Resunance parameters of strong fission
resonances up to 4 keV are estimated. The values of I',, and I, are extracted
by combined analysis of transmission and fission data [23].

Simpson et al. [24] have measured transmission for metallic samples from
153 eV up to 30 keV. resolved resvnance parameters are provided from 20 eV
up to 300 eV.

Hockenbury et al.[28) have investigated energy region of 205-383 eV using
metallic sample.

2.2.1.2 Fission data Bergen et al. [10] have measured fissiun cruss
section relative to that of 23U with the bomb-shot from 31 up to 5000 eV
and from 0.1 to 3 MeV. Fission resonance areas are provided up to 790 eV.
Bomb-shot measurement was made by Auchampaugh et al.[23] from 20 eV
up to 10 MeV. Fission resonance areas are provided for energy range of 370



eV - 1 keV. Fission resonance areas are reported for 49 resonances below 500
eV. Intermediate structure is observed with average spacing (D;;) = 600*132
eV.

Fission cross section was measured by Weigmann et al.[11] from 2 eV up
to 10 MeV. Neutrons were produced with 150-MeV electron linac of CBNM.
BSU sample was used as neutron flux monitor, to normalize fission data
below 25 keV fission integral of 22°U. measured by Wagemans et al.[29] was
used. The fission width values were obtained based on measured fission
resonance areas. Lower limits for the neutron width values of 468.4-eV and
762.4-eV strong fission resonances are given. Resonances of 2.68 eV and 53.5
eV are assumed to be of class I type. The other resonances are supposed to
belong to class II clusters of resonances. The approximate energies of class I1
states are provided, but only in case of 468.4-eV and 762.4-eV resonances the
major strength is concentrated on these resonances, otherwise the average
energy of fission resonance area is assumed to be class II state energy. The
resonances at still higher energies up to 70 keV are just individual class II
clusters, so only total class I fission areas are provided. Much less resunances
were observed by Weigmann et al.[11] below 10 keV than in the measurement
by Auchampaugh et al.[23], while more pronounced structure have been
revealed above 10 keV.

The characteristic features of the whole measured fission data base may
be summarized as follows. The bomb-shot measurement (10, 23| are inher-
ently very sensitive, while the energy resolution is poorer than that attain-
able with linacs [11]. Below a few keV incident neutron energy the sensitiv-
ity factor turns out to be more important than resolution. Weak resonances
observed in bomb-shot measurements remain undetected in measurements
with linac. However above ~10 keV incident neutron energy the opposite is
true. Fission areas as obtained in linac’ measurements tend to be sumewhat
higher than those of bomb-shot measurement [23]. Unfortunately it is diffi-
cult to find a way to renormalize lower energy data of ref. [10. 23] to more
accurate data by Weigmann et al. [11].

2.2.1.3 Capture cross section data Capture cruss section was mea-
sured with activation method by Studier et al. [14] . Butler et al.[13].
Durham et al. [16], Halperin et al.[17] and Folger et al. [18]. The eval-
uated data are based on capture and total data and coherent scattering
length obtained by Lander et al. [19].

2.2.2 Energy region below 200 eV

The first resonance occurs at 2.66 eV. To fit the data at lower energies the
first resonance parameters, available thermal total and capture cross sections
as well as coherent scattering length [19] were used. The total data by
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Young et al. [6, 7] at higher energies were also of relevance. First resonance
parameters fit the total data base, however only increasing reduced neutron
width value we can get a better fit of thermal cross section values (see Fig.
2.1). To avoid this increase we introduced single negative resonance at E,=
- 70 eV. First resonance parameters influence only weakly on thermal cross
section values, hence measured total data by Young and Reeder [7] and
Auchampaugh et al.{13] discrepancy around 2.66-eV resonance peak is of nu
consequences for the thermal total cross section value (see Fig. 2.2).

Total cross section measurements listed above provide basically only neu-
tron width values. Most comprehensive measurements by Poortmans et al.[8]
of total, capture and elastic scattering cross sections up to 1300 eV for oxide
sample provide I'? values for 71 resonances and I', values for 25 resonances.

Radiative capture width I', values obtained by Poortmans et al.[8] for
25 resonances in the energy range 50 -950 eV were adopted. For the other
resonances the average value of I', =22.72 meV was assumed. Fission width
values were obtained by fission data fitting. Reference fission data were that
by Bergen et al.[10] and Auchampaugh et al.[23]. Fission widths of negative.
14.6-eV, 22.56-eV and 40.93-eV resonances were assumed to be equal to
0.002 meV. Resonance energies as deduced from capture measurements by
Poortmans et al. [8] were adopted.

Fission data by Bergen et al.[10] were used up to 200.13 eV. except low
energy resonances measured by Weigmann et al.[11]. Fission area of 53.5-eV
resonance obtained by Weigmann et al.[11] is ~20 lower than that obtained
by Bergen et al.[10]. Resonance fission areas measured by Weigmann et
al.[11] were used to extract fission width values of 2.66-eV and 53.5-eV res-
vnances for adopted I'? and I', values. Parameters of higher resonances (up
to 163.3 eV) were obtained by shape analysis of data by Bergen et al.[10].

2.2.3 Energy region 200 + 1300 eV

Abouve 200 eV fission width values were extracted by shape analysis of data
by Auchampaugh et al.[23]. Values of reduced neutron width I'; and radia-
tive width I, were fixed in the same manner as at lower energies. Figures
2.3, 2.4 show the comparison of fission cross section. calculated with present
resunance parameters with measured data. Table 2.1 shows the comparison
of fission areas as obtained by Bergen et al.[10]. Auchampaugh et al.[23} and
Weigmann et al.[11]. In some cases (see for instance 788.53-eV resonance on
Fig. 2.14). the discrepancy of calculated and quoted measured data is due to
discrepancies in resonance valleys. There is almost a systematic difference
between fission data by Bergen et al.[10] and Auchampaugh et al.[23], the
former being essentially higher. In any case it is hardly possible to interpret
high level of non-resonance background in measured data..

Above 980 eV neutron width I'? values obtained by Poortmans et al. [8]
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were adopted. while the average value of capture width I, = 22.72 meV was
assumed. Five resonances at 996.9 eV, 1158 eV, 1231.6 eV. 1239.8 eV. 1304
eV are added to improve fit of fission data by Auchampaugh et al.[23].

Table 2.1

E,, eV | A, [10] Af[23] Af[11] A 3] 1 Af, 4| Af. [2] | Af. Present
474.6 0.14+0.03 | 0.12+0.06 0.032 | 0.104 | 0.136
482.3 | 2.83+0.24 | 1.29+0.22 | 1.70+0.20 2.826 | 1.664 | 1.069
536.2 | 1.12+0.09 | 0.46+0.09 | 0.27+0.10 1.113 | 0.271 | 0.334
548.3 | 1.0840.11 | 0.53+0.08 | 0.44+0.10 1.079 | 0.429 | 0.429
669.2 0.23+0.07 | 0.12+0.09 | 0.239 | 0.197 | 0.109 | 0.1221
692.9 | 2.16+0.22 | 0.90+0.16 | 0.85+0.14 | 1.009 | 1.502 | 0.866 | 0.338
736.6 | 4.231+0.50 | 2.70+0.39 | 2.08+0.21 | 2.756 [ 3.458 |2.023 | 2.073
754.8 6.96+0.80 | 7.27+0.43 | 7.512 | 12.510 | 7.284 | 4.149
761.7 22.97+2.57 | 28.71+1.39 | 15.236 | 19.216 | 28.179 | 13.848
788.5 | 7.34+1.27 | 4.85+0.58 | 6.16+0.36 | 4.644 |6.109 | 6.024 | 2.942
865.1 0.45+£0.10 | 0.27+£0.13 | 0.485 | 0.414 | 0.272 | 0.269
1304 0.23+0.04 | 0.32+0.12 0.005 | 0.165

2.2.4 Resonance parameter analysis

We have got 89 resonance parameters up to 1310 eV. The average resunance
parameters, thermal cross sections and resonance integrals are presented in
Table 2.2. Thermal cross sections. except fission one. and resonance integrals
are fairly consistent with previous evaluations.

