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Abstract

f 2?U measured data base is performed. Hauser-Feshbach-

Moldauer theory, coupled channel model and double-humped fission barrier model are
employed. Total, differential scattering, fission and (n,xn) data are consistently reproduced as
a major constraint for inelastic scattering cross section estimate. The direct excitation of
ground state and higher band levels is calculated within rigid rotator and soft (deformable)
rotator model, respectively. Prompt fission neutron spectra data are described. Average
resonance parameters are provided, which reproduce evaluated cross sections in the range of

10-150 keV.
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1 Introduction

Uranium-232 has a half-life of 69.9 years. It can be produced in uranium- and
uranium-thorium-fueled nuclear reactors by high-energy neutrons in (n,xn) re-
actions and in capture reactions after subsequent a— and (3-decay of residual
nuclei. Uranium-232 is a very hazardous waste itself due to hard y-emission of
its a- and (3- decay products. High a-activity of the 232U sample has hindered
extensive measurements of its neutron-induced reaction cross sections. Only one
total cross section measurement [1] and a few fission cross sections measurements
exist, which are rather discrepant with each other. Brief survey of the fission
data available [2, 3, 4, 5] reveals rather peculiar feature in the neutron-induced
fission cross section of 232U target nuclide. It undergoes a substantial thermal
neutron fission and exhibits a non-threshold behavior at low incident neutron
energies in contrast with the other even-even U isotopes. Since only one spin
state is excited by neutrons with incident energies up to ~200 eV, a Reich-Moore
resonance parameters, fitting total and fission data, could be provided. As was
demonstrate earlier [6], this behavior could be interpreted within a statistical
model, employed recently for the description of the neutron-induced fission cross
sections of actinide nuclei [7]. It turns out that fission data analysis maintains
almost the only constraint for 232U capture, neutron elastic and inelastic scatter-
ing and other cross section evaluation. This approach was validated recently in
case of simultaneous ?*®*U neutron data description [8].

2 Resolved resonance energy range

Here we will briefly review the status of resolved neutron resonance parameters
of 22U and provide a cross section parameterization of total, capture, elastic and
inelastic scattering cross sections in unresolved resonance energy range.

Resolved resonance region of ENDF/B-VI [9] data file extends up to 53 eV.
Resolved resonance parameters are adopted from BNL-325 [10], however resolved
resonance parameters are assumed to be single level Breit-Wigner parameters,
instead of Reich-Moore. Thermal capture and fission cross sections are equal to
72.7 barns and 77.2 barns and are compatible with BNL-325 estimates (73.1 £1.5
barns and 75.2 +4.7 barns, respectively).

Region of resolved resonances in JENDL-3.2 [11] extends up 200 eV. Para-
meters recommended in BNL-325 [10] also were adopted as a multilevel Breit-
Wigner parameters, discrepancies of calculated and measured fission data in the
valleys between resonances were compensated by adding background cross sec-
tion. Smooth cross section energy region starts at 200 eV.



Recently new data file became available [12], which accepted basically BNL-
325 [10] Reich-Moore parameters up to 194 eV. Initially two Reich-Moore pa-
rameter sets were available: the first one up to ~28 eV [1] and the second one
up to ~80 eV [2]. Main conclusion of these parameterization attempts is the
inadequacy of single fission channel Reich-Moore formalism for total and fission
data fitting. Mughabghab et al. [10] proposed a two fission channel Reich-Moore
parameter set to fit measured data up to 200 eV (see Table 1). We will compare
present and Wright et al. [12] calculated total and fission cross sections with
measured data taking into account only a temperature broadening for T=300°K.

Figures 1-12 demonstrate a comparison of calculated total and fission cross
sections with measured data. We demonstrate how Reich-Moore parameter set,
corresponding to two fission channels, proposed by Mughabghab et al. [10], could
be modified to improve total and fission data fit (see Table 1). Cross sections
calculated with one fission channel Reich-Moore parameter set by Auchampaugh
et al. [2] are also included. Total cross section data description at thermal point
of 0.00253 eV and below first resonance is shown on Fig. 1. Total, fission and
capture thermal cross sections [1, 13, 14] were fitted with negative resonance
parameters after obtaining proper description of total data by Simpson et al.
[1] and first fission resonance data by Auchampaugh et al. [2] (see Fig. 6). At
higher incident neutron energies measured total (see Figs. 2, 3 and 4) and fission
(see Figs. 7, 8,9, 11 and 12) data description much depends on the fission res-
onance interference. Basically resonance parameters recommended in BNL-325
[10] might be accepted, though much improved fission data description in the
valleys between resonances might be obtained changing the character of inter-
ference between resonances, i.e. the signs of fission resonance widths. Valley
between first and second positive resonances is somewhat overestimated using
the fission width signs recommended in BNL-325 [10]. However, the next valley,
that between second and third positive resonances is severely underestimated
with recommended set of resonance parameters of BNL-325 [10]. Including in-
strumental resolution one would not change the fission data fit with BNL-325 [10]
resonance parameters essentially. Actually, poor fit of the fission data between
these 12.67 and 20.85 resonances, instrumental resolution included, was one of
the main reasons to conclude that fission data by Auchampaugh et al. [2] cannot
be fitted with one channel Reich-Moore formula. Nonetheless, we see that two
fission channel parameter set of BNL-325 [10] leads to the more poor total (see
Fig. 3) and fission (see Fig. 8) data fit. One could take advantage of two-fission
channel Reich-Moore formalism to improve the fission data description between
resonances starting from the second positive 12.7-eV resonance. Changing the
sign of fission width of the third, 20.8-eV resonance, gives a constructive inter-
ference with the preceding 12.7-eV resonance and improves the description of
the valley between these resonances. To improve the description of the valley
between next two strong resonances of 27.6-eV and 34.2-eV, the interference of
34.2-eV resonance with 29.65-eV resonance of large fission width, should be con-
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structive. The latter resonance was introduced by Auchampaugh et al. [2] to fit
the asymmetric right shoulder of 27.60-eV resonance. For this the only option
is changing the sign of 34.2-eV resonance. Then this 34.2-eV resonance would
interfere constructively with the 40-eV resonance having large fission width, since
they would have different signs. However, to make these changes we should first
check what happens with higher energy resonances. The survey of the energy
region between 43.13-eV and 74.4-¢V resonances shows that the fission data [2]
description also could be much improved (see Fig. 9), the total data descrip-
tion also would be improved (see Fig. 4). To get a fair description of the valley
between 52.48-eV and 74.4-eV resonances, the interference of strong 74.4-eV reso-
nance with 52.48-eV resonance should be constructive. For this we have changed
the sign of fission width of 52.48-eVresonance from negative to positive. To get
fair description of the valley between 43.3-eV and 52.48-eV resonances we have
changed to opposite the signs of 40-, 43.13-, 47.61- and 52.48-eV resonances (see
Fig. 9), total data description also improved (see Fig. 4). In case of resonance
parameters of BNL-325 [10], strong 74.4-eV resonance interferes destructively
with 52.48-eV resonance, producing a strong dip at the left shoulder of the 52.48-
eV resonance, but constructively with neighboring 72.35-eV resonance. In other
words, constructive interference of 74.4-eV resonance both with 52.48-eV and
72.35-eV resonances much improves the data fit in the respective valleys. Figure
11 shows what would happen in case of changing the sign of 74.4-eV resonance in
the present combination shown in Table 1, so that it would interfere destructively
with both preceding 72.35-eV and 52.48-eV resonances.

Returning to the valley between 34.2-eV and strong 43.13-eV resonances (see
Fig. 12) we see that the interference of 34.2-eV and 40-eV resonances, after
changing the signs of 40-, 43.13-, 47.61- and 52.48-eV resonances, is again de-
structive, since they both have negative signs of fission widths. One should avoid
changing the sign of 40-eV resonance without changing the sign of 43.13-eV res-
onance to keep interference unaffected. We suppose that the sign of 43.13-eV
resonance fission width is fixed by fitting the higher resonance valleys. Changing
the sign of 40-eV resonance would improve the data description at the right slope
of the 34.2-eV resonance, but would produce a strong dip at the left shoulder
of 43.13-eV resonance (see Fig. 12). To compensate this deficiency, we would
add another 35-eV weak resonance with comparatively large fission width. Be-
ing assigned a positive sign it would interfere constructively both with 34.2- and
40-eV resonances. Adding a resonance with relatively small neutron and large
fission width is a routine procedure in fitting resonance shapes, to compensate
similar data fitting deficiencies, 24.75-eV and 29.65-eV resonances were added by
Auchampaugh et al. [2], we further decreased the neutron width value of the
29.65-eV resonance.



