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Cross sections and energy-angular distributions of emitted neutrons were evaluated for
the neutron-incident reactions on 236Pu in the incident energy range of 10 eV to 20 MeV
by using a statistical model combined with a coupled channel optical model. The calculated
results were compiled to the latest evaluated nuclear data library JENDL-3.3 in the ENDF-6
format. The unresolved resonance region is assumed to be from 10 eV to 30 keV, and the
averaged resonance parameters were obtained to reproduce the calculated cross sections.
Maxwell temperatures for fission neutron spectra were estimated from a systematics with a

correction for prefission neutrons.

Keywords: Nuclear Data Evaluation, 226Pu Neutron Cross Sections, Statistical Model,

Optical Model, Coupled Channel Calculation



JAERI—Research 2002—013

JENDL-3.3 ® 7= @ 236Py & v F A S U0 SEf

AREF D EERET T AV — ¥ AT AFEH
EARE - Il B

(2002 £ 5 A 7 A5 H)

10 eV 205 20 MeV O AP H T2 33 % 236Pu OMFEME & BURHETFORES A R
AN — SRR AR L T v v R VSR FREL Y BV CRHlL 7o FHEAERIZ ENDF-6
74—y MIREL FMEET -5 5 177 ) JENDL-3.3 IZfMIL 72, 10 eV H*5 30 keV
IErBESLE RIS L. WiTHE L BT 5 YD RET7 A—y Z RO, BrRBETOL
ANFE—5Ai% 52 5 Maxwell iR % 5t E L Wi 2 AW TR O HEEL 720

FOBMTZERT . T 319-1195 SKIRIEARF(EL SUEH (15 AR 2-4



JAERI—Research 2002—013

Contents

T Imtroduction . ... ... e
2 Statistical Model Description
2.1 Optical Model

2.2 Level Density

2.3 ~-transition

2.4 Fission

3 Results

3.1 Cross Sections

3.2 Angular Distributions

3.3 Energy Distributions

3.4 Number of Neutrons Per Fission

4 Conclusion

Acknowledgments

References



JAERI —Research 2002—-013

2 B



JAERI—Research 2002—013

1 Introduction

Nuclear data for minor actinides are becoming important for purposes such as transmu-
tation technology of long-lived radio-active wastes and high burn-up reactors. From recent
measurments[1, 2] of neutron induced fission cross section for 2*Pu, however it becomes
evident that the evaluated fission cross section in JENDL-3.2 is considerable underestimated
below the incident neutron energy of 1 MeV. The present work was done to improve the
fission cross section in JENDL-3.2.

A spherical optical model was used for the evaluation of 2*¢Pu in JENDL-3.2. However,
for actinides, which show deformed feature making low-lying rotational excited levels, it is
known that a coupled channel treatment is better. Thus we adopted the coupled channel
optical model to evaluate 236Pu cross sections. A statistical model calculation was performed
in a consistent way to deduce the fission cross section, other reaction cross sections, and
secondary neutron spectra and angular distributions. Detailes of the calculation are shown
in Sect. 2. Results of the calculation are presented in Sect. 3 comparing with experimental

data and other evaluated data.

2 Statistical Model Description

In this section, formulae and parameters used in the present calculation are shown. Neu-
tron and y-ray emissions and fission were taken into account as decay channels in the sta-
tistical model calculation. Details of the model for each decay channel are described below.
The statistical model calculation was performed by the code GNASH][3].

In the present calculation continuum states for the compound neucleus were divided into
energy bins of 0.05 to 0.1 MeV width, depending on the incident neutron energies. Preequi-
librium processes were taken into account using the exciton model [3] with an interaction

normalization constant k=160 MeV? and a single particle state density constant g=18.6.

2.1 Optical Model

The coupled channel (CC) method with a deformed optical potential was used to estimate
transmission coefficients of the neutron channel in the Hauser-Feshbach statistical model,
and also to calculate total, elastic scattering and direct-inelastic cross sections. For the
CC calculation, the coupled channel optical model code OPTMAN|4] was used in the rigid
rotor option. Four discrete levels in the ground state rotational band were included in the

calculation. The optical model potential parameters were taken from a recent study for
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2887[5).

The deformed nuclear optical potential arises from deformed instant nuclear shapes

R(6',¢') = Ry {1 + > 5,\0Y,\0(9',<P')} : (1)

A=2,4,6

where Yo means spherical harmonics, & and ¢’ angular cordinates in body-fixed system.