Intermediate structure is evident in subthreshold fission cross section
data of 2*?Pu target nuclide. A large number of class II resonances are
observed below 70 keV incident neutron energy. It is a common assumption
that resonances above 53.5 eV exhibit intermediate structure due to second
minimum of double humped fission barrier. Fission width values of the
intermediate structure resonances and matrix elements for coupling of class
I and class II levels were studied by Weigmann et al. [11] and Auchampaugh
and Bowman [9]. Total width of class II resonance I';; = I'" + - is the sum
of class II fission width I'" and spreading width I'-. In a weak coupling limit.
when I';; is much less than neutron resonance spacing ([J;;) in second well.
class I fission width I';; are defined by equation

.__U_?’_“___[‘T p=1
(Eit— Ep)® ’

The averaged over class II states square of coupling matrix element v?,#

k. (1)

Lur=
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between class I state u in primary well and class II state E;; in the second
well is given as

v}, = (Tu(Ery — Ep))/T". (2)

This matrix element could be computed also using the penetrability of inner
(A) hump of fission barrier. Specifically,

m _ <D14i7<r?”> [1 + exp (27T(E.4 ;wljn - En))] " ‘ (3)

When inner fission barrier parameters are fixed by description of fission cruss
section data above ~100 keV up to emissive fission threshold (E 4= 6.03
MeV. hwy = 0.725 MeV, Eg= 5.45 MeV, hwpg = 0.52 MeV), using Eq.(3)
we get 5,7,: = 0.049 (eV)?, assuming that (D;;) = 1000 eV, D; = 12.903
eV. Estimate of class II resonance spacing (D;;) = 1000 eV was obtained
by Weigmann et al.[11]. Class II fission width ['" is just the sum of fission
widths of fine structure resonances of a given cluster £y :

F“ = Z Fuf- (-l»)
=0

An upper limit of class II fission width might be obtained as

M < [Z \/F;Lfrzn/rlln-J (5)

u#ll

Average class II fission width (I'") could be related to the outer fission barrier
penetrability as

o Dn) 2 (Ep — B, — Eq)\] ™
(') = e [1 + exp ( fon )} . (6)
We obtain I'"'= 1.04 eV for Eg= 5.45 MeV, while ['= 0.118 eV for Eg=
5.63 MeV. Inner barrier height Eg= 5.63 MeV allows to describe fission
cross section data by Auchampaugh et al. [23] below 100 keV. Below we
will comment that fission data above 100 keV and below 100 keV can not
be described without changing fission barrier parameters.

Established class II resonances are at 468.4 eV and 761.7 eV. 468.4-
eV resonance remained unobserved in total cross section measurements. it’s
neutron width I',, = 0.03 meV. an order of magnitude lower than that of
474.6-eV neighbor resonance, isolated by Poortmans et al.[8]. Using value
of Z'f—,;FT = 0.13 (eV)? for cluster around 468.4-eV resonance, obtained with
Eq.(2), estimate of I''= 0.21 eV was obtained by Weigmann et al. [11].
Present estimate of v};, = 0.049 (eV)? is rather sensitive to the inner barrier
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parameters, it yields [''= 2.65 eV. In other words estimates of ' based on
Egs.(2-3) might produce inconsistent results. For 761.7-eV resonance present
neutron width value I', = 5.96 meV is compatible with estimate of I',, = 3.1
meV by Weigmann et al. [11], being higher than estimate of 3.3+1.5 meV
by Poortmans et al.[8]. mf" = 0.76 (eV)? for cluster around 761.7-eV
resonance, relevant estimate of I'" < 0.56 eV was obtained by Weigmann et
al. [11] using Eq.(5). Estimate of (I'") ~ 0.5 MeV was obtained taking intu
account Porter-Thomas fluctuations. which is roughly compatible with our
estimate of (') as given by outer fission barrier estimate Eg= 5.45+35.63
MeV. Summarizing, it might be concluded. that fission widths are roughly
compatible with fission barrier parameters estimated by statistical model fit.

Table 2.2

ENDF/B-VI | JENDL-3 JEF-2 Present
T°) . meV | 1.5983 1.4200 1.3749 1.6316
(T,), meV | 1.2680 5.4920 2.9812 0.4947
(T,Y , meV | 23.278 24.124 24.191 22.720
(D), eV | 15.640 17.2593 20.0729 15.6136
S, 1.03714x10-% | 8.32315%10°° | 6.92174= 107 | 1.05687x 10
o, . barn | 26.888 27111 26.819 26.900
0, ,barn | 19.158 18.789 18.504 19.034
o, barn | 1.0423x10° 7 | 2.5567x 103 | 1.4483x10 2 | 1.9657x10
o, .barn | 7.7290 8.3198 8.3005 7 8636
g 1.01323 1.01322 1.01399 1.01370
g 1.00388 1.00920 1.01247 1.01271
1, . barn | 1273.62 1131.23 1117.05 1123.70
I, . barn | 5.5686 5.5768 6.3010 5.5270

The thermal total gy, fission o, capture 0., and scattering o, cross sec-
tions, g,—, and gy —factors, as well as resonance integrals /y and I, values are
calculated with a code INTER([25]. In case of JENDL-3 and present evalua-
tions 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

Unresolved resonance region of ?*?Pu is supposed to be from 1.3 keV up
to 44.7256 keV. The lower energy is the end-point of resolved resonance
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region, the upper energy is the threshold energy of the first excited level.
We suppose s—. p— and d—wave neutron-nucleus 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 S,,.

Preliminary estimates of average partial widths were obtained by averaging
evaluated resolved resonance parameters. Figure 3.1 demonstrates the cu-
mulative sum of resolved resonance levels. Missing of levels above ~600 eV
might be noticed. The average resvlved resonance parameters are as follows:

(T°) = 1.407x 1074 (eV)!/2
(T}) = 0.4947 meV
(Dops) = 14.96 eV
(T,) = 22.72 meV

Fission width value (I'y) = 0.4947 meV was averaged over energy range of 1
keV, which is compatible with estimate of spacing of class Il resonances (D)
~1 keV in second well, estimated by Weigmann et al.[11}. This value of (I';)
strongly depends on fission width of 761.7-eV resonance, strongest in cluster
centered on it. On the other hand fission width I of this 761.7-eV resonance
depends on estimate of it’s neutron width I',. Adopting estimate of I',,=
3.3 meV by Poortmans et al.[8], as compared with our estimate of I',,=
5.96 meV might yield three times higher estimate of (I'y). Due tu missing
of weak resonances values of (I'®) and (D,,) may uverestimate neutron
resonance spacing and average reduced neutron width. To get a physically
justified values of {D,,) and (I'?) we employ a method. which is described
elsewhere [26]. Both reduced neutron width and neutron resonance spacing
distributions with account, of missing are ubtained in a unified approach. We
take intu account the correlation of weak resonance missing and resonance
missing due to poor experimental resolution. The resolution function as well
as {Dops) and (%) values are obtained by maximum likelihood method when
comparing experimental distributions of reduced neutron width and neutron
resonance spacing with Porter-Thomas and Wigner distributions, modified
for resonance missing.