Table 1

Resonance parameters

N| E T, T/ | Ty | TpoJ10] [ Ty [10] [ Ty, [10]
1 -0.06 | 1.28E-4 | -0.05965 | 0.00 | 1.28E-4 | -.0311 0.00
2 [5.980 | 1.5B0-3 | 0.0250 | 0.00 | 1.5E0-3 | 0.025|  0.00
3 [ 12.70 | 7.00E-3 0.00 | 0.264 | 7.00E-3 | 0.00| 0.264
4120.80 | 1.90E-3 0.00 | -0.50 | 1.90E-3 | 0.00]  0.50
52375 | 55063 | -0.08| 0.00 ]| 55053 08| 0.00
6 | 24.75 | 5.00E-4 1.15 | 0.00 | 5.00E-4 115 0.00
72760 | 240683 | -0.15| 0.00]240E3| -0.15|  0.00
8 [29.65 | 2.50E-4 0.90 | 0.00]|850E4| 090] 0.00
93420 | 590B-4 | -0.36| 0.00]590E4| 036] 0.00
10 | 35.00 | 2.50E-4 | 0.675 | 0.00 | 2.50E-4 - -
11| 40.00 | 2.50E4 | -2.60| 0.00 | 2.50E-4 | 2.60| 0.00
12 [ 43.13 | 7.90E-3 | 0.178 | 0.00 | 7.90E-3 | -0.178 |  0.00
134761 | LOGE-3 | -0.34| 000|1.06E-3| 034] 0.00
14 | 52.48 | 2.00E-3 | 0.284| 0.00 | 2.00E-3 | -0.284 |  0.00
15 | 72.35 | 3.70E-4 | 0.938 | 0.05 | 3.70E-4 | 0938 | 0.0
16 | 7440 | 2.13E2 | -0518| 0.05|2.13E2| -0518| 0.0
17 | 81.50 | 2.70E-5 0.00 | 005]270E5| 000] 0.05
18 | 82.10 | 6.30E-6 0.8 | 0.00 | 6.30E-6 08| 0.0
19 [ 90.65 | 1L.40E-5 | -0.10| 0.00 | 1L.40E-5| -0.10| 0.00
20 [ 91.85 | 2.50E-5 | -0.05| 0.00]|2.50E-5| -0.05|  0.00
21 | 102.9 | 2.40E-3 | -0.15| 0.04|240E-3| -0.15] 0.04
22 [106.3 | 7.00B-3 |  -0.15 | -0.015 | 7.00E-3 | -0.15| -0.015
23 [107.3 | 3.60E-3 | -0.10| 0.00 | 3.60E-3 0.1 0.00
24 [ 112.8 | 3.80E-3 | 0.028 | 0.128 | 3.80E-3 | 0.028 | 0.128
25 | 118.0 | 1.90E-5 0.00 | 0.10| 1.90E-5|  0.00 0.1
26 | 1244 | 2.60E-3 | -0.05 | 0.015 | 2.60E-3 | -0.05| 0.015
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Table 1 (continued)
N[ & Tn| Ty | T2 Tno10] | T7010] | Tyl [10]
2711282 | 2.15E-2 | -0.40 | 0.00 | 2.15E-2 -0.40 0.00
28 | 131.5 | 1.90E-3 | -0.20 | -0.05 | 1.90E-3 -0.20 -0.05
29 | 141.7 | 2.24E-2 | -0.35 | 0.05 | 2.24E-2 -0.35 0.05
30 | 1494 | 2.20E-3 | -0.10 | -0.20 | 2.20E-3 -0.10 -0.20
31| 155.3 | 1.06E-2 | -0.975 | 0.025 | 1.06E-2 | -0.975 0.025
32 | 156.7 | 1.75E-3 0.00 | 0.084 | 1.75E-3 0.00 0.084
33 | 160.0 | 6.30E-6 0.00 | 0.20 | 6.30E-6 0.00 0.20
34 | 163.6 | 2.90E-4 0.75 | 0.05 | 2.90E-4 0.75 0.05
35 | 165.6 | 2.20E-4 1.90 | -0.10 | 2.20E-4 1.90 -0.10
36 | 168.0 | 7.80E-5 | 0.125 | 0.025 | 7.80E-5 0.125 0.025
37| 174.1 | 5.50E-3 | -1.47 | 0.025 | 5.50E-3 -1.47 0.025
38 | 185.6 | 2.53E-2 | -0.95 | -0.05 | 2.53E-2 -0.95 -0.05
39 | 188.0 | 2.40E-3 | -0.025 | 0.15 | 2.40E-3 | -0.025 0.15
40 | 197.3 | 1.00E-3 0.30 | 0.20 | 1.00E-3 0.30 0.20
411 202.0 | 2.03E-3 | -0.85| 0.05 | 2.03E-3 -0.85 0.05
42 1 206.5 | 4.20E-4 | -1.45| 0.05 | 4.20E-4 -1.45 0.05
431 210.5 | 1.50E-4 | -1.50 | 0.00 | 1.50E-4 -1.50 0.00
44 1 213.2 | 6.90E-3 | 0.475 | 0.025 | 6.90E-3 0.475 0.025

Capture and fission resonance integrals are compared with measured data in
Table 2. Present and evaluated by Wright et al. [12] capture and fission thermal
cross sections are compatible with measured data. Total resonance integral is
compatible with data measured by Simpson et al. [1], while the measured capture
resonance integral value by Halperin et al. [14] seems to be overestimated. In
summary, present Reich-Moore resonance parameter set (see Table 1) provides a
reasonable description of total and fission data up to 200 eV.

The resonance parameters accepted in data file of 232U, might provide a test
of neutron width and spacing distributions. We performed a resonance parame-
ter analysis based on maximum likelihood estimates both of mean level spacing
(Dj—o) and neutron strength function S, [16]. Cumulative sum of s—resonances
up to 200 eV is shown on Fig. 13, it seems resonance missing starts above ~50
eV. Proper account of missing of levels based on analysis of level spacing distrib-
ution and neutron width distribution gives estimate of average s—wave neutron
resonance spacing as 4.717 eV.

Cumulative sum of reduced neutron widths of s—resonances I'? is described
with strength function estimate of S, =1.17x10"* (see Fig. 14). The resolu-
tion function parameters as well as (I'?) and (D;—q) are obtained by maximum
likelihood method when comparing experimental distributions of reduced neu-
tron width and resonance spacing with Porter-Thomas and Wigner distributions,
modified for the resonance missing. The latter distributions will be called ex-
pected distributions. Figures 15 and 16 demonstrate the comparison of predicted
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level spacing D;—y and reduced neutron width I') distributions with present res-
onance parameter set. Quantiles on Fig. 15 show five equal probability intervals
(P(x < z92) = [p(z)dx =0.2) for level spacing distribution of s—wave reso-
nances D;—g. Expected distribution, which takes into account missing of weak
resonances and unresolved doublets, is not much different from Wigner distrib-
ution. This conclusion is supported by the reduced neutron width distribution.
Quantiles on Fig. 16 show five equal probability ( P(z < zg2 = [ p(z)dz =0.2)
intervals for I'? distribution. Figure 17 shows a comparison of cumulative Porter-
Thomas distribution of reduced neutron widths.

Table 2

Thermal cross sections and resonance integrals

N | Reaction | o | RI o | RI oth | RI
Present Wright et al. [12]

1 Total 163.45 - 162.77 - 168+17 [1]

2 | Elastic | 10.37 - 10.79 -

3 | Fission | 77.61 | 370.18 | 76.76 383.53 | 81£15[13]

4 | Capture | 7547 | 184.44 | 75.21 | 181.22 | 7844 [14] | 280+15 [14]

3 Unresolved resonance region

The unresolved resonance energy region of ENDF/B-VI [9] extends from 53 eV
up to 1 keV. Provided are energy independent average resonance parameters
(Di—o) =4.2528 eV, (T'w"/?) =5.463400x10~* (eV)~Y/2, (I,) = 0.045 eV, (I'y) =
0.6 eV for s—wave. In JENDL-3.2 [11] unresolved resonance region is missing. In
evaluated data file by Wright et al. [12] energy independent average resonance
parameters for s—wave resonances are provided from 194 eV up to 2 keV.

The assumed lower energy of unresolved resonance energy region in present
evaluation is the end-point of resolved resonance region, i.e. 200 eV, the upper
energy is 150 keV, the same as in our recent evaluations of U and 2*Th [8].
We suppose s—, p— and d—wave neutron-nucleus interactions to be effective.

3.1 Average resonance parameters

Average resonance parameters S, = 1.17+0.08x10™*, (D,_o)=4.717 eV, (T',) =40
meV are applied for the cross section calculation from 0.2 keV up to 150 keV.
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3.1.1 Neutron resonance spacing

Neutron resonance spacing (D ;) was calculated with the phenomenological model,
which takes into account the shell, pairing and collective effects. The main para-
meter of the model @ was normalized to the observed neutron resonance spacing

(Dj—g) = 4.717 eV.

3.1.2 Neutron width

Average neutron width is calculated as follows

() = SDy) B P, (1)

n

where P; is the transmission factor for the [—th partial wave, which was calculated
within black nucleus model, %/ is the number of degrees of freedom of Porter-
Thomas distribution (see Table 3). The p-wave neutron strength function S; =
2.15x10~* at 0.2 keV was calculated with the optical model, using the deformed
optical potential, described below.

3.1.3 Radiative capture width

Energy and angular momentum dependence of radiative capture width are cal-
culated within a two-cascade ~y-emission model with allowance for the (n,yn’)
and (n,yf) reactions competition to the (n,yy) reaction. The (n,y7y) reaction is
supposed to be a radiative capture reaction. The radiative capture width was
normalized to the value of (I',).

3.1.4 Neutron inelastic width

Average neutron inelastic width is calculated as follows

(0) = SDy)(En — E1)' 2 P(En — E, (2)

where !/

t7 is number of degrees of freedom of Porter-Thomas distribution (see
Table 3). For actual compound nucleus states, formed by s—, p— and d—wave

neutrons one obtains

(TOM2) = Sy(Dy o) (En — E))YV2Py(E — Ey) - 2, (3)

n/

bty = Si(D1j2)(E, — E1)?Pi(E, — Ey),

n/

(T52) = S|(Dyp)(En — E))YV2P(E, — Ey) - 2

n/
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(2% = Sy(Dyyo)(Ey — 1) + Sp(Ds)o) (B, — Ey) 2P, — By) -

n’ 2
(L2072 = Sy(Ds)a)(Ey — 1) + Sp(Ds o) (B, — Ey) P P(E, — By) - 2

n/

3.1.5 Fission width

Fission widths are calculated within a double-humped fission barrier model. En-
ergy and angular momentum dependence of fission width is defined by the tran-
sition state spectra at inner and outer barrier humps. We constructed transition
spectra by supposing the axiality of inner saddle and mass asymmetry at outer
saddle. Number of degrees of freedom Vﬁ;’ of Porter-Thomas distribution is de-
fined in see Table 3. They will be described below.

Table 3.

Number of degrees of freedom

LJ [ v va | v
012123
112 1] 1] 3
13/2] 1] 2| 4
23/21 1| 1| 4
25/21 1| 1| 4

3.2 Average cross sections in the region 0.2-150 keV
3.2.1 Total cross section

Total cross section was measured by Simpson et al. [1] up to 10 keV. Figure 18
shows the description of averaged measured total cross section data by Simpson
et al. [1]. Above 10 keV total cross section was estimated assuming a decreasing
trend of S, and S; strength function values as the latter and potential radii, which
was adopted from optical calculations, define total cross section up F,, =150 keV.
To reproduce total cross section, calculated with optical model, we assume S,
value linearly decreasing starting from 50 keV to 1.0x 104, while S; - to 1.8x10~*
at 150 keV (see Fig. 18). That is consistent with the results of coupled channel
optical model calculations. The d-wave neutron strength function was assumed
to be equal to Sy = 1.17x107*. In recent evaluation by Wright et al. [12] as
well as in that of JENDL-3.2 [11], potential scattering radius is R =0.98 fm, we
assumed R = 0.9608 fm.
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3.2.2 Fission cross section

Only 4 sets of the measured fission cross section data are available. In the lower
energy region, below 2 keV, the data of Auchampaugh et al. [2] measured with
linac are essentially higher than bomb-shot data of Farrel [3], covering the energy
range from 4 eV up to 21 keV. Though these data are discrepant, both show
unusually high fission cross sections, while the other even-even U isotopes exhibit
rather low subthreshold values in this energy region.

In the higher energy region, above ~100 keV, the data of Vorotnikov et al. [5]
are much discrepant with those by Fursov et al. [4], particularly as regards the
cross section shape below FE, ~1 MeV, both data sets were measured with Van
de Graaf accelerator. Considering the trends of the cross section shape, we rely
on the data by Auchampaugh et al. [2] and by Fursov et al. [4]. It is possible to
reconcile the data by Auchampaugh et al. [2] with data by Fursov et al. [4] using
statistical model calculation (see Fig. 19). Our estimate of fission cross section is
lower than ENDF/B-VI data file predicts below 3 keV, but higher than estimate
of JENDL-3.2 below ~20 keV.