The non-spherical optical potential is taken to a standard form:

V) = ~Vifalr) +i {Wpap £ fo(r) - Wy fu()]

R\2  1d .
+ (E) Vso;gfso(r)t7 - L, (2)

s

with the form factors given as
filr) = M +exp(r—Ry)/a]™", i=R,V,D and SO, (3)

and deformed radii R; as described in Eq. (1) with Ry = r;AY/3. The subscripts i =
R,V,D,Coul and SO denote the real volume, imaginary volume, imaginary surface, Coulomb

and real spin-orbit potential, respectively. Energy dependence is given as

Vi = VR+VAEn+ VEE? - CuisolA - 22)/A,

Wp = WD+ WhE, = Cuiso(A — 22)/A,

Wy = Wy +WyE, (4)
where E, is the incident energy of neutron and Wi1 is changed at E;, = E¢pange, while Z and
A denotes atomic and mass number of the target nucleus, respectively. If energy dependence
lead to negative Wp or Wy values, they are set to zero for such energies.

The parameters and the levels used in the calculation is shown in Table 1 and 2, respec-

tively.

2.2 Level Density

The Fermi gas level density formula given by Gilbert and Cameron[6] was used.

pULm) = pulmhps (7, D)pu (D), (5)
pulm) = 3, (©
—(J + 12
po(h0) = ALy TN 7
1
wll) = sstamy “PEVal): (8)
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where a is a level density parameter, and U is given by U = EF'— A. F is an excitation energy

and A is a paring encrgy. The level density parameter was obtained by the systematics(3],
a = [0.00917(S(Z) + S(N)) + 0.120] A, (9)

where A is a mass number, S(Z) and S(N) are shell collections for proton and neutron,

respectively. The spin cutoff parameter o was given by
0% =0.146A%3vaU. (10)
The py(U) is an observable level density

pu(U) = p(U, J,7). (11)
J,m

The Fermi gas level density is connected to constant temperature level density formula pr
at En,.

1 U+ A-E

pr(U) = g exp—— =2, (12

where T is a nuclear temperature, Ey is a normalization constant. These parameters were
determined to connect experimental low-lying levels at the excitation energy F. and Fermi
gas level density py at E,,, smoothly. A cumulative plot calculated with the obtained level
density parameters for 22”Pu is shown in Fig. 1 with known excited levels. Parameters used
in the calculation are given in Table 3. For the nuclei having no experimental excited level

data, E. and Ey parameters were set equal to 0.

2.3 ~v-transition

El, M1 and E2 v transitions were taken into account. Transmission coeflicients of +y-ray
are given by

Txi(e,) = 2m €2, (13)

where €, stands for the y-ray energy, X! denotes F1, E2 or M1, and fx; is a strength
function of y-ray. The strength function given by Kopecky and Uhl [7] was used for fx;. For
the E1 transitions, the strength function is expressed by a sum of two Lorentzian forms with

an energy dependent resonance width I'(e,) obtained from the Fermi liquids theory [8].

T;(e 0.70304m2T? -
fmo= ) K erliler) TP ool (14)
2 E® 0
i=1,2 (e?r - Ef) + €2I';(€,)? i
€2 + 47272
Ti(ey) = I‘z'O—AY—E‘T— (15)
12
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where T';p and E; are the width and energy of the i-th resonance, respectively. og is the

strength parameter. Nuclear temperature T is given by

T = B"__el’ (16)
V a

where B, is the neutron binding energy and a is given by Eq. (9). Giant dipole resonance
(GDR) parameters for E1 transition are taken from Dietrich and Berman’s table [9] assuming
the same parameters as 233U. The GDR parameters used in the calculation is shown in Table
4. The M1 and E2 strength functions, fas; and fgo, are given by single Lorentzian forms.