3.2.2 Evaluation of (Dg,), S,, (I',) and (') based on the resolved resonance
parameters.

We applied our method [26] to the resolved resonance data base. The eval-
uated values are:
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S, = (0.93140.150)x 1074 (eV)!/?
(Dobs) =(12.903 £+ 0.72) eV

Figure 3.2 shows the cumulative sum of reduced neutron widths. Figure 3.3
shows the comparison of expected and experimental reduced neutron width
distributions. Figure 3.4 shows the comparison of distributions for neutron
resonance spacing. The expected distributions shown on the figures 3.3 and
3.4 demonstrate the influence of resonance missing. Figures 3.5 and 3.6
present the ratios of the theoretical and experimental distribution quantiles.
Figure 3.5 shows that there is surplus of small neutron widths (~ 4% of
total resonance number). Probability for the resolved resonance to be p-
wave resonance,. estimated based on Porter-Thomas distribution of reduced
p-wave neutron width '} with 5 =2.59x107* (eV)!/2. (Dy/y_) =12.9 V.
(D3/2-) = 6.7 eV, yields that three resonances at most could be assigned as
p-wave. Fitting of experimental reduced neutron widths distribution with
Porter-Thomas distribution (see Fig.3.7) gives the same result. Surplus of
small neutron widths lies within statistics AN = 2/N ~ 20, so there is
no need to assign any resonances below 1300 eV as p—wave. It might be
concluded that expected distributions are consistent with experimental data
within statistical errors. That is the reason to consider the estimates of
{Dops) and S, 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
(TV) = SDHEY?P,

where P, is the transmission factor for the lth partial wave, which was cal-
culated within black nucleus model. The p-wave neutron strength func-
tion S = 2.59x107* (eV)~ "2 was calculated with the optical model us-
ing the deformed optical potential described below. According to the re-
sults of uptical model calculations S, was assumed to decrease linearly from
5,=0.931x10"* (eV)~ V2 to the value of 5,=0.883x107*(eV)~!/2 for neutron
energy of 44.7256 keV. The d-wave neutron strength function was taken
from optical model calculations: S; = 1.17x107* (eV) V2. Since d-wave
contribution is rather small, the impact of any reasonable approximation on
calculated values is negligible.
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3.3.2 Neutron resonance spacing

Neutron resonance spacing (D) was calculated with the phenomenological
model [27], which takes into account the shell, pairing and collective effects.
The main parameter of the model @ was normalized to the observed neutron
resonance spacing of 242Pu (D) = 12.903 eV.

3.3.3 Fission width

Fission widths are calculated 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. One must realize
that due to the second well impact on fission width distribution, which can
not be taken into account within ENDF /B format, fission widths values fit-
ting measured fission data might be lower than actual fission width values.

3.3.4 Radiative éapture width

Energy and angular momentum dependences of radiative capture width are
calculated within a two-cascade y—emission model with allowance for the
(n,¥f) and (n,yn’) reaction competition to the (n,yy) reaction. In this en-
ergy region (n,yy) reaction appears to be a radiative capture reaction. The
radiative capture width was normalized to the value of (I',) = 22.72 meV
determined for ?*2Pu in resolved resonance region. (For details see Chapter

V).

3.4 Cross section evaluation in the region 1.3-44.7256 keV
3.4.1 Total section energy dependence

Total cross section data by Young and Reeder(6] below 7 keV can be used
only for checking present S, and S, strength function values ( see Fig. 3.8),
as the latter and potential radii, which was adopted from optical calculations
define total cross section in a few keV energy region.

3.4.2 Fitting of fission cross section structure

Fission cross section of **?Pu in unresolved energy region is measured in
bomb-short experiment by Auchampaugh et al.[23] and Bergen et al.[10].
Data by Bergen et al.[10] are almost order of magnitude higher than data
by Auchampaugh et al.[23] in the energy range 0.2- 6 keV, while they are
compatible around 0.5 keV and above 100 keV (see Fig. 3.9).

Fission cross section calculations with the adopted fission barrier param-
eters, giving (F}/2+) = 0.36 meV at incident neutron energy of 1.3 keV,
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reproduce data by Bergen et al.[10] below ~6 keV and fit measured data
above 100 keV. Nevertheless we decided to reproduce data by Aucham-
paugh et al.[23], specifically intermediate structure, supported by data Ly
Weigmann et al.[11]. However, it is hardly possible to fit that low fission
cross section data below ~100 keV and measured data base at higher energies
simultaneously, without changing fission barrier parameters (see Chapter IV
for details). To reproduce suthreshold data by Auchampaugh et al.[23] we
increased outer fission barrier height by ~ 0.2 MeV and excluded K™ =
1/2" transition state from adopted scheme (see Table 4.1), to suppress fis-
sion channel for p— neutrons. Energy dependence of fission width with
such barrier parameters ((F}/2+)=0.15 meV, (F}/z_)=0.12 meV, (Fi/2+)=
0.12 meV for incident neutron energy 1.3 keV) allows to describe data by
Auchampaugh et al.[23]. Intermediate structure in fission cross section was
fitted with s—neutron fission width (F}/ 2%y value, which fluctuates rather
strongly.

3.4.3 Capture cross section energy dependence

Capture cross section of 242Pu was measured by Hockenbery et al. [28] and
Wisshak et al.[30, 31] at incident neutron energy range of 6 - 250 keV. These
data are consistent within errors (see Fig. 3.10). Calculated capture cross
section exhibits low if any sensitivity to subthreshold fission cross section in
the unresolved energy region, instead it is determined by neutron strength
functions S, and S;. Absolute values of average capture width (I',} and
neutron resonance spacing (D) were fixed by resolved resonance parameter
analysis. Description of measured capture cross section data is shown on
Fig.3.10, adopted values of S,, S}, (I'y) and (D,) maintain acceptable data
fit.

3.4.4 Comparison of current and JENDL-3 and ENDF/B-VI evaluated data

Present evaluated fission cross sections is close to those of ENDF/B-VI
JENDL-3 and JEF-2, figure 3.9 gives the comparison of evaluated fission
cross sections. Below 2 keV present estimate is rather low as compared
with previous evaluations of JENDL-3 and JEF-2. That trend is supported
by data by Weigmann et al.[11], which demonstrate a valley between two
strong clusters of fission resonances centered at 761.7 eV and 1.837 keV.
It is consistent also with average data by Auchampaugh et al.[23], while
cluster isolated at 1.378 keV is too weak to maintain fission cross section
rise. Next two clusters present in JENDL-3 and JEF-2 evaluation are at
3.5 keV and 4.7 keV. Weigmann et al.[11] had revealed three closely spaced
clusters in this energy region at 3.54 keV, 3.68 keV and 4.9 keV. There
is some inconsistency of relevant fission resonance area values defined by
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Weigmann et .al.[11] and Auchampaugh et al.[23]. We represent fission cross
section here with one broad cluster. We also added two rather deep valleys
around 19.75 keV and 37.5 keV, as they were observed by Auchampaugh et
al.[23]. They are consistent with fission areas, measured by Weigmann et
al.[11].