3.2.3 Elastic scattering cross section

Elastic scattering cross section estimates seem to be very sensitive to the fission
cross section estimate. The discrepancy of present, ENDF /B-VI [9] and JENDL-
3.2 [11] estimates from ~1 keV and up to ~30 keV, shown on Fig. 20, appears to
be correlated with the difference of fission cross section estimates (see Fig. 19).

3.2.4 Inelastic scattering cross section

Calculated inelastic scattering cross section increases not that fast as in case of
238U target nuclide, it reaches ~0.35 b at 150 keV. Direct scattering contribution
seems to be rather important even at this low incident neutron energies, since
it comprises ~25% at 150 keV, this contribution is twice as large as in case of
238U+n interaction. Conventional ENDF /B processing codes (i.e. RECENT [17],
NJOY [18]) exemplify Hauser-Feshach-Moldauer formalism and do not take into
account direct scattering component of inelastic scattering. Total and capture
data could be described within Hauser-Feshach-Moldauer formalism, adopted in
these codes, while it fails in case of inelastic scattering cross section because of
appreciable direct scattering contribution. This discrepancy above ~100 keV
could be compensated by increasing inelastic neutron widths (I''J) for the chan-
nels giving major contributions to inelastic scattering. Figure 21 shows partial
contributions to the inelastic scattering coming from different (I, .J)-channels.
Major contribution, like in case of 23¥U+n interaction, comes from p—wave chan-
nels (I = 1,J = 1/2) and (I = 1,J = 3/2), the lowest comes from s—wave
channel (I = 0,J = 1/2), since only d—wave neutrons could excite 2% excited
level of 232U. The intermediate contribution comes from (I = 2,J = 3/2) and
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(I = 2,J = 5/2) entrance channels, since both s—wave and d—wave neutrons
contribute to exit channel. The direct contribution missing could be compen-
sated by linear increase of S; neutron strength function in the exit channels
from 1.65x10~% (eV)~/2 up to 3.0x107* (eV)~/2 at 150 keV. To keep capture
cross section unaffected we should increase capture widths in the same linear
manner, up to ~15% at 150 keV. Evaluated inelastic scattering cross sections of
JENDL-3.2 [11] and ENDF/B-VI [9] are much different from present calculation,
the latter being systematically higher, while the former has completely different
shape, steeply rising around a threshold energy, but almost flat up to 150 keV.

3.2.5 Capture cross section

We adopted s—wave radiative strength function S,y = 84.8x107* (T, = 40 meV
and (Dj;—¢) = 4.717 eV). The important peculiarity of the calculated #**U(n,y)
capture cross section, Wigner cusp above first excited level threshold, is not that
pronounced in case of 23?U(n,y) reaction cross section (see Fig. 22). It could
be explained by the fact that major competition to capture reaction comes from
fission decay channel. The pattern of s—, p—and d—wave channel contributions to
the capture cross section is also rather different from that of 2**U target nuclide.
The contributions of s—, p—, d—wave neutrons to 232U(n,y) capture cross section
are shown on Fig. 22. The p—wave contribution is higher than that of s—wave
only above ~30 keV, while that of d—wave neutrons is the lowest. In case of
238U (n,y) reaction main contribution comes from p—wave neutrons above 5 keV,
while that of d—wave neutrons becomes higher than that of s—wave above ~130
keV. These peculiarities might be attributed to the increased fission competition
in p— and d—wave entrance channels. The decrease of Sy strength function above
~45 keV is essential for consistent description of capture and total cross section,
calculated with a Hauser-Feshbach-Moldauer approach. Capture cross sections in
present data file, JENDL-3.2 [11] and ENDF/B-VI [9] are only slightly different
below 1 keV, while for higher incident neutron energies the estimate of JENDL-3.2
[11] is much lower than present and ENDF/B-VI [9] estimates (see Fig. 22). It is
lower even than s—wave channel contribution of present calculation. Competition
of (n,yf) reaction [15] to capture reaction is also essential (see Fig. 22).

The advantage of present evaluation is that it provides average energy de-
pendent resonance parameters, which reproduce cross sections, calculated with
optical and statistical models, fission cross section included, using conventional
ENDF /B processing codes [17, 18]. The price paid for that is slight increase of
inelastic and capture widths for p—wave channels. Without that increase the
competitive inelastic width would correspond to inelastic scattering cross sec-
tion, which is lower than inelastic cross section of smooth cross section file above
150 keV. That would be pronounced as a step in total cross section at 150 keV,
since according to ENDF/B conventions, total cross section is calculated as a
sum of elastic, capture, fission and inelastic scattering cross section, the latter is
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taken from tabulated cross section data file. The other partial cross sections are
calculated using average energy dependent parameters.

4 Optical Potential

A coupled channel model is employed for estimating differential scattering and
total cross sections. Another important application of coupled channel model is
calculation of direct inelastic scattering contribution of discrete levels, five levels
of ground state band are assumed coupled. The direct excitation of ground state
rotational band levels 07-27-4T-67-8" is estimated within rigid rotator model.
To calculate the direct excitation cross sections for G-vibration (K™= 0%), -
vibration (K™= 27), as well as octupole (K™ = 07) band levels a soft rotator
model [34] was used.

We adopted here the optical potential parameters obtained for 232Th [8] by fit-
ting total cross section data, angular distributions and s—wave strength function.
Then we fitted 232U s—wave strength function S, = 1.1740.08x10~* with 3, and
(B4 deformation parameters. The optical potential parameters are as follows:

ViR =45.722 — 0.334FE,, MeV,rr = 1.2668 fm,ar = 0.6468 fm
W _{ 3.145 4 0.455E,,, MeV, E, <10MeV,rp =1.25 fm,ap = 0.5246 fm
b= 7.695 MeV, 10 < E,, <20 MeV
VSO = 6.2 MeV, rso = 1.120 fm, aspo = 0.47 fm,
B2 = 0.220, 84 = 0.071

4.1 Total cross section

Present total cross section is compared with JENDL-3.2 [11] and ENDF/B-VI
[9] evaluated cross section on Fig. 23. Present and JENDL-3.2 [11] estimates
are not much discrepant, while shape of ENDF/B-VI [9] cross section is rather
different from both evaluations. Figure 24 shows the comparison of reaction cross
sections, calculated with present coupled channels optical potential and spherical
optical potential of JENDL-3.2 [11]. Figure 25 compares elastic cross sections
estimates of coupled channels optical potential and spherical optical potential of
JENDL-3.2 [11] with estimate of elastic scattering cross section of ENDF/B-VI
[9] as a difference of total and partial reaction cross sections.

5 Statistical Model

As distinct from the previous evaluations JENDL-3.2 [11] and ENDF/B-VI [9]
we proceed within Hauser-Feshbach theory, coupled channel optical model and
double-humped fission barrier model. The relative importance of direct excitation
of rotational and vibrational levels is much increased even in a few MeV incident
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neutron energy range due to the lowered compound scattering to the 232U discrete
and continuum levels.

Hauser-Feshbach-Moldauer [19] statistical theory is employed for partial cross
section calculations below emissive fission threshold. Fissioning and residual nu-
clei level densities as well as fission barrier parameters are key ingredients, in-
volved in neutron-induced actinide cross section calculations. First, level density
parameters are defined, using neutron resonance spacing (D) estimate for 252U
target nuclide. Constant temperature level density parameters 7,, E,, U, are de-
fined by fitting cumulative number of low-lying levels of *3U and #*?U (see Fig.
26, 27). Level density parameter estimates for 232U, 231U, 29U nuclides, which
emerge in neutron emission cascade reactions, could be defined only by parameter
systematics [16]. At incident neutron energies when continuum levels are excited,
width fluctuation correction is treated within Tepel et al. [20] approach. Cross
sections, calculated with statistical theory by Tepel et al. [20] cross sections are
matched to those calculated with Hauser-Feshbach-Moldauer statistical theory at
the incident neutron energy equal to the energy of last discrete level. At higher
incident neutron energies Hauser-Feshbach code STAPRE [21] is employed.

In case of fast neutron (E, < 6 MeV) interaction with ?U target nucleus,
the main reaction channel is fission, fission cross section description serves as
a major constraint for the neutron inelastic scattering and radiative neutron
capture cross section estimate. Below there is an outline of the statistical model
[22, 23] employed.

Neutron-induced reaction cross section (n,z) for excitation energies up to
emissive fission threshold is defined as

T A2

Unm(En) = m

SO(@J + DT () P (E,) S5, (4)
ljJm

the compound nucleus decay probability P/™ (x =n, f,~) is

_ T7(U) -
- T(U)+ T (U) + T (U)’ (5)

where U = B, + FE, is the excitation energy of the compound nucleus, B, is
the neutron binding energy, F, is the incident neutron energy, TI‘J]7T are the en-
trance neutron transmission coefficients for the channel (IjJ7), I is the target
nucleus spin. Decay probability P/™(E) of the compound nucleus with excitation
energy U for given spin J and parity 7, depends on T}]”, T7™(U) and Tv‘]“(U ),
transmission coefficients of the fission, neutron scattering and radiative decay
channels, S%/™ denotes partial widths Porter-Thomas fluctuation factor. Be-
low incident neutron energy equal to the cut-off energy of discrete level spectra,
neutron cross sections are calculated within Hauser-Feshbach approach with cor-
rection for width fluctuation by Moldauer [19]. For width fluctuation correction
calculation only Porter-Thomas fluctuations are taken into account. Effective

P (Ey)
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number of degrees of freedom for fission channel is defined at the higher fission
barrier saddle as v{™ = T¢™/T{F.., where T/ is the maximum value of the
fission transmission coefficient TJ;] 7. At higher incident neutron energies the Tepel
et al. [20] approach is employed, it describes cross section behavior in case of

large number of open channels correctly.

5.1 Level Density

Level density is the main ingredient of statistical model calculations. Level den-
sity of fissioning, residual and compound nuclei define transmission coefficients
of fission, neutron scattering and radiative decay channels, respectively. We will
briefly discuss here level densities of even-even 232U and even-odd 233U nuclides.