The M1 strength function is expressed by

0’067].1"Z

fm =Ky (6?7 B E2)2 N 6211‘2’

(17)

with E = 41/AY3 (MeV), I' = 4 (MeV) and 0y = 1 (mb). The E2 strength function is given

by
0’06;11—‘2

(- E2)2 + €2I?

fe2 =Ko (18)

where resonance parameters were obtained from a systematics by Prestwich et al. [10]: E =
63/A1/3 (MeV), T = 6.11-0.0124 (MeV) and 0y = 1.5x 1074 Z2E%2A~ /3T (mb). Constant
K; (I = 1 or 2} in the strength functions is given by

1

K=
LT @+ Dr2r2e

(19)

Absolute values of the El strength function were obtained by multiplying a normalization
factor which can be determined to reproduce experimental 27(I'y9)/(Do) value with inte-
grating the E1 transition strength at neutron binding energy for the compound nucleus.
However, since no experimental resonance data were available to evaluate 2m([.0)/{Dy),
the value of 27(T')/(Do) was assumed to be 0.02 for Z7Pu, 0.5 for Z6Pu, 0.01 for 2*°Pu
and 0.5 for >**Pu. The E2 and M1 strength functions were normalized by multiplying the
normarization factor of R(M1)/R(El) = 0.45/(roA'/%)? and R(El + 1)/R(El) = 8 x 1074,
where R(X!) is relative strength[3)].

2.4 Fission

The fission transmission coefficient was calculated by assuming double parabolic fission

barrier with Hill-Wheeler’s expression[11].

T ! (20)

1+exp{-Z(U - By)}
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where Ep and hw are fission barrier height and curvature, respectively. Fission reactions
were assumed to occur through discrete levels and continuum states at the saddle points of
fission barriers. In the present work the discrete transition levels were produced assuming
rotational bands. Giving band head energies and a moment of inertia, 10 rotational levels
were produced for each band. Above the discrete levels, continuum level densities were
assumed to be given by the formulae described in Sect. 2.2. The fission barrier parameters
and band head data used are shown in Table 5 and and also the parameters used in the level
density formula are given in Table 6. The Ef"md and J[ indicate energy and spin-parity
of the i-th band head for the discrete fission transition levels, respectively. Fission barrier

parameters were determined to reproduce experimental fission cross sections [1, 2].

3 Results

In this section calculated cross sections and energy spectra are shown together with exper-
imental data and other evaluated data. Other quantities required for an evaluated nuclear

data file are also described.

3.1 Cross Sections

The resolved resonance energy region was assumed to be below 10 eV and the unresolved
resonance energy region from 10 eV to 30 keV. In the resolved energy region, resonance
parameters were taken from ENDF/B-VI evaluated data file because they reproduce well
experimental fission cross section [1, 2, 12, 13] both at the thermal energy and in the resolved
resonace energy region. In the unresolved resonance region, resonance parameters were
determined to reproduce the calculated cross sections assuming s- and p-wave resonances.
The calculation was performed by the unresolved parameter search code ASREP[14], in
which a single Breit-Wigner resonance formula is used with a Wigner distribution for the
level spacing and a Porter-Thomas distribution for the level width fluctuation.

Figure 2 shows the results of total, elastic scattering and reaction cross sections calculated
with the coupled channel optical model. Calculated s- and p-wave neutron strength functions
at 1 eV are 1.08x10~* and 2.11x10™4, respectively. Comparisons of the total cross section
with the evaluated data in JENDL-3.2, ENDF/B-VI and JEF-2.2 are shown in Figs. 3 and
4. The present calculated total cross section is smaller than JENDL-3.2 in the whole energy
region and almost the same as the ENDF/B-VI at higher energies than 2 MeV. As shown in
Figs. 5 and 6, in the case of the elastic scattering cross section the present calculation is the

smallest above 2 MeV. In the lower energy region, the present result is similar to JEF-2.2,



JAERI—Research 2002—013

a little bit larger than ENDF/B-VI and considerably smaller than JENDL-3.2. The capture
cross section is shown in Fig. 7. The present result is the smallest below 100 keV among the
evaluated data and above this energy between JEF-2.2 and JENDL-3.2.

The result of fission cross section is shown in Figs. 8 and 9 with available experimental
data [1, 2, 12, 13] in the experimental nuclear reaction data library EXFOR and evaluated
data. The present result reproduces the experimental data at 10 to 100 eV and above 1
MeV well. In unresolved resonance energy region, the present calculation is smaller than
experimental data. However, it is difficult to reproduce this large fission cross section using
reasonable optical model and statistical model parameters expected from neighboring nuclei
at present.

Cross sections for the (n,n’), (n,2n) and (n,3n) reactions are shown in Fig. 10. The present
(n,n’) calculation gives the largest value. The (n,2n) and (n,3n) cross sections are between

JEDNL-3.2 and JEF-2.2 (the same as ENDF/B-VI).