Present evaluated capture cross section . is compatible with that of
JENDL-3 at lower energy edge and is ~10% lower at higher boundary of un-
resolved resonance region. Evaluated capture cross section g, of ENDF/B-
VI is consistent with present evaluation above 10 keV and is ~15% lower
below 10 keV. Comparison of the evaluated 242Pu capture cross sections is
given on Fig 3.10. Evaluated fission and capture cross sections are compared
also in Table 3.1.

Table 3.1 Evaluated fission and capture cross sections

Energy, ar,b a.,b
keV present | J-3 | JEF-2 | B-VI | present | J-3 | JEF-2 | B-VI
1.3 0.0094 | 0.027 | 0.028 [ 0.011| 286 [290( 3.66 | 2.30
1.5 0.0072 | 0.022 | 0.023 [ 0.011| 261 |244 | 3.29 | 2.12
1.9 0.0366 | 0.023 | 0.029 [ 0.012| 225 |225| 2.77 | 1.88
2.25 0.0063 | 0.010 | 0.011 | 0.012 | 2.04 |223| 246 | 1.73
2.75 0.0051 | 0.009 | 0.009 | 0013 | 183 |1.84 214 | 158
3.25 0.0117 | 0.015| 0.016 {0.014 | 168 |1.81| 192 | 1.50
3.75 0.0157 { 0.015| 0.016 | 0.015{ 1.57 |193| 176 | 1.44
4.5 0.0141 | 0.011| 0.010 [ 0.017| 145 |1.75| 1.58 | 1.40
5.5 0.0045 | 0.007 | 0.007 { 0.018| 134 |148| 143 | 1.33
7.5 0.0045 | 0.004 | 0.005 [ 0.019| 1.18 |1.27| 1.24 | 1.22
9.5 0.0057 | 0.006 | 0.007 | 0.020( 1.08 |1.17| 114 | 1.15
13.0 0.0085 | 0.009 | 0.009 [ 0.011} 096 |105| 101 | 0.93
15.0 0.0070 | 0.010 | 0.010 [ 0.011| 091 |1.00| 095 | 0.88
20.0 0.0055 | 0.011 | 0.011 {0.011| 081 {088 0.84 | 0.77
27.5 0.0118 | 0.011 | 0.012 {0.012| 0.70 {076 | 0.71 | 0.67
32.5 0.0098 | 0.012 | 0.012 [ 0.012| 065 |0.70| 066 | 0.62
37.5 0.0082 | 0.013 | 0.013 {0.012| 060 |065| 062 | 0.58
10.0 0.0076 | 0.013 | 0.013 [ 0.012] 059 |0.62}| 060 | 0.56
44.7256 | 0.0132 | 0.013 | 0.013 | 0.012}| 0.36 |0.56 | 0.56 | 0.52

3.45 Drawbacks of ENDF/B-VI| format and associated inconsistencies in eval-
uated neutron cross sections

Within ENDF/B-VI format number of the degrees of freedom for fission

widths distributions must not exceed 4. while structure of transition states
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at fission barriers may lead to a greater number for some spin and parity
compound states. Intermediate structure of fission resonance widths due to
second well cannot be described within the format. This justifies using lower
fission width values.

4 Fast neutron cross sections

The measured neutron data in fast energy region, i.e. above ~44 keV are
available only for fission and capture cross sections. The detailed fission
cross section data are available up to 20 MeV, while capture data only up
to 200 keV. The available fission data fit would be used as constraint for
(n.n') and (n, ) reaction cross sections calculation. We reproduce also the
average resonance fission width within double-humped fission barrier model.
To fix fission channel parameters the systematic trends are used.

4.1 Optical potential

The deformed optical potential for n+24?Pu was employed. The starting
values for the potential parameters were those for n+*U interaction(32].
The isotopic dependences of real Vi and imaginary Wp, parts of the potential
were calculated using the optical potential parameter systematics [33]. We
modified the original potential geometry parameters(32] 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 233U, #39Pu,
25y, 22Th and 28U targets. Three levels of the ground state rotational
band (0%,2+,4%) are coupled. Energy dependence coefficients of real Vi and
imaginary Wp well parameters of the potential were slightly changed to fit
measured total data by Moore et al.[34]. Deformation parameters of the
potential Gy, B4 were adjusted to predict evaluated S, value The potential
parameters are as follows:

Vi = 46.23 — 0.24E. MeV.rp = 1.26 fm. ag = 0.615 fm
W, _| 361+0406E. MeV. E <10MeV.rp =124 fm.ap =05 fm
b= 7.63 MeV, E > 10 MeV
Vso = 6.2 MCV', rso = 1.12 f’n.aso = 0.47 an, 1.'}2 =0.194, 1’4 = 0.071

The s-. p-, and d-wave strength functions and potential scattering cross
section, calculated with this potential parameters in a coupled channel ap-
proach at incident neutron energy of 1.3 keV are:

S, = 0.932 x 10%(eV)/2 | R' =9.104 fm

and at 44.7256 keV are:
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S, = 0.883 x 10%(eV)'/? S) = 2.59 x 104(eV) /2 S = 1.17 x 10(eV)'!/?

The 2*2Pu reaction cross sections, calculated with present deformed oup-
tical potential, spherical optical potential, which is used above 3 MeV and
deformed optical potential by Lagrange [35] which is used below 3 MeV in
JENDL-3 evaluation, are compared on Fig. 4.1. Difference abuve ~12 MeV
would be manifested in inelastic scattering cross section and (n.3n) cross
section. Evaluated total cross sections appear to be rather similar up to 10
MeV (see Fig.4.2). At higher incident neutron energies evaluated curve of
ENDF /B-VI fits measured data by Moore et al.[34] basically due to adding
imaginary volume absorption term to coupled channel potential. We can not
fit this data with only imaginary surface absorption, while elastic scattering
cross sections are compared on Fig. 4.3.

4.2 Fission cross section
421 Status of the experimental data

Specifically there is only one fission cross section measurement by Behrens
et al.[36] covering almost whole energy region of interest. Behrens et al.[36]
have measured fission cross section ratio of 242Pu and **U from 0.1 to 30
MeV. Neutrons were produced with linac, time-of-flight technique (TOF)
was employed. Absolute values of fission cross section ratio of 242Pu and
25U were derived using measured with threshold method values of fission
cross section ratio of 22Pu and ?**Pu and fission cross section ratio of ®°Pu
and P*U by Carlson and Behrens [37].

Fission cross section ratio of 2¥2Pu and 23U was defined by Fomushkin et
al.[43] in the range of incident neutron energy from 0.45 MeV to 3.62 MeV.
They have used mica detectors, neutron were produced via T(p,n)*He reac-
tion. The sample weight was defined using T, , = 3.76 x10° years. renor-
malization of their results to new value of T, , =3.73x 10° years changes
original values only slightly. Data appear to be ~15% lower than data by
Behrens et al.[36] and Butler [38] up to ~1.5 MeV. which are compatible
with the latter data set.