The level densities were calculated with a phenomenological model by Ig-
natyuk et al. [24], which takes into account shell, pairing and collective effects in
a consistent way

p(U, J,m) = Kot (U, J)Kvib(U)pqp(Uv J,m), (6)

where quasiparticle level density

o) = (2J + 1wgp(U) ox _J+1)
pult .7 = Z e e (A )

wep(U, J, ) is state density, K,.(U,J) and K,;(U) are factors of rotational and
vibrational enhancement of the level density. The collective contribution of the
level density of deformed nuclei is defined by the nuclear deformation order of
symmetry. The actinide nuclei at equilibrium deformation are axially symmetric.
The order of symmetry of nuclear shape at inner and outer saddles were adopted
from calculations within shell correction method (SCM) by Howard & Moller [25].
Uranium nuclei of interest (A<233)are assumed to be axially symmetric, then

K,o(U) =02 = F\t, (8)

where o2 is the spin cutoff parameter, F)| is the nuclear momentum of iner-
tia (perpendicular to the symmetry axis), which equals the rigid-body value at
high excitation energies, where the pairing correlations are destroyed, experimen-
tal value at zero temperature and is interpolated in between, using the pairing
model, Fj = 6/7* < m? > (1 —2/3¢), where < m? > is the average value of the
squared projection of the angular momentum of the single-particle states, and e
is quadrupole deformation parameter. The closed-form expressions for thermo-
dynamic temperature and other relevant equations which one needs to calculate
p(U, J, ) are provided by Ignatyuk et al. model [24].

To calculate the residual nucleus level density at the low excitation energy, i.e.
just above the last discrete level excitation energy where N°®P(U) ~ Ntheer(UJ),
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we employ a Gilbert-Cameron-type approach. The constant temperature approx-
imation of

p(U) =dN(U)/dU = T exp((U — U,)/T) (9)

is extrapolated up to the matching point U, to the p(U) value, calculated with a
phenomenological model by Ignatyuk et al. [24] with the condition

Uc = Uo - TZTL(T,O(UC)) (10)

In this approach U, ~ —n/\,, where /\, is the pairing correlation function, A\,

= 12/V/A, A is the mass number, n = 0 for even-even, 1 for odd nuclei, i.e. U,

has the meaning of the odd-even energy shift. The value of nuclear temperature

parameter 7' is obtained by the matching conditions at the excitation energy U..
In present approach the modelling of total level density

wep(U)

2mo

U) = K,o(U) Ko (U) — T exp((U — U,)/T) (11)

in Gilbert-Cameron-type approach looks like a simple renormalization of qua-
siparticle state density w,,(U) at excitation energies U < U.. The cumulative
number of observed levels for even-even 22U and even-odd ?*3U are compared
with constant temperature approximation on Figs. 26 and 27. In case of 22U
missing of levels above pairing gap (~1.2 MeV) is markedly pronounced. In case
of 233U nuclide missing seems to be pronounced above excitations of ~0.65 MeV.

Few-quasiparticle effects which are due to pairing correlations are essential
for state density calculation at low intrinsic excitation energies either for equilib-
rium or saddle deformations. The step-like structure in 23*Pu(n,f) reaction cross
section above fission threshold was shown to be a consequence of threshold excita-
tion of three-quasiparticle states in fissioning 23*Pu nuclide and two-quasiparticle
configurations in residual even-even nuclide *®Pu [26]. Fission threshold is not
observed in the reaction 232U (n,f), nonetheless we argue that step-like irregular-
ity in fission cross section around ~1 MeV incident neutron energy also might be
attributed to the step in the level density of fissioning nuclide 233U. We argue that
few-quasiparticle effects are important also for reasonable prediction of inelastic
scattering cross section for even-even target nuclide 232U at low energies.

The partial n—quasiparticle state densities, which sum-up to intrinsic state
density of quasiparticle excitations could be modelled using the Bose-gas model
prescriptions [27, 28]. The intrinsic state density of quasiparticle excitations
wqp(U) could be represented as a sum of n—quasiparticle state densities wy,q,(U):

wep(U) = anqp(U) = Z (gn(U — )" (12)

(n/2))*(n — 1)V

where g = 6a,, /7 is a single-particle state density at the Fermi surface, n is the
number of quasiparticles. The important model parameters are threshold values
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U, for excitation of n—quasiparticle configurations n = 2, 4... for even-even nuclei
and n = 1, 3... for odd-A nuclei [28]. The detailed treatment of this approach and
approximations employed, as applied for fission, inelastic scattering or capture
reaction calculations, is provided in [29].

Nuclear level density p(U) of even-even nuclei above the pairing gap up to
the four-quasiparticle excitation threshold was extracted by fitting fission cross
section data of 232U. The total level density for even nuclide 232U at equilibrium
deformation, as compared with the Gilbert-Cameron-type approximation of p(U)
is shown on Fig. 28. The arrows on the horizontal axis of Fig. 28 indicate the
excitation thresholds of even n—quasiparticle configurations. Below the excita-
tion threshold U,, i.e. within pairing gap the constant temperature model fits
cumulative number of 232U levels [30].

In case of even-odd nuclei the partial contributions of n—quasi-particle states
Wngp(U) to the total intrinsic state density wg,(U) produces distinct ”jump”
only below three-quasiparticle excitation threshold Us (see Fig. 29). The ar-
rows on the horizontal axis of Fig. 29 indicate the excitation thresholds of
odd n—quasiparticle configurations. Nuclear level density p(U) up to the three-
quasiparticle excitation threshold Us is virtually independent on the excitation
energy, since the intrinsic state density (w; ~ ¢) is constant. The numerical val-
ues of nuclear level density p(U) parameters, defining one- and three quasiparticle
state densities are fitted to ?3?U(n,f) cross section data by Fursov et al. [4].

Main parameters of the level density model for equilibrium, inner and outer
saddle deformations are as follows: shell correction W, pairing correlation func-
tions A and Ay, at equilibrium deformations A =12/ VA, quadrupole deforma-
tion ¢ and momentum of inertia at zero temperature F,/h? are given in Ta-
ble 4. For ground state deformations the shell corrections were calculated as
SW = M — MM wwhere M™M5 denotes liquid drop mass (LDM), calculated
with Myers-Swiatecki parameters [31], and M**? is the experimental nuclear mass.
Shell correction values at inner and outer saddle deformations 5WfA B) are adopted
following the comprehensive review by Bjornholm and Lynn [32].

Table 4

Level density parameters of fissioning nucleus and residual nucleus

Parameter inner saddle | outer saddle | neutron channel
oW, MeV 1.5 0.6 LDM
A, MeV A, +6* A, +6* A,
€ 0.6 0.8 0.24
Fy/R%, MeV~1 | 100 200 73
*)6 = Ay — A value is defined by fitting fission cross section in the plateau
region.
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6 Fission Cross Section

Fission data fit is used as a major constraint for capture, elastic and inelastic
scattering, (n,2n) and (n,3n) cross sections estimation. Description of measured
fission might justify a validity of level density description and fission barrier
parameterization.

6.1 Fission Channel

Neutron-induced fission in a double humped fission barrier model could be viewed
as a two-step process, i.e. a successive crossing over the inner hump A and over
the outer hump B. Hence, the transmission coefficient of the fission channel TJ;’ ™
(U) can be represented as

TR (U)TF5(U)
(T7A(U) + T{5(U))

T/ (U) = (13)
The transmission coefficient T (U) is defined by the level density py;(e, J, ) of
the fissioning nucleus at the inner and outer humps (i = A B, respectively):

Jr _ ! JKn v pri(e, J, m)de
Ti(U)—KZ_:JTz- (U)+/0 (1+exp(27];(Eﬁ+e—U)/hwi))’ (14)

where the first term denotes the contribution of low-lying collective states and the
second term that from the continuum levels at the saddle deformations, € is the
intrinsic excitation energy of fissioning nucleus. The first term contribution due to
discrete transition states depends upon saddle symmetry. The total level density
psi(€, J,m) of the fissioning nucleus is determined by the order of symmetry of
nuclear saddle deformation.

Inner and outer fission barrier heights and curvatures as well as level densities
at both saddles are the model parameters. They are defined by fitting fission
cross section data at incident neutron energies below emissive fission threshold.
Fission barrier height values and saddle order of symmetry are strongly inter-
dependent. The order of symmetry of nuclear shape at saddles was defined by
Howard and Moller [25] within shell correction method (SCM) calculation. We
adopt the saddle point asymmetries from SCM calculations. According to shell
correction method (SCM) calculations of Howard and Moller [25] the inner bar-
rier was assumed axially symmetric. This helps to interpret the non-threshold
fission cross section behavior of 22U (n,f) [6] assuming a lowered height of axially
symmetric inner hump of ?*3U, as anticipated by Howard and Moller [25] with
SCM calculations. Outer barrier for uranium nuclei is assumed mass-asymmetric.
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6.1.1 Fission transmission coefficient, level density and transition state
spectrum

Fission cross section data of 232U exhibits non-threshold shape. Adopted level
density description allows to fit measured data shape (see Fig. 30). Incident
neutron energy Fs = Us + Eyspy — B correspondent to excitation of three-
quasiparticle states is ~ 1.5 MeV. The one-quasiparticle neutron states of even-
odd fissioning nuclide, lying below the three-quasiparticle states excitation thresh-
old define the shape of fission cross section below incident neutron energy of E,, <
Ey a5y +Us — B,. At higher excitation energies three-quasiparticle states are ex-
cited. Two-quasiparticle states in even residual nuclide 232U could be excited at
incident neutron energies E,, > U,. At lower energies fission cross section shape
is controlled by one-quasiparticle state density. The transition state spectra were
constructed using values of Fy/h? at the inner and outer saddles shown in Table
5.

Each one-quasiparticle state in odd fissioning nucleus is assumed to have a
rotational band built on it with a rotational constant, dependent upon the re-
spective saddle deformation. We construct the discrete transition spectra up to
~100 keV, using one-quasiparticle states by Bolsterli et al. [33] (see Table 5).
The discrete transition spectra, as well as continuous level contribution to the
fission transmission coefficient are dependent upon the order of symmetry for
fissioning nucleus at inner and outer saddles. The negative parity bands K™ =
1/27,3/27,5/27 ... at outer saddle are assumed to be doubly degenerate due to
mass asymmetry. With transition state spectra thus defined the fission barrier
parameters are obtained.

Table 5.

Transition spectra band-heads, Z-even, N-odd nuclei

inner saddle outer saddle
K™ Exr, MeV | K™ Eyr, MeV
1/2% (0.0 /2% 10.0
5/2% | 0.08 1/2= (0.0
1/2= | 0.05 3/2% 1 0.08
3/27 0.0 3/27 | 0.08
5/2% 1 0.0
5/27 1 0.0

23



6.2 Fission Data Analysis

Measured data for 232U(n,f) cross section by Fursov et al. [4] and Vorotnikov
et al. [5] are incompatible below E, ~1 MeV (see Figs. 30, 31, 32). The most
peculiar feature of measured data by Fursov et al. [4] is a step-like irregularity
around ~1 MeV neutron energy. One-quasiparticle neutron states of even-odd
2331 fissioning nuclide, lying below three-quasiparticle states excitation threshold
define the shape of 232U fission cross section below incident neutron energy of
~1.5 MeV. At higher energies three-quasiparticle states are excited. We fit the
decreasing trend of data by Fursov et al. [4] with above E,, ~2 MeV increasing the
correlation function value at outer saddle, which controls the cross section shape.
Below E,, ~2 MeV neutron energy the step-like irregularity is reproduced by
varying the density of one- and three-quasiparticle states at saddle deformations
(see Figs. 30, 31, 32).