The ratio of fission cross sections of 242Pu and 2*U was measured in the
energy range from 0.13 to 7.0 MeV by Kupriyanov et al.[39]. The energy
dependence of fission ratios was defined using ionization fission chambers.
neutrons were produced via "Li(p,n)"Be, T(p,n)He and D(d,n)*He. Ab-
solute values of fission cross section ratio of ?*?Pu and ?*U were derived
using measured with threshold method values of fission cross section ratio of
242py; and 2°Puy and fission cross section ratio of 2*Pu and 25U by Fursov
et al.[40]. There is some discrepancy with data by Behrens et al.[36] around
1 MeV.

2
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Fission cross section ratio of ?*2Pu and 2*U nuclides was measured by
Meadows [41] above 396 keV up to 9.9 MeV. Neutrons were produced via
"Li(p,n)"Be, T(p,n)*He and D(d,n)3He reactions. 24*Pu sample weight was
defined by low geometry a—counting. The agreement of this measurement
with data by Behrens et al.[36] is within errors.

Iwasaki et al.[42] have measured *?Pu and ®°U fission cross sections
ratio from 600 keV up to 7 MeV with TOF method. The influence of the
background due to a-particle pileup and spontaneous fission is reduced using
fast timing back-to-back fission chamber. Monoenergetic neutrons were pro-
duced via "Li(p,n) (0.6-1.4 MeV), T(p,n) (0.9-2.7 MeV) and D(d.n) (3.6-6.9
MeV) reactions. Total ratio errors are from 1.8 to 2.7%. There is a pro-
nounced discrepancy with data by Behrens et al. [36] above 6 MeV. which
might be due to energy scale calibration procedures in either experiment
with the mono-energetic or white source. Around 1 MeV there is a discrep-
ancy ~4% with data by Behrens et al. [36], while the data by Iwasaki et
al.[42] are compatible with data by Kupriyanov et al.[39).

Fission cross section ratio of 242Pu and ?**U was measured by Weigmann
et al.[11] from 2 eV up to 10 MeV. Neutrons were produced with 150-MeV
electron linac. Correction due to spontaneous fission of 242Pu nuclides was
determined. Cross section values for 24?Pu given for rather broad energy
intervals seem to be systematically higher than other data in the first plateau
region.

Fission cross section was measured at 14.5 MeV by Fomushkin et al.[43].
When renormalized to recent values of 238U fission cross section, the resulting
value appears to be too low as compared with other data.

Meadows [44] measured fission cross section ratio of 22Pu and U at an
average neutron energy 14.74 MeV. Neutrons were produced via T(d,n)*He
reaction. Sample weight was defined by low geometry a—counting. The
ratio value is well compatible with data by Behrens et al. [36].

Fission cross section around 14.7 MeV was measured by Kovalenko et
al. [46], Arlt et al. [47] with time correlated associated particle method
(TCAMP). The highest value is predicted by Arlt et al. [47], however co-
variation analysis of TCAMP data [46] for to B5U. B3C, 287, 27Np, B9pPy
242Py target nuclides yields lower value of absolute fission cross section.

In summary, some discrepancy exists between TCAMP and TOF mea-
surements by Kovalenko et al. [46] and Behrens et al. [36], respectively. at
14.7 MeV. Below emissive fission threshold data by Kuprijanov et al.[?] and
Meadows [41] are quite compatible. The data by Iwasaki et al. [42] are also
compatible with them, while the data by Behrens et al. [36] are somewhat
lower than previous data sets.
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4.2.2 Statistical model calculation of fission cross section

The most peculiar feature of data base is the irregularity around 1 MeV. i.e.
above fission threshold, evident as a step-like structure in data by Kuprijanov
et al.[39] and Meadows [41] and resonance-like shape in data by Behrens et,
al. [36]. We choose to fit data by Kuprijanov et al.[39] above 100 keV. An-
other feature is a decreasing trend of data above ~2 MeV incident neutron
energies. Step-like structure of the same kind is evident in 2*Pu and **°Pu
neutron-induced fission cross section [48, 49). Both features could be repro-
duced 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 243Pu fissioning nuclide and even-even 2*?Pu residual nuclide.
Below 100 keV there is a systematic discrepancy of bomb-shot experiment
data by Auchampaugh et al.[23] and Bergen et al.[10]. Calculated curve is
compatible with the latter data below 6 keV, if calculated with fission bar-
rier parameters fitted to the cross section shape above 100 keV and up to
emissive fission threshold. Data by Auchampaugh et al.[23], which seem to
be rather low could be described by increase of inner barrier height AE, ~
0.2 MeV. 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 fis-
sion cross section was accomplished within the double-humped fission barrier
model. The approach employed in code STAT is described in more details
elsewhere {50, 51]. The procedure of calculating fission transmission coeffi-
cients is briefly described below.

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

Different behavior of level densities of even-even and even-odd nuclei at
low excitation energies should be taken into account. The une-quasiparticle
neutron states of even-odd 22Pu fissioning nuclide. lying below the three-
quasiparticle states excitation threshold define the shape of 242Pu(n,f) fission
cross section below incident neutron energy of ~1.7 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 levels
comprise the discrete transition spectra at both saddles. We construct the
discrete transition spectra up to 100 keV, using basically one-quasiparticle
states of Bolsterli et al. [52] (see Table 4.1). However to describe very
low subthreshold fission cross section we assumed lowest barrier with K™ =
3/2” and abandoned rotational band K™ = 1/2*%, to suppress fission chan-
nel of s—wave neutrons. At higher excitation energies the continuous level
densities are used.
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The discrete transition spectra, as well as continuous level contribution
to the fission transmission coefficient are dependent upon the order of sym-
metry for 23Pu fissioning nucleus at inner and outer saddles. Due to the
axial asymmetry at the inner saddle [53] we additionally assume (2J + 1) ro-
tational levels for each J value. The negative parity bands K™ = 1/2-.3/2",
5/27 ... at outer saddle are assumed to be degenerate with positive parity
bands due to mass asymmetry [53]. With transition state spectra thus de-
fined (see Table 4.1) the fission barrier parameters are obtained (see table
4.2). The fission width ' }/ 2+ = 0.359 meV calculated at incident neutron
energy of 1.3 keV is lower than 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 2*¢U in the 2*U(n,f)
reaction [50]. 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 [48, 49]. We will model the discrete few-quasiparticle excitation
effects 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) = T;'exp((I/ — 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 [27], 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 2#*Pu is assumed to be
the same, as that of 23Pu compound nuclide at stable deformations. Af-
ter that the effects of non-axiality and mass asymmetry are included. The
detailed procedure of calculating fission transmission coefficient is described
elsewhere [50, 51]. The respective parameters: shell correction at saddles
O6W, pairing correlation function A, quadrupole deformation £,and momen-
tum of inertia at zero temperature Fg//i? are given in Table 4.3.

The threshold energies for the excitations of few-quasiparticle states are
calculated within generalized pairing model [27] using closed-form equations
derived by Fu [54]. The procedure is described in more detail elsewhere
[55]. In case of even-odd nuclei the nuclear level density p(I7) up to the
three-quasiparticle excitation threshold depends on the excitation energy
only weakly, since the intrinsic state density is constant. In this excitation
energy region we will model the level density as p(U/) ~ T '(1 + 1.5(U —
0.5U3)) exp((Ay—U,)/Ty). The one- and three-quasiparticle states level den-
sity of even-odd fissioning nucleus 243Pu defines the fission cross section
shape at incident neutron energies below ~2.5 MeV (see Fig. 4.5). Above
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~2.5 MeV incident neutron energy fission cross section data were fitted (see
Fig. 4.5) by slight increase of pairing correlation function A. The parame-
ters used for calculation of residual nuclide 2#?Pu level density for neutron
emission competition are described below.

Table 4.1

Transition spectra band-heads of 2*3Pu

inner saddle outer saddle
K™ Eg~, MeV | K™ Egr, MeV
3/2 1 0.0 1/2* ] 0.0
5/2% | 0.08 1/2- 0.0
1/2- 1 0.05 3/2% | 0.08
3/210.0 3/2710.08

5/2* (0.0

5/2- 1 0.0

Table 4.2

Fission barrier parameters

Nucleus | Barrier | Barrier height, MeV | Curvature, MeV
8py inner 6.05 0.725
4py outer 5.45 0.52
M2py inner | 5.85 0.9
42py outer 5.05 0.6
241py, inner 6.15 0.7
Hlpy, outer 5.50 0.5
240py inner 6.05 1.0
240py outer 5.05 0.6
Table 4.3
Level density parameters of 243Pu fissioning nucleus and residual nucleus
242p,,
Parameter inner saddle | outer saddle | neutron channel
oW, MeV 2.5 0.6 -1.917
A, MeV Ao +0.13 Ao +013 Ao
€ 0.6 0.8 0.24
Fo/hz, MeV-! | 100 200 73
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Below incident neutron energy of 1.14 MeV the neutron cross sections
are calculated within Hauser-Feshbach approach with a width fluctuation
correction taken into account. For width fluctuation correction calculation
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 vf" = T{"/T{T s where T4T, is the maximum value of the fission
transmission coefficient Tf". Above incident neutron energy of 1.14 MeV
the Tepel et al. [56] approach is employed.

4.2.4 Fission cross section above emissive fission threshold

The first chance fission cross section of 242Pu(n,f) reaction above the emissive
fission threshold is fixed with the level density and fission barrier parame-
ters systematics [57] ( see Tables 4.2, 4.3) and secondary neutron spectra
parameterization (see Fig. 4.7). A consistent description of a complete set of
measured data on (n,f), (n,2n) and (n,3n) for 22U and 25U targets was ac-
complished with the secondary neutron spectra parameterization [57], which
is used here.

Fission barrier parameters of 242Pu are fixed by ?*!Pu(n.f) neutron-
induced fission data description. Figure 4.8 shows *!Pu(n,f) reaction mea-
sured data description. We modelled the fissioning even-even nuclide 242Pu
nuclear level density p(U) above the pairing gap up to the four-quasiparticle
excitation threshold as p(U) = p(U)/(1 + exp(U; — U + 6,)/6,). The two-
quasiparticle states level density of even-even fissioning nucleus 242Pu defines
the fission cross section shape at incident neutron energies ~ 0.5+2MeV (see
Fig. 4.8), the parameters U = 1.7 MeV, §; = 6, = 0.2 MeV are fixed U and
Pu fission data analysis.

Fission barrier parameters of ?*!Pu are fixed by 2*°Pu(n.f) neutron-
induced fission data description. Figure 4.9 shows the 2**Pu(n,f) reaction
measured data description [49]. Step-like irregularity evident above ~1 MeV
incident neutron energy is of the same nature as that in 2¥Pu(n.f) [48] and
242Py(n,f) reactions data.

Calculated fission cross section is rather different from previous evaluated
curves from 8 MeV up to 13 MeV (see Fig. 4.10). Calculated fission cross
section at ~15 MeV neutron energy appears to be consistent with absolute
fission cross section data by Kovalenko et al.[46], which are higher than
those by Behrens et al.[36] and Meadows [44]. Some discrepancy of the
calculated cross section with data by Behrens et al. [36] from 10 MeV up to
12 MeV could be avoided, however it seems unjustified viewing discrepancy
of measured data at higher energies.
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4.3 Inelastic scattering cross section

The inelastic scattering cross section is calculated with the statistical codes
STAT and STAPRE [58]. The discrete level excitation (compound and di-
rect), continuum excitation and pre-equilibrium emission contribute to the
inelastic scattering cross section.

431 Levels of 242Py

The low-lying levels of scheme of Nuclear Data Sheets [59] appears incom-
plete 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.e. the
missing of levels above ~1.14 MeV is ignored.

432 2%2Py level density

The continuum level density below excitation energy I/, = 3.6 MeV is cal-
culated with the constant temperature model

p(U) =T exp((U - U,)/T),

here, energy shift U = -0.01557 MeV, nuclear temperature T' = 0.37201 MeV
are the constant temperature model parameters. The cumulative number
of observed levels is compared with constant temperature approximation on
Fig.4.11. At higher excitation energies the phenomenological model [27] is
used. The main model parameter a for 2#2Pu residual nucleus is obtained
by fitting neutron resonance spacing of *'Pu nuclide [60].

The generalized pairing model provides the means of taking into account
the discrete character of few-quasiparticle excitations just above the pairing
gap. It was shown to be important in case of even-even residual nucleus ?#*Pu
in the 29Pu(n,2n) reaction [55]. We modelled the nuclear level density p(I/)
above the pairing gap U, up to the four-quasiparticle excitation threshold U,
as p(U) = p(Us—0.3)/(1 +exp(Us — U +61)/82). The two-quasiparticle states
level density of even-even residual nuclide 2*2Pu influences the fission cross
section shape at incident neutron energies above ~1.6 MeV, the parameters.
6, = 8, = 0.4 MeV values were extracted. Below pairing gap the collective
levels of Nuclear Data Sheets [59] were employed.

433 293Py level density

The level density of even-odd compound nuclide 2*3Pu 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 UJ. = 2.4 MeV is calculated with the constant temperature
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model, the constant temperature model parameters are: energy shift Uy =
-0.60585 MeV, nuclear temperature 7" = 0.35146 MeV. The cumulative num-
ber of observed levels is compared with constant temperature approximation
on Fig. 4.12. At higher excitation energies the phenomenological model [27]
is used. The main model parameter a for 2#*Pu residual nucleus is obtained
by fitting the evaluated neutron resonance spacing of 2*?Pu target nuclide
(Dops) = 12.903 eV.

4.3.4 Compound inelastic scattering

The residual nucleus 24?Pu level density modelling, adopted in present work
changes the inelastic scattering cross section below 5 MeV as compared
with ENDF/B-VI, JEF-2 and JENDL-3.2 evaluations. The most close to
our estimate is that of JEF-2 evaluation (see figs. 4.13 - 4.27). However
the discrepacies still remain in the range below 1 MeV and above 10 MeV.
Above ~10 MeV incident neutron energy the discrepancy is due to different
estimates of direct excitation of the ground state band levels. Above 1 MeV
incident neutron energy inelastic scattering to the continuum gives a major
contribution to the total inelastic scattering cross section (see Fig. 4.14).
Above 5 MeV incident neutron energy pre-equilibrium emission and direct
inelastic scattering are the two reaction mechanisms which define inelastic
scattering cross section (see Fig. 4.13). The pre-equilibrium model param-
eters were tested by the statistical model description of 22U+n interaction
secondary neutron spectra and consistent description of fission and (n.xn)
reaction data for major actinides [57].