6.3 Inelastic Scattering

Fission data fit defines the compound inelastic scattering contribution to the total
inelastic scattering cross section. The relative contribution of direct discrete level
excitation cross sections is much higher than in case of 28U target nuclide because
of much stronger fission competition.

6.4 Neutron Channel

The lumped transmission coefficient of the neutron scattering channel is given by

U—-U.
T/™(U) = ZT@(ER — Ey) + Z /0 T3 (Ey)p(U — E,, I', m)dE,, (15)

l/jlq l/j/I/

where p(U — E!,I' ) is the level density of the residual nucleus. Levels of
residual nuclide 22U [30] are provided in Table 6. The entrance channel neutron
transmission coefficients Tl‘]]’T are calculated within a rigid rotator coupled channel
approach. For the compound nucleus formation cross section calculation, the
cross sections of the direct excitation of ground state band levels were subtracted
from the reaction cross section. The compound and direct inelastic scattering
components are added incoherently.

The exit neutron transmission coefficients T‘/J’S(E,’z) were calculated using the
re-normalized deformed optical potential of entrance channel without coupling,
which describes a neutron absorption cross section.
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Table 6.

Levels of 232U

E,MeV | J* | K™
0.866792 | 2% | 27
0.83307 | 47 | 07
0.8058 | 107 | 0F
0.7460 | 5 | 1
0.73456 | 27 | 07
0.69121 | 0F | 07
0.628067 | 3~ | 1
0563194 | 1- | 1~
0541 | &% | 07
0.3226 | 67 | 07
0.15657 | 47 | 07
0.047572 | 27 | 07
0.0000 | 0F | 0F

6.5 Ground State Rotational Band

Predicted discrete level excitation cross section shape, calculated within a rigid
rotator model, depends upon optical potential used. Calculated compound con-
tribution is controlled mainly by fission competition. Due to low fission threshold
of 23U, compound and direct inelastic scattering make almost equal contribu-
tions to excitation cross sections of 1st, 2nd and 3d levels of 22U around FE,, ~1
MeV (see Figs. 33, 34, 35). Figure 36 shows that direct scattering essentially
defines the excitation cross section of J™ =8% level. The discrepancies with previ-
ous evaluations are due to both compound and missing (in previous evaluations)
direct contribution estimates. The compound component tends to be zero above
~3 MeV incident neutron energy.

6.6 Soft rotator model

We assume strong missing of levels above excitations of ~0.870 MeV, so only
levels up to this excitation energy were included when calculating inelastic scat-
tering cross sections. Four bands with K™ =07, K™ =05, K =0~ and K™ ~2"
could be distinguished in 232U level scheme (see Table 6) within a soft rotator
model [34] for excitation energies up to ~0.870 MeV. Excitation energies of mem-
bers of even-parity collective bands K™ =0, K™ =05, and K™ ~2% and first
octupole band K™=0", are reproduced. Direct excitation of vibrational levels
K =05, K =0 and K ~ 2% could be described within a soft rotator model
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[34]. Specifically, direct excitation cross sections for the second K™= 0 band,
anomalous rotational band K7= 2% as well as first octupole (K™ = 0~) band lev-
els are calculated for deformed non-axial, soft to quadrupole vibrations rotator
(see Figs. 37-44). Values of coupling strength parameters were fixed as follows:
octupole deformation parameter 3; was adopted to be the same as for the 238U
nuclide, then level positions of K =0~ band were fitted with softness parameter

Levels of second K™= 03 band (0.69121 MeV) are classified as quadrupole
longltudmal f—vibrations, excitation energies are defined by softness parameter
ps (see Table 7). Levels of this K™= 03 band could be reproduced also assuming
different nature of these vibrations, i.e. transversal y—vibrations. However, in
that case the parameter of softness for this vibrations u., should be anomalously
high as compared with 22U and ?3?Th nuclides (see Tables 7, 8). That means
y-vibration K™= 03 band should be at higher excitations than ~0.87 MeV, this
is correlated with rather low position of K™ ~2* band-head. In other words, 22U
turns out to be less soft to y—vibrations, than 238U nuclide. The same effect is
observed in case of 232Th, since v-vibration K™= 0% band is positioned at excita-
tion above ~1 MeV, while #-vibration K™= 0" band is ~0.25 MeV lower than in
case of 28U. These peculiarities might be correlated with positions of anomalous
rotational band K™= 2% in 2322387 and **2Th nuclides. Anomalous rotational
K™= 27" band levels are defined by non-axiality parameter ~,.

Table 7.

Deformation parameter values of soft rotator model

Nuclide B2 3 B4 Two, | pe I My Yo
22Th 0.188 | 0.052 | 0.071 | 0.725 | 0.626 | 0.279 | 0.279 | 0.187

232U(n,=1) | 0.220 | 0.052 | 0.071 | 0.667 | 0.626 | 0.278 | 0.456 | 0.167
232U(ng=1) | 0.220 | 0.052 | 0.071 | 0.691 | 0.626 | 0.273 | 0.294 | 0.168

38U 0.195 | 0.052 | 0.078 | 0.989 | 0.626 | 0.216 | 0.290 | 0.146
Table 8.
Comparison of g-vibration band-head positions
IB/( 232(] 232(7
1.0603;2* 0.867; 27 0.867; 2
0.993;0" 0.69121;0" 0.69121; 0"
Kr=0"| K"~2" | KT=0"; | K"~2" | K"=0"; | K™ ~27
ng=1, ug =0.294, ng=1, uz =0.273, ny=1, ug =0.278,
Y=0.146; 11,=0.294 | ~0=0.168; p,=0.294 Y=0.167; 11,=0.456
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Actually the calculations of direct inelastic scattering cross sections were made
adding each of 7 levels of K™ =05, K™ =0~ and K™ ~2% bands (see Table 9), one
by one, to the 07-27-47-67-8% coupling basis, instead of the last 8 —member,
since the coupling with ground state band levels is the strongest for any band
level. This procedure was checked in case of 23¥U and 232Th target nuclides.
However, coupling basis could be extended to include all 13 level (see Table 9)
simultaneously. This procedure influences only slightly on the calculated direct
excitation cross sections.

Table 9.

Coupling scheme for 232U

0.866707; 27
0.83307; 4°
0.8058;107
0.7469;5~
0.73456,2"
0.60121; 0F
0.628967; 3~
0.563194; 1-
0.5410;87
0.32261; 6©
0.15657; 4©
0.047572; 2+
0.0000; 0F
K™= 07 KT =0- | K*=0; | Kr~2%

6.6.1 Octupole band

The most pronounced is the direct excitation contribution for the K™=0" band
head state 0.563 MeV (J™=1") (see Figs. 37). Relative contribution of direct
level excitation increases for the higher lying members of the band (see Figs.
38, 41). Previous estimates of excitation cross sections of these levels are rather
discrepant, the inconsistencies for £, <3 MeV are due to compound scattering
contribution.

6.6.2 Quadrupole bands

Discrepancies of present calculation of excitation cross sections of K™=05 (3-
vibration band levels with JENDL-3.2 and ENDF/B-VI estimates, which are
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observed below ~4 MeV, are due to different compound and missing direct scat-
tering components (see Figs. 39, 40, 43). At higher incident neutron energies
direct scattering makes major contribution to the inelastic scattering cross sec-
tion.

The comparison of calculated excitation cross section of K™ ~2% anomalous
rotation band-head with previous evaluations is shown on Fig. 44. Noticeable
discrepancy of present calculation and JENDL-3.2 [11] and ENDF/B-VI [9] eval-
uations with measured data is also observed.

6.7 Total inelastic cross section

Calculated total inelastic cross section is compared with previous evaluated data
on Fig. 45. Lumped contribution of direct excitation of ground state band lev-
els, octupole, -vibration and anomalous rotation band levels is shown to attain
~50% of total inelastic cross section at E, 2 2 MeV. The calculated curve is
drastically discrepant with JENDL-3.2 evaluation [11], while it is roughly com-
patible with ENDF/B-VI [9] evaluation up to E, ~1.5 MeV. Shape of calculated
continuum inelastic scattering cross section is rather similar to that of JENDL-3.2
evaluated total inelastic scattering cross section (see Fig. 46). The differences of
total inelastic scattering cross sections are defined by rather large relative direct
inelastic scattering contribution, which almost doubles inelastic scattering cross
section in a few MeV incident neutron energy range.

Above emissive fission threshold evaluations of inelastic scattering cross sec-
tion differ severely, present estimate being the highest (see Fig. 47). In our cal-
culations pre-equilibrium neutron emission contribution is defined by description
of secondary neutron spectra and consistent description of 233U(n,f), 233U(n,2n)
and #®U(n,3n) reaction cross sections [29].

7 Capture cross section

We have demonstrated by the analysis of measured capture cross sections of
23%8U(n,y) and #*Th(n,y) [8] that capture data could be described within a sta-
tistical model. Specifically, in a few-keV energy region calculated capture cross
section is defined by the radiative strength function value S, = I',/D. At incident
neutron energies above ~100 keV calculated capture cross section shape is defined
by the energy dependence of radiative strength function S,. Energy dependence
of S, is controlled mainly by the energy dependence of the level density of the
compound nuclide 23U. Low fission threshold for the 233U nuclide necessitates
the inclusion of the competition of fission alongside with neutron emission at
the second y—cascade, i.e. after first y—quanta emission [15]. Then ”true” cap-
ture reaction cross section (n,yy) is defined using transmission coefficient 77 (U)
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defined in a two-cascade approximation as

27?'0 I=J+1 T]7r
TIm = 7 /520 € U—e, I, L de, , (16
v = Blmhep | 97 I_%;llp( v LM e - 16)

The last term of the integrand describes the competition of fission, neutron
emission and 7-emission at excitation energy (U — ¢,) after emission of first
v-quanta, C; is the normalizing coefficient. That means that transmission coef-
ficients 77, T," and T}™ are defined at excitation energy (U —¢,). The neutron
emission after emission of first y—quanta strongly depends on the 232U residual
nuclide level density at excitations just above paring gap. The contribution of
(n,yf)—reaction [15] to fission cross section is defined by T/F value. The energy
dependence of (n,yf) reaction transmission coefficient TVJJZr was calculated with
the expression

e I=J+1 Tfrﬂ-
T/T = L /520 € U—c¢e, 1,7 de., , (17
"W 3(whe)? ) Y &) I_%;llp( ! )TJ{”+T7{7’+T{“ v (17)

The capture data description is shown on Fig. 48. The (n,yf) reaction com-
petition to the ”true” capture (n,yy) reaction competition is rather strong above
~1 MeV incident neutron energy. The competition of (n,yn’) reaction to the
"true” capture (n,yy) reaction is much less essential below ~.5 MeV incident
neutron energy. We adopted here radiative capture strength function, which ac-
tually corresponds to (I'y) = 40 meV and (D;—o) = 4.717 eV. The important
peculiarity of the calculated 23¥U(n,v) capture cross section - Wigner cusp above
first excited level threshold, is not that pronounced in case of 232U(n,y) reaction
cross section (see Fig. 48). This could be explained by the fact that major com-
petition to capture reaction comes from fission decay channel. Another capture
cross section drop is observed from ~600 keV up to ~1 MeV. It might be corre-
lated with strong increase of inelastic scattering competition due to vibrational
levels of K™ =05, K™ =0~ and K™ ~2% bands. Above E,, ~1 MeV capture cross
section decrease is defined mainly by (n,yf) reaction competition.