4.3.5 Direct inelastic scattering

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

4.4 Radiative capture cross section

The radiative capture cross section is calculated within a statistical approach
up to 5 MeV. Radiative capture strength function equals S,o = 17.608. At
higher incident neutron energies we assume radiative capture cross section
to be 1 mbarn. The radiative capture width was calculated with (n,yf) and
(n.yn) reactions competition against "true” capture reaction (n,yy). Due to
high fission threshold for *Pu compound nuclide the competition of (n,yn’)
reaction is stronger than that of (n,yf) reaction. The influence of (n,yn’) and
(n,~f) reaction competition on radiative capture cross section is illustrated
on Fig.4.18 by sharp decrease of capture cross section above 1 MeV incident
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neutron energy, as compared with (n,yx) reaction cross section. Present
capture cross section shape and that of JENDL-3.2 are rather similar.

Table 4.4

Level scheme of 242Py
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4.5 Cross sections of (n,2n) and (n,3n) reactions

The current and JENDL-3 evaluated (n,2n) and (n.3n) cross sections are
drastically different. The magnitude of (n,2n) cross section below the (n,2nf)
reaction threshold is defined by (n,nf). (n,ny) and (n,2n) reaction competi-
tion. The present and JENDL-3 evaluated fission cruss sections are rather
different. as well as reaction cross sections above 10 MeV incident neutron
energy (see Fig. 4.1). To calculate the (n,2n) reaction cross section we use
an approach, developed for description of the 2¥U(n,2n) reaction cross sec-
tion [57]. The present and previous evaluations are compared in Fig. 4.19.
There is no hard-energy tail in (n,2n) reaction cross sections of previous
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evaluations. In case of (n,3n) reaction the difference in reaction cross sec-
tion above 11 MeV (see Fig. 4.1) contributes essentially to the discrepancy,
shown on Fig. 4.20.

5 Energy distributions of secondary neutrons

There is no measured data on secondary 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 [61] taking into account
fission and gamma emission 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-equilibrium
emission contribution is calculated with a parameter systematics tested in
case of n+2*U and n+2U interactions [57]. We have calculated the 1st, 2nd
and 3d neutron spectra for the (n,nvy), (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,ny), (n,2n) and (n,3n) reactions were obtained. To
clarify the competition of neutron, y-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,n7y), (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
1st and 2nd neutrons are normalized to unity. The partial neutron spectra
shown on figs. 5.1. 5.2 are normalized to the rontributions of appropriate
cross sections to the (n,nx) and (n,2nx) reaction cross sections, respectively.

The inclusion of pre-equilibrium emission changes significantly the av-
erage 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,ny) reaction. Figures 5.3-5.7 demonstrate the dis-
crepancies of secondary neutron spectra in current. ENDF/B and JENDL-3
evaluations. One can see that current and JENDL-3 evaluated spectra are
in good agrement as JENDL-3 evaluation of (n,n’), (n,2n) and (n,3n) spec-
tra uses code Pegasus[62], that takes into account pre-equilibrium emission,
evaluated spectra of ENDF/B-VI are much softer.
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Table 5.1 Average energies of secondary neutron spectra

E, , average neutron energy, MeV

MeV (n, n") (n, 2n) (n, n’f) (n, 3n) (n, 2n’f)
pres. | B-VI | J -3 | pres. [ B-VI [J-3| pres. |pres. |J-3]| pres.

20 [ 039 | 0.66 | 0.33

80 [322| 112 | 244 | 0.54 | 0.68 | 0.60 1.04

14.0 | 953 | 148 | 937 | 2.20 | 1.14 | 1.84 | 2.75 | 0.66 | 0.68 0.64

200 | 155} 1.76 | 153 | 5.35 | 1.50 | 5.59 | 4.53 1.69 | 1.13 1.97

First neutron spectra of (n, n’f) reaction also becomes harder, that in-
fluences prompt fission neutron spectra. On the other hand. the spectra of
2nd and 3d neutrons become softer.

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 formula with
the parameters given in Table 5.2. Approach employed by Watt assumes
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, i.e.

N(E,En) = (2401 (E)Ni(E, En) + 7224 (@ s (E, Ev) + va( En) N2 (E, Ey)]
yomn [@;2,,,,(& Ev) + ®25,,(E. En) + vs(En)Ns(E. En)])/

(2L (En) + 224 (1 4+ vp(En)) + Z22L(2 + v(En))]

where 0,F, Onf, Onnis, Onans are the total and i-the chance fission cross
sections (i = 1.2,3); ®nnry, Bhoyn,. and &2, . are emitted neutron spectra:
for (n,nf) reaction, 1st and 2nd neutrons of (n,2nf) reaction, respectively;
v; and N; are multiplicity and prompt neutron spectra for the i-th fission-
ing nucleus. Prompt neutron multiplicities v; are described in Chapter 6.
Average neutron energy dependences of prompt neutron spectra for the i-th

fissioning nucleus N;(E, E,,) were calculated using assumption by Terrell [63)
E; = a+by/1+ v(E,)( for parameters see Table 5.2). The pre-equilibrium
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emission of the first neutron is included, the B}, .ns Spectra for the emissive
fission are calculated with Weisscopf-Ewing evaporation model [61].

Table 5.2

Parameters a and b of Terrel systematic and Watt spectrum Ej;.

Fissioning Eyi, a, b,
nucleus MeV MeV MeV
23py 0.749 0.75 0.645
M42py 0.749 0.75 0.645
Py 0.749 0.75 0.645

Table 5.3
Comparison of average fission spectra energies for different evaluations.
E,, Present | JENDL-3 | ENDF/B-VI

MeV | Average fission spectrum energy, MeV
Thermal | 2.014 2.0096 2.0055
2.0 2.059 2.096 2.0565
5.0 2.126 2.0096 2.1300
10.0 2121 2.0096 2.2440
15.0 2.259 2.0096 2.3490
20.0 2.454 2.0096 2.4495

For 242Pu fissioning nucleus average neutron energy E = 2.017 calculated
with the parameters from Table 5.2 within Terrell approximation [63], could
be compared with £ = 2.003+0.051 measured by Smith [64] ( for v" see
next Chapter). Figure 5.8 shows the comparison of calculated prompt fission
neutron spectra involving maxwellian and Watt spectrum with the same
average neutron energies. Maxwellian spectrum overestimates number of
emitted neutrons below 1MeV and above 6 MeV energy of emitted neutron.
Average energies of fission spectrum for thermal neutron predicted with the
adopted parameters are 2.014 MeV for 2Pu, 2.027 MeV for 242Pu and 2.017
MeV for 24!Puy fissioning nuclei. It is compatible with evaluated value 2.022
MeV of JENDL-3 for 2#3Pu, however the spectra shapes are significantly
different. 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 emission energies. Figures 5.10-5.12 show the partial
contributions of i-th chance fission to the total fission neutron spectrum at
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incident neutron energies of 6, 14 and 20 MeV. Figure 5.13 demonstrates
difference of our and ENDF/B and JENDL-3 evaluated spectra. Table 5.3
gives comparison of average neutron energies for our JENDL-3 and ENDFB-
VI evaluations.

Our estimate of average fission spectrum energy almost coincides with
ENDF/B-VI and is much higher than that of JENDL-3 at high neutron
incident energies. Both JENDL-3 and ENDF/B-VI evaluation use simple
maxwellian approximation for fission spectra, without taking into account
emission of pre-fission neutrons. Differences which may arise because of this
simplification are shown on Figs. 5.9 and 5.13.

6 Number of neutrons per fission

There are no experimental data on number of prompt fission neutrons v, for
2Py, Thermal value suggested by Malinovski et al.[65] for 242Pu neutron-
induced fission %" =2.87 is higher than vf* =2.74, predicted by Howerton
[66] systematics. Similar discrepancy occurs for ?*°Pu target nuclide. Ma-
linovski et al.[65] recommend »)" =2.92, while estimate by Howerton sys-
tematics [66] is y* =2.72. Estimate obtained by Manero et al.[67] based
on experimental data is V:,h =2.86. We assume that u,”," for even plutonium
targets is overestimated by Malinovski et al.[65] due to linear extrapola-
tion of v, from 1-15 MeV energy region down to thermal energy. Energy
dependence of v, above emissive fission threshold might be essentially non-
linear due to decrease of excitation energy by pre-equilibrium emission of
pre-fission neutrons. We adopted u:," =2.84 for 24?2Pu, following the tenden-
cies noticed for 24°Pu target nuclide. Number of prompt fission neutrons
yih =2.92 for **'Pu target nuclide, based on experimental data [65], while
Vit =2.86 for 2°Pu, as evaluated by Manero et al.[67]. The systematics by
Howerton[66] used in JENDL-3 and ENDF/B-6 gives too sharp increase of
vp(E') with energy. Present evaluation of v,(E) is based un assumption that
energy dependence of number of neutrons for first chance fission of 243Pu,
242py,, 2Py fissioning nuclides has a linear dependence on excitation en-
ergy, with the slopes of dv,/dE =0.142, 0.140, 0.145 MeV ™!, respectively.
The excitation energies of emerging nuclei took into account binding and
average energies of pre-fission neutrons. The comparison of v,(E), calcu-
lated with fixed parameters, with JENDL-3 and ENDF/B-VI evaluations is
shown in Fig. 6.1. The adopted slope of di,/dE = 0.142 is considerably
lower than that of systematics by Howerton [66), adopted in JENDL-3 and
ENDF/B-VI. However, it is consistent with dv,/dE for neighboring nuclei.
Our calculations predict non-linear shape of v,(E) above emissive fission
threshold. The influence of pre-equilibrium pre-fission neutrons manifests in
additional appreciable decrease of dv,/dE above 12 MeV.
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The delayed number of neutrons per fission v4 for 22Pu was measured by
Krick et al.[68]: v4 = 0.0162-0.005 for low neutron incident energies. Within
errors it is consistent with systematics by Tuttle et al.[69] predicting vy =
0.0208 for incident neutron energies up to 6 MeV and v; = 0.0142 for E,, >
8MeV. Value of vy estimated by Tuttle et al.[69] for E, > 8MeV virtually
coincides with measured value vy = 0.015 for 2*'Pu [70] for low energies. In
systematics by Tuttle et. al. [69] vy for 2?Pu for £, > 8 MeV, since this
nuclide emerges after pre-fission neutron emission in (n,nf) reaction. That
explains why values, derived using systematics by Tuttle[69] are adopted in
our evaluation. Values of v; between 6 and 8 MeV are obtained by linear
interpolation. The decay constants for six groups of delayed neutrons are
taken from Brady et al.[71] '

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 1-th Legendre polynomial coefficients
A, calculated with coupled channels:

Al = A;:cadir/(o'dir'*‘acomp)a

where 04, and 0.omp are the scattering cross section direct and compound
contributions, respectively. For the other contributing reactions angular
distributions of secondary neutrons are assumed isotropic.

8 Conclusions

The evaluated neutron data file for 242Pu is compiled in ENDF/B-VI format
and sent to the International Science and Technology Center (Moscow).
Japan Nuclear Data Center at Japan Atomic Energy Research Institute and
Nuclear Data Section of International Atomic Energy 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 22Pu data file may be revised before March of 1998, the expiration date
of Project CIS-03-95.

NEXT PAGE(S)
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Figure captions

2.1 Total cross section of 242Pu in the energy region below 2 eV.
2.2 Total cross section of 242Pu in the energy region 2.5-2.84 eV.
2.3 Fission cross section of 242Pu in the energy region 465 - 496 eV.
2.4 Fission cross section of 2#2Pu in the energy region 758- 795 eV.
3.1 Cumulative sum of neutron resonance levels of 42Pu

3.2 Cumulative sum of reduced neutron widths of 242Pu

3.3 Distribution of reduced neutron widths for 242Pu,

3.4 Neutron resonance spacing distribution for 242Pu.

3.5 Distribution of reduced neutron widths for 242Pu.

3.6 Neutron resonance spacing distribution for 242Pu.

3.7 Distribution of reduced neutron widths for 242Pu.

3.8 Total cross section of 2#?Pu in unresolved resonance region.

3.9 Fission cross section of 242Pu in unresolved resonance region.
3.10 Radiative capture cross section of 2#2Pu in unresolved resonance

4.1 Compound reaction cross section of 242Pu.

4.2 Total cross section of 242Pu.

4.3 Elastic scattering cross section of 242Pu.

4.4 Fission cross section of 242Pu.

4.5 Fission cross section of 242Pu.

4.6 Fission cross section of 242Pu.

4.7 Fission cross section of 242Pu.

4.8 Fission cross section of 24!Pu.

4.9 Fission cross section of 24°Pu.

4.10 Fission cross section of 242Pu.

4.11 Cumulative number of levels of 242Pu.

4.12 Cumulative number of levels of 23Pu.

4.13 Inelastic scattering cross section of 24?Pu.

4.14 Continuum inelastic scattering cross section of 242Pu.
4.15 Cross section of 22Pu: 0.04454 MeV, 2% level excitation.
4.16 Cross section of 2*2Pu: 0.1473 MeV. 41 level excitation.
4.17 Cross section of 2*2Pu: 0.3064 MeV, 67 level excitation.
4.18 Radiative capture cross section of 24?Pu.

4.19 2*2Pu(n,2n) reaction cross section.

4.20 22Pu(n,3n) reaction cross section.

5.1 Components of first neutron spectrum of 242Pu for incident neutron

energy 14 MeV.

Fig.

5.2 Components of second neutron spectrum of 2*?Pu for incident neu-
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tron energy 14 MeV.

Fig. 5.3 Comparison of (n,n'y) reaction neutron spectra of 22Pu for incident
neutron energy 8 MeV.

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

Fig. 5.5 Comparison of (n,n’y) reaction neutron spectra of 242Pu for incident
neutron energy 14 MeV.

Fig. 5.6 Comparison of (n,2n) reaction neutron spectra of 2#2Pu for incident
neutron energy 14 MeV.

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

Fig. 5.8 Prompt fission neutron spectrum of 242Pu.

Fig. 5.9 Calculated fission neutron spectra of 22Pu ratio to Watt spectrum.
Fig. 5.10 Fission neutron spectra of 24?Pu for incident neutron energies 6
MeV.

Fig. 5.11 Fission neutron spectra of 242Pu for incident neutron energy 14
MeV.

Fig. 5.12 Fission neutron spectra of 2*2Pu for incident neutron energy 20
MeV.

Fig. 5.13 Prompt fission neutron spectra of 2*?Pu for incident neutron en-
ergy 15 MeV.

Fig. 6.1 Prompt fission neutron multiplicity for 24?Pu..
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