Previous evaluated capture cross sections are rather discrepant with present
calculation. Some consistency is observed only with JENDI-3.2 evaluation up to
~10 keV. For higher incident neutron energies competition of fission and inelastic
scattering with y—emission seems to modelled correctly within present approach.

8 Cross sections above emissive fission thresh-
old

At higher incident neutron energies when fission reaction of 232U or 2'U com-
pound nuclides is possible after emission of 1 or 2 neutrons, the observed 22U (n,f)
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fission cross section is a superposition of non-emissive or first chance fission of
233U and zth-chance fission contributions. These contributions are weighted with
a probability of  neutrons emission before fission. For fixed statistical model pa-
rameters of residual nuclei 232U and ?*'U, fissioning in (n,nf) or (n,2nf) reactions,
the behavior of the first-chance fission cross section o should make it possible to
reproduce the measured fission cross section o of 232U. A consistent description
of a most complete set of measured data on the (n,f), (n,2n), (n,3n) and (n,4n)
reaction cross sections for the 23U target nuclide up to 20 MeV enables one to
consider the estimates of first neutron spectra of initial ?*3U nuclide as fairly
realistic.

8.1 Fission cross section

Fission cross section of 232U, shown on the Fig. 49 demonstrates a step-like struc-
ture, relevant to contribution of (n,nf) reaction to the total fission cross section.
We fitted the 22U(n,f) fission data by Fursov et al. [4] above emissive fission
threshold with fission probability of 22U, fissioning in 232U(n,nf) reaction. Cal-
culated fission cross section at F, ~15 MeV remains much lower than measured
data by Fursov et al. [4], actually the latter data point is much higher than neu-
tron absorption cross section o, (see Fig. 24). Contribution of first-chance fission
is defined by the pre-equilibrium emission of first neutron and level densities of
fissioning 23U and residual 232U nuclides. The behavior of the first-chance fis-
sion cross section oy is obviously related to the energy dependence of the fission
probability of the A 4 1 nucleus Pjy:

op = or(1=q(En))Pp. (18)

Once the contribution of first neutron pre-equilibrium emission ¢(F£,,) is fixed
8], the first-chance fission probability Py of the ?*3U compound nuclide depends
only on the level density parameters of fissioning and residual nuclei. Actu-
ally, it depends on the ratio of shell correction values 6Wya(p) and 6W,. The
results of different theoretical calculations of the shell corrections as well as of
the fission barriers vary by 1 ~ 2 MeV. The same is true for the experimen-
tal shell corrections, which are obtained with a smooth component of potential
energy calculated according to the liquid-drop or droplet model. However the
isotopic changes of 6Wya(py and 6W, [32] are such that Py viewed as a func-
tion of the difference (6Wya(p) — 6W,,) is virtually independent on the choice of
smooth component of potential energy. Therefore, we shall consider the adopted
OWia(p) estimates (see Table 4) to be effective, provided that 61, are obtained
with the liquid drop model. The trend of the first-chance fission cross section
o1 shown in Fig. 49 corresponds to estimate of of; obtained by fit of 2**U(n,f),
238U(n,2n), 2%*U(n,3n) and 23®U(n,4n) reaction cross section data. Contribution
of second-chance fission of 232U nuclide is defined by pre-equilibrium contribution
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of first neutron spectrum and subsequent sharing of o, = 0, y1 + 0y, n, reaction
cross section into first-chance fission and neutron emission cross sections. First-,
second- and third-chance fission contributions to the total neutron-induced fission
cross section of 232U is compared with relevant contributions for neutron-induced
fission of 23U target nuclide on Fig. 50. The contribution of first-chance fis-
sion to the 232U (n,f) reaction cross section is rather smooth function of incident
neutron energy, as distinct from 23¥U(n,f) reaction. In the latter case a local
minimum is observed near ?**U(n,nf) reaction threshold. The second-chance fis-
sion contribution #*?U(n,nf) is a smooth increasing function of excitation energy.
The contribution of 232U (n,2nf) reaction to the total fission cross section is much
lower than in case of 238U(n,2nf) reaction. Calculated with present level density
and fission barrier parameters cross section of ?!U(n,f) reaction is shown on Fig.
51. It is compared with simulated fission data, obtained using fission probability
of 232U nuclide [35]. Rather large discrepancy is observed above incident neutron
energy of ~0.5 MeV. Contribution of (n,2nf) reaction corresponds to neutron-
induced fission cross section of 2°U(n,f) reaction. Calculated with present level
density and fission barrier parameters cross section of 2°U(n,f) reaction is shown
on Fig. 52. It is also compared with simulated fission data, obtained using
fission probability of ?3!U nuclide [35], measured with transfer reactions. As dis-
tinct from #1U(n,f) reaction, calculated and simulated ?3°U(n,f) cross sections
are compatible.

8.2 2?U(n,xn) cross section

There is no measurements of 232U(n,2n) or #*2U(n,3n) reaction cross section.
These cross sections would be estimated using 2*2U(n,f) fission cross section fit
up to ~7.5 MeV as the only constraint. Present estimate of 232U(n,2n) cross
section around maximum is about twice lower than that of JENDL-3.2 [11], the
estimate of ENDF /B-VI seems unrealistically high (see Fig. 53). Present estimate
of 282U (n,3n) cross section is compatible with that of JENDL-3.2 [11], except the
threshold region, the estimate of ENDF/B-VT also seems unrealistically high (see
Fig. 54).

9 Neutron emission spectra

Neutron emission spectra are inclusive of both fission and scattered neutrons.
First we will describe the approach used for prompt fission neutron number v and
prompt fission neutron spectrum calculation and then return to the discussion on
neutron emission spectra. A brief survey of the model used to estimate prompt
fission neutron number v value and PFNS is provided below.
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9.1 Prompt fission neutron number v

Figure 55 shows the neutron multiplicity v values for actinide nuclei at thermal
incident neutron energy [36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51,
52, 53, 54]. One can see that thermal energy data point v =3.13+0.06 [42] of the
prompt neutron multiplicity for 232U(n,f), is discrepant with other actinide nuclei
measurements. The systematics [55] predicts v*" =2.506 for 232U (n,f) reaction.
Systematic trend predicted in [55] for actinide nuclei is compatible with most
of measured data. The systematics reproduces the general tendency for the v
dependence on the mass number of the compound nuclei, though for some nuclei
the discrepancy with systematics is beyond ~3 variances. Data for two reactions,
2327 (n,f) and ?*Np(n,f), deviate remarkably from the predicted [55] compound
nucleus mass number dependence of v. Measured v values for the thermal point
energy of uranium isotopes are shown on Fig. 56. Similar discrepancy could be
viewed, though a slight upward trend is predicted for neutron-deficient uranium
nuclei.

In the systematics [55] the v*" value is defined by the fission energy balance.
The following values were assumed for the following quantities: energy release
E, =185.67 MeV, total kinetic energy T KE =169.52 MeV and energy removed
by emitted prompt fission neutron £ = B, + (E) =8.746 MeV. Total kinetic
energy T K E value makes major influence on the calculated 1** value. There
is only one experiment [56], in which TKE =169+0.5 MeV was measured, this
value is compatible with the estimate of [55]. The semi-empirical equation, used
to estimate TKE [57]

TKE =0.104 % (Z2/A"33) 1 24.7, (19)

gives TKE =167.4 MeV, v*" =2.75 corresponds to this TK E value. Zamyatnin et
al. [58] recommend to use TK'E =169.5 MeV. Reducing T K E value by ~ 5 MeV,
calculated estimate of v** at thermal energy point could be increased and made
compatible with measured data by Jaffey et al.[42]. It might be assumed that v*"
measured data [42] point contains some systematic error, otherwise systematics
[55] should be rejected, at least for the 232U(n,f) and 2*Np(n,f) reactions. On
the basis of the TKE data scatter, the uncertainty for the evaluated data of
vth =2.5064-0.24 [55] could be estimated.

At incident neutron energies above emissive fission threshold the number of
prompt fission neutron v(FE,) was calculated as

V(En) = /BOVO(E'I’L) + ﬁl(l + I/l(En - BnA - El)) +
B2(2 + v2(Ey — Bpa — Bua1 — E1 — E3)). (20)

Here, v;(E,) is a prompt fission neutron number for ith fissioning nucleus, B4 -
neutron binding energy for the A nucleus, E;- average energy of ith neutron. To
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calculate the v-value energy dependence for 232U(n,f) up to 20 MeV we should
know also v-values for 2'U and 23°U target nuclides, which contribute to the
observed v-value via emissive fission processes (see Fig. 57). The energy de-
pendence of v versus incident neutron energy estimated with this equation is
compared on Fig. 58 with previous evaluations. Bump in v—value above (n,nf)
reaction threshold is once again due to pre-fission neutrons emitted in 22U(n,nf)
reaction. The similar behavior was measured in experiments for 2*2Th(n,f) and
238U (n,f) and was reproduced in the framework of present model. The first-chance
v,-values [55] for 230231232 target nuclides are shown in Table 10.

9.2 Prompt fission neutron spectra

Prompt Fission Neutron Spectra (PFNS) for 22U have been calculated with the
model that was previously applied for 23U and #*?Th PFNS data analysis [8].
Here is enclosed a brief description of the PFNS model.

Table 10.

The evaluated first chance v-values for 2392312327 target nuclides.

Target | v" v(E, MeV) v(6 MeV)
U [ 2.632 | 2.679 (0.57 MeV) | 3.307
B [2.632 | 2.679 (0.57 MeV) | 3.307
T 2.506 | 2.667(1.92 MeV) | 3.196

9.2.1 Model for PFNS evaluation

In the energy range of first chance fission (E,, < 5 MeV) the PFNS are calculated
as sum of two Watt distributions [59]:

Si(E,En) =05- > Wi(E, En, Ty;(E,), ) (21)
j=1,2
where
Tij =k VE*=kij-\/E. —TKE+ B, + E, (22)

RS

is the temperature parameters for nucleus ”7” and light and heavy fragments
(=1,2) for nucleus "¢”, E, is the incident neutron energy, « is the ratio of the
total kinetic energy (TKE) at the moment of the neutron emission to the TKE
value at full acceleration. Free parameter o was fitted to the PFNS experimen-
tal data for a number of nuclei, values for the specific nuclei scatter not much.
The ratio of "temperatures” for light and heavy fragment r=1.248 is the second
semi-empirical fitting parameter, it also varies from one target nucleus to another
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only slightly, so we assumed r=1.248 for all actinide nuclei. Present model ex-
hibits some deviations from the Maxwellian (see Fig. 59) for E,, =3 MeV. The
Maxwellian distribution underestimates the low (E < 2 MeV) and high (E 212
MeV) energy tail contributions. Present model predicts also higher average en-
ergy (E£)=2.070 MeV instead of 2.026 MeV for JENDL-3.2 and ENDF/B-VT for
FE,, =3 MeV.

Above emissive fission threshold the PENS are described by the equation:

S(E,E,) = v (En)(Ve(En) - Bo(En) - So(E, Ey) + (23)
Vi(En) - Bi(En) - S1(E, En) + Bi(En) - Pu(E, E,) +
VQ(En) BQ(En) SQ(Ev En) +
Bo(Ey) - [Po1(E, En) + Poo(E, Ep)] + ....),
/ Py(B, B)E = 1,
v(E,) = Z wi(En) + 1) - Bi(En)] (24)

where subscript ¢ =0, 1, 2 denotes i-th chance fission reaction of the A + 1, A,
A — 1 nucleus after emission of ¢ pre-fission neutrons, f;(E,) is the i-th chance
fission contribution to the observed fission cross section (see Fig. 50), v;(E,) is
the number of the prompt fission neutron for these nuclei, S;(E, E,) is PFNS
spectrum without pre-fission neutrons, Py (F, E,,) is the spectrum of k-th pre-
fission neutron for i—th chance fission. To calculate total PENS, v;(E,), 5;(E,)
and T;; values should be known.

The pre-fission neutron spectra Py, (E, E,) and average neutron energy <FE;;>
were calculated as described in [60]. The pre-equilibrium pre-fission neutron
emission was also taken into account.

The excitation energy U; of the nucleus A; = A 4+ 1 — ¢ after emission of
i-neutrons was calculated as:

Ui=E.+ B, + E, — Z(Bj + (Eij)), (25)
J

where B; is the neutron binding energy. This allows to estimate the excitation
energy of fission fragments as £* = E, + U — TKE and calculate the T;;(E,)
energy for each nucleus in the chain. We assumed that excitation energy U, is
brought into A; nucleus with the reaction: n+A;—1 — fission. Incident neutron
energy in this hypothetical reaction equals to U; — B; ;. In this way the v;(FE,)
functions for all isotopes in the chain A+ 1, A, A — 1 were evaluated (see above).
For incident neutron energies F,, 10 MeV we incorporated an additional cor-
rection to remove a discrepancy between measured and calculated data for PENS
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of 28U (n,f) and #?Th(n,f) reactions [8]. We assume that the same correction
for CMS energy per one nucleon E,q should be introduced for 232U (n,f) reaction.
The CMS energy was calculated according to the equation:

E, =a-ap- By, (26)

a1=1 for E,<10 MeV and a;=0.7 for E,, >12 MeV and linearly interpolated for
10< E,, <12 MeV. This correction was made either for non-emissive and emissive
fission reactions.

9.2.2 Spectrum of pre-fission neutrons

To calculate neutron energy distributions of (n,znf) and (n,zny), x = 1, 2, 3
reactions we use a simple Weisscopf-Ewing evaporation model taking into ac-
count fission and gamma-emission competition to neutron emission. The pre-
equilibrium emission of first neutron is fixed by the description of high energy
tail of *¥U(n,2n) reaction cross section and ?3®U(n,f) reaction cross section. This
feature was parameterized within a conventional exciton model similar to that
used in STAPRE [21] code, we obtained the main parameter of the exciton model,
that is the matrix element M? = 10/A43. We accepted this pre-equilibrium model
parameters for the 22U+n interaction modelling. Partial contributions of emis-
sive and non-emissive fission reactions to the observed fission cross section, shown
on Fig. 50, were fitted. First neutron spectrum of the ?32U(n,nf) reaction is the
sum of evaporated and pre-equilibrium emitted neutron contributions. Second
and third neutron spectra for 22U (n,anf) fission reactions are assumed to be evap-
orative. Pre-fission neutron spectrum, especially hard energy tail of 232U(n,nf)
reaction, is sensitive to the description of fission probability of 232U compound
nuclide near fission threshold (see below).

9.2.3 Comparison with calculated ?3*U PFNS

In ENDF/B-VI data file prompt fission neutron spectra are similar to those of
JENDL-3.2, i.e. Maxwellian spectrum was employed up to 20 MeV in both
evaluations. Calculated PFNS of 28U(n,f) spectra reproduce available measured
data. We will compare with them calculated PFNS of 2*2U(n,f) to define the
influence of different partial chance fission contributions.

In the domain of emissive fission rather different contribution of (n,nf) reac-
tion for the ?32U(n,f) reaction, than in case of ?3U(n,f) reaction [8] is observed.
Relative contribution of 232U (n,nf) reaction is lower than in case of 23U (n,nf)
reaction for £, < 9 MeV. At the other hand, relative contribution of #*U (n,nf)
reaction is much higher than in case of ?**U (n,nf) reaction for £, = 9 MeV. The
low energy spectrum component due to pre-fission neutrons makes a strong in-
fluence on the PFNS shape. For 32U(n,f) reaction the contribution of pre-fission
neutrons from (n,nf) reaction to the observed PFNS in fission neutron energy
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range Ey, ~ E, — By should be less pronounced than in case of #*¥U(n,f) for
E, <9 MeV and more pronounced for higher incident neutron energies (see Figs.
60, 61, 62 and 63, where PFNS for ?*2U(n,f) and ?3®U(n,f) reactions at E,, = 7,
10, 14 and 20 MeV are compared). Actually, the energy dependence of PENS for
232U (n,f) and #®U(n,f) reactions at fission neutron energies F, < Ej, resembles
the shape of fission probability of 232U or 2*®U nuclide, respectively. Figure 50
shows the comparison of emissive chance fission contributions to the total fission
cross section of #2U (n,f) and #**U (n,f) reactions. Data on fission probability
of 232U, measured in transfer reaction [35] are compared with calculated fission
probability of 22U for the reaction 23'U(n,f) on Fig. 51. The decreasing trend
of 2U(n,f) above E, 27.5 MeV (see Fig. 49) is correlated with the absorption
reaction cross section. The contribution of 232U(n,nf) reaction cross section to
the observed fission cross section ?*2U(n,f) is shown on Fig. 50. For E, < 9
MeV contribution of (n,nf) reaction to the total fission cross section in case of
232U target is lower than in case of 23U target, while for E,, > 9 MeV it is much
higher. The latter peculiarity is a direct consequence of high 232U target nuclide
fissility with neutrons and consequent high non-emissive fission contribution to
the observed fission cross section. At E, =7 MeV (see Fig. 60) low energy com-
ponents due to pre-fission neutrons from (n,nf) reaction reduce average energy
very much as it was observed for 23¥U(n,f) and 232Th(n,f) reactions. Since the
contribution of (n,nf) reaction at £, =7 MeV is higher in case of ?**U(n,f), than
in case of 232U(n,f), it is pronounced in the low energy part of PENS (see Fig.
60). At £, = 10 MeV the (n,nf) contributions of PFNS are similar for #*U(n,f)
and #®U(n,f) reactions (see Fig. 61). However, the situation is quite different
for higher incident energies E, =10 MeV (see Fig. 62, 63), the contribution of
(n,nf) reaction in PFNS now is higher in case of ?*2U(n,f) reaction. As shown
on Figs. 50, 57 the contribution of (n,2nf) reaction to the observed v—value is
rather small, it is much smaller than in case of 8U(n,f) reaction.

The average energy of the fission neutron versus incident energy is shown in
Fig. 64. At incident neutron energy E,, < 6 MeV, the v—value energy dependence
is proportional to v/U;, however, at higher excitations we have more complicated
excitation energy dependence. At FE, ~7 MeV the average energy reduces by
~150 keV due to the contribution of low energy neutrons from (n,nf) reaction.
The tendency visible in measured data for the 23¥U(n,f) PFNS is predicted for
the 232U(n,f) reaction.

9.3 Neutron emission spectra data analysis

There are no measured data on neutron emission spectra for 22U+n interaction.
Relative contribution of prompt fission neutron spectra to the neutron emission
spectra is much higher than in case of 23¥U+n interaction. In case of 28U cal-
culated neutron emission spectra reproduce structures in measured data, these
structures are correlated with excitation of first octupole band (K™ = 07) levels
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and levels of 3— vibration (K™ = 07) and y—bands (K™ = 03,2"). Estimates
of inelastic scattering to vibrational levels of first octupole band and higher lying
B— and y— bands of #®U were shown to be extremely important for incident
neutron energies F,, < 3 MeV. In case of 22U there is no measured data to define
a resolution function. The parameters of resolution function usually are fitted
to the elastic peak shape. Using the parameters obtained for ?**U+n data de-
scription in case of 232U+n, one can observe that the structures due to discrete
level excitation is no longer visible. They could be revealed introducing a bet-
ter secondary neutron energy resolution. Figures 65-71 show emission spectra,
calculated for 1.2, 2.6, 3.55, 6.1, 11.8. 14.05 and 18 MeV, these energies were
selected because for these energies emission neutron spectra were measured for
2387 target nuclide [61, 62, 63].

The direct excitation of ground state rotational band levels 07, 27, 4%, 6Tand
8" was estimated within rigid rotator model. To calculate the direct excita-
tion cross sections for S— vibration (K™ = 0") and anomalous rotation band
(K™= 27) as well as octupole (K™=0") band levels a soft rotator model was em-
ployed. Due to strong fission reaction competition in case of 232U+n interaction,
compound inelastic scattering is rather low and direct contribution to inelastic
scattering is appreciable. For ground state band levels the direct and compound
components became comparable above ~1.5 MeV, for octupole (K™=0") band
levels - above ~2.5 MeV, while for §— vibration (K™ = 0%) levels - above ~3
MeV. With increase of incident energy the influence of discrete level excitation
diminishes, while the role of continuum level excitation grows.

Figures 65-67 show the comparison of present calculations with JENDIL-3.2
evaluated emission spectra below emissive fission threshold. Bumps evident in
neutron emission spectra for F,, ~2 -4 MeV could be correlated with excitation of
discrete levels of various collective bands. The elastic as well as inelastic scattering
to 27, 47 and 67 levels of ground state rotational band contribution was added
to the other inelastic scattered and fission neutrons. They were broadened using
model resolution function of Gaussian type with a constant resolution width.
PNFS labels prompt neutron fission spectra. Arrows on figures show emitted
neutron energy, corresponding to excitation of octupole and f—vibration levels.

To calculate neutron energy distributions of (n,zny) and (n,znf), x = 1,
2, 3 reactions we use a simple Weisscopf-Ewing evaporation model taking into
account fission and gamma-emission competition to neutron emission. The pre-
equilibrium emission of first neutron is included. The hard component of neutron
scattering spectra and high energy tail of ?2U(n,2n) reaction cross section are
interpreted as being due to the pre-equilibrium evaporation of neutrons. This
feature is parameterized within a conventional exciton model, used in STAPRE
[21] code. Pre-equilibrium contribution of first neutron spectrum was fixed by
consistent description of (n,f), (n,2n) and (n,3n) reaction cross sections up to 20
MeV, we get the main parameter of the exciton model, that is the matrix element
M? = 10/A3. The charge conservation and transition rates renormalization were
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also employed. With all that in mind and in the STAPRE code [21] a pre-
equilibrium emission fraction ¢(FE) leading to depletion of compound nucleus
states population is obtained. It equals ~0.05 at E,, = 4 MeV and increases up
to ~0.35 at E,, = 20 MeV. First neutron spectra for the (n,nx) reaction is the
sum of evaporated and pre-equilibrium emitted neutron contributions. Second
and third neutron spectra are assumed to be evaporative.

For incident neutron energy higher than emissive fission threshold, emissive
neutron spectrum is deconvoluted, components of 1st, 2nd and 3d neutron spec-
tra are provided, where applicable. We have calculated 1st, 2nd and 3d neutron
spectra for the (n,ny), (n,2n) and (n,3n) reactions. According to the ENDF /B-VI
format specifications the secondary neutron spectra are included in the following
way. Calculated spectra were summed up and tabular spectra for the (nn-vy),
(n,2n) and (n,3n) reactions were obtained. To clarify the competition of neu-
tron, y-emission and fission in case of (n,nx) and (n,2nx) reactions the following
presentation of spectra is provided. Figures 72 and 73 show secondary neutron
spectra of the reaction (n,nx) and its partial contributions for (n,n7y), (n,2n),
(n,nf) (n,2nf) and (n,3n) reactions at incident neutron energy of 20 and 14 MeV.
The partial neutron spectra are normalized to the contributions of appropriate
cross sections to the (n,nx) reaction cross sections. Above ~5 MeV energy of
first emitted neutron, neutron spectrum is of pre-equilibrium nature. Spectrum
of (n,n7y) reaction actually is just hard energy tail of ‘pre-equilibrium’ compo-
nent of first neutron spectrum. Spectrum of the first neutron of (n,2n) reaction
is much softer, although ’pre-equilibrium’ component still comprise appreciable
part of it. First neutron spectrum of (n,3n) reaction is actually of evaporative
nature. First neutron spectrum of (n,nf) reaction has rather long pre-equilibrium
high-energy tail . First neutron spectrum of (n,2nf) reaction, as that of (n,3n)
reaction, is of evaporative nature.

Figures 74, 75, 76 and 77 compare neutron spectra of (nn7y) reaction of
JENDL-3.2 [11] and ENDF/B-VI [9] with present calculation. Neutron spec-
tra of JENDL-3.2 [11] and ENDF/B-VI [9] are evaporative. Average energies of
first neutron spectra for JENDL-3.2 and ENDF/B-VI are much lower than that
of present evaluation.

Figures 78 and 79 show spectra of 2nd neutron of the reaction (n,2nx) and
its partial contributions for (n,2n), (n,3n), (n,2nf) etc. reactions for 14 and 20
MeV incident neutron energy. Spectrum of (n,2n) reaction neutron seems to be
the hardest one at 20 MeV. Figures 80 and 81 show the comparison of (n,2n)
reaction spectra of JENDL-3.2, ENDF/B-VI and present evaluation at 20 and
14 MeV. The discrepancies above ~5 MeV and ~3 MeV, respectively, are due
to first neutron spectra of (n,2n) reaction in present calculation (see Figs. 72,
73) being of pre-equilibrium nature. In JENDL-3.2 and ENDF/B-VI spectrum
of (n,2n) reaction is evaporative. Figure 82 shows the comparison of (n,2n) reac-
tion spectra of JENDL-3.2 and present evaluation at 8 MeV. In contrast to first
neutron spectra, present (n,2n) reaction spectrum seems to be softer than those
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of JENDL-3.2 and ENDF/B-VI. The same happens with spectrum of (n,3n) re-
action (see Figs. 83, 84), shown on Fig. 84 for incident neutron energy of 14
MeV.

In summary, inclusion of pre-equilibrium emission changes significantly the
average energies of emitted neutron spectra. That is shown in Table 11, where
the average secondary neutron energies for current, ENDFB-VI and JENDL-3.2
evaluations are compared. The most significant is the change of neutron spectra
of (n,n7y) reaction. First neutron spectra of (n, n’f) reaction also becomes harder,
that influences prompt fission neutron spectra. On the other hand, the spectra
of 2nd and 3d neutrons become softer.

Table 11.

Average energies of secondary neutron spectra for 232U+n

1st neutron average energy, MeV
E,, MeV (n,n’) (n,2n) | (n,n’f) | (n,3n) | (n,2n’f)
Pres. | J-3.2 | B-VI | Present | Present | Present | Present
2.0 0.496 | 0.510 | 0.500
8.0 2.872 11016 | 1.331 | 0.45 1.16
14.0 9.544 | 1.385 | 1.744 | 2.37 2.66 0.31 0.58
20.0 15.58 | 1.672 | 2.077 | 8.58 4.13 1.76 2.45

(E) for (n,2n), MeV (E) for (n,3n), MeV
E,, MeV | Present | J-3.2 | B-VI | Present | J-3.2 | B-VI
8.0 0.321 | 0.407 | 0.428

14.0 1.646 | 1.116 | 1.720 | 0.256 | 0.450 | 0.485
20.0 4.841 | 1.462 | 2.076 | 1.241 | 1.236 | 2.015

10 Conclusions

The statistical Hauser-Feshbach-Moldauer model calculation of neutron-induced
reaction cross sections for 22U target nucleus shows the fair description of avail-
able data base on total and fission cross sections. Statistical calculations were
employed for predicting capture, inelastic, (n,2n), (n,3n) and fission reaction
(above (n,nf) threshold) cross sections. Rigid and soft rotator coupled channel
models were used to predict inelastic scattering cross sections for level excita-
tion. Prompt fission neutron spectra are predicted with the model, tested on
the PFNS description of #8U(n,f) and #*Th(n,f) reactions. Reich-Moore and
average unresolved resonance parameters are provided.
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9 Fission cross section of 232U.
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13 Cumulative sum of levels of 232U.

14 Cumulative sum of reduced neutron width of 23?U.

15 Level spacing distribution of #2U.

16 Reduced neutron width distribution of 232U.

17 Cumulative distribution of reduced neutron widths of 2?U.
18 Total cross section of 232U.

19 Fission cross section of 232U.

20 Elastic scattering cross section of 22U,
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32 Fission cross section of 232U.

33 Cross section of 232U: 0.047572 MeV, 27 level excitation.
34 Cross section of 232U: 0.15657 MeV, 47 level excitation.
35 Cross section of 232U: 0.3226 MeV, 6T level excitation.
36 Cross section of 232U: 0.541 MeV, 8T level excitation.

37 Cross section of 232U: 0.563194 MeV, 1~ level excitation.
38 Cross section of 232U: 0.628967 MeV, 3~ level excitation.
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Fig.

56. Dependence of thermal prompt fission neutron multiplicity on mass of
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Fig. 57 Prompt fission neutron number of 232U.

Fig. 58 Prompt fission neutron number of 232U.

Fig. 59 PFNS for 232U at incident neutron energy 3 MeV.

Fig. 60 PFNS for 22U at incident neutron energy 7 MeV.

Fig. 61 PFNS for 232U at incident neutron energy 10 MeV.

Fig. 62 PFNS for 22U at incident neutron energy 14 MeV.

Fig. 63 PFNS for 22U at incident neutron energy 20 MeV.

Fig. 64 Average neutron energy of the PFNS for 232U.

Fig. 65 Neutron emission spectrum of 32U for incident neutron energy 1.2 MeV.
Fig. 66 Neutron emission spectrum of 32U for incident neutron energy 2.6 MeV.
Fig. 67 Neutron emission spectrum of 232U for incident neutron energy 3.55 MeV.
Fig. 68 Neutron emission spectrum of 232U for incident neutron energy 6.1 MeV.
Fig. 69 Neutron emission spectrum of 22U for incident neutron energy 11.8 MeV.
Fig. 70 Neutron emission spectrum of 232U for incident neutron energy 14.05MeV.
Fig. 71 Neutron emission spectrum of 232U for incident neutron energy 18 MeV.
Fig. 72 Components of first neutron spectrum of 2*2U for incident neutron energy
20 MeV..

Fig. 73 Components of first neutron spectrum of 232U for incident neutron energy
14 MeV.

Fig. 74Comparison of (n,n’y) reaction neutron spectra of *2U for incident neu-

tron energy 20 MeV.

Fig.

75 Comparison of (n,n’y) reaction neutron spectra of 22U for incident neu-

tron energy 14 MeV.
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Fig. 76 Comparison of (n,n’y) reaction neutron spectra of 22U for incident neu-
tron energy 8 MeV.

Fig. 77 Comparison of (n,n’y) reaction neutron spectra of 232U for incident neu-
tron energy 6 MeV.

Fig. 78 Components of second neutron spectrum of #*2U for incident neutron
energy 20 MeV.

Fig. 79 Components of second neutron spectrum of 2*?U for incident neutron
energy 14 MeV.

Fig. 80Comparison of (n,2n) reaction neutron spectra of ?*2U for incident neu-
tron energy 20 MeV.

Fig. 81 Comparison of (n,2n) reaction neutron spectra of #*U for incident neu-
tron energy 14 MeV.

Fig. 82 Comparison of (n,2n) reaction neutron spectra of 22U for incident neu-
tron energy 8 MeV.

Fig. 83 Comparison of (n,3n) reaction neutron spectra of *2U for incident neu-
tron energy 20 MeV.

Fig. 84 Comparison of (n,3n) reaction neutron spectra of 22U for incident neu-
tron energy 14 MeV.
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