3.2 Angular Distributions

The angular distributions of secondary neutrons were calculated for the elastic and inelastic
scattering cross sections by summing the direct, preequilibrium and compound reaction
components. The direct and compound reaction components were obtained by the optical
model and Hauser-Feshbach calculation, respectively. The preequilibrium components were
estimated by the systematics of Kalbach[15], assuming that all preequilibrium components
are multistep direct parts because the present exciton calculation does not distinguish the
bound and unbound particle states. For the (n,2n), (n,3n), and fission reactions, isotropic

angular distributions were assumed.

3.3 Energy Distributions

The energy distributions of emitted neutrons for each reaction were obtained by summing
neutron emission spectra multiplied by probabilities of specific reaction channels from every
excited states neglecting spin distributions. Figures 11, 12, and 13 show secondary neutron
energy distributions emitted from the (n,n’), (n,2n), and (n,3n) reactions, respectively.

The fission neutron spectra were estimated by assuming Maxwellian distributions with the

temperature T;,, given by the systematics of Howerton and Doyas[16].

Ty = c+ dy/1 + v/(E), (21)

¢ =0.353, d=0.510
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where v;(E) is an average number of neutrons per fission after scission at incident energy £,
The v (E) value is taken from JENDL-3.2 with subtracting the prefission neutron number
for second and third chance fissions multiplying the ratio of their cross sections obtained by
the present statistical model calculation. The incident energy dependence of T, is shown
in Fig. 14. A plateau can be seen around the threshold of second chance fission. Fission
neutron spectra at incident energies of 1 eV, 1 keV, 1 MeV, 10 MeV and 20 MeV are shown
in Fig. 15.

3.4 Number of Neutrons Per Fission

To complete an evaluated nuclear data file as the ENDF-6 format, the number of neutron
per fission v for prompt and delayed neutron emission are required. In the present work v,

and vy were taken from JENDL-3.2.

4 Conclusion

The nuclear data for 236Pu was evaluated based on the statistical model. Details of the
calculation were described and the results were compared with experimental data and other
evaluated data. All of cross sections, secondary neutron energy distributions and angular
distributions were revised for JENDL-3.3 by the present work. In particular, the fission cross

section is in better agreement with experimental data. compared to JENDL-3.2
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Table 1: Optical potential parameters used in the calculation

Vg = 46.65 — 0.307E + 0.001E?

wy o | 449+ 0491E E<11.2
9.99 - 0.071(E—11.2) E > 112
X E<112
v 0.100(E - 11.2) E > 11.2
Vso = 6.02
rr = 1.2616 ar = 0.643
rp = 12331 oy { 0.567 + 0.0022E E <112
0.5916 E>112
ry = 1.245 ay = 0.324
Chiso = 5.0 Cliso = 9.0
rso = 1.12 aso = 0.59 — 0.002E
P20 = 0.219 Bao = 0.053 Bso = —0.0065

Potential strength and incident energy F in MeV; radii and diffusenesses in fm.

Table 2: Levels of 23Pu used in the coupled channel calculation

Jr Ez (MeV)
0.0 0+
0.04463 2+
0.14745 4+
0.30580 6+
0.5157 8+

Table 3: Parameters used in the level density formulae

a (/MeV) T (MeV) A (MeV) E, (MeV) E.(MeV) Eo

Bipu  26.332 0.449 0.650 4.501 0.4606  -0.887
B6py  25.961 0.451 1.350 5.149 0.6207  -0.143
Z5py 25.937 0.384 0.750 3.297 0.0000  0.000
B4py  26.020 0.435 1.310 4.807 0.0000  0.000
23py 26.058 0.379 0.710 3.177 0.0000  0.000
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Table 4: GDR parameters for v transition

ol (b) E; (MeV) Ty (MeV) o2 E; (MeV) T, (MeV)

El 0.3 10.77 2.37 0.443 13.8 5.13
M1 1.0 6.62 4.0
E2  6.83 10.18 3.27

Table 5: Fission barrier parameters

E, (MeV) hw (MeV) Etnd (MeV) JF Ebend (MeV) JI

Z7Pu  inner 6.0 0.7 0.0 %Jr 0.0 %_
outer 5.8 0.6 0.0 1 0.0 .
236Pu  inner 6.0 0.7 0.0 0t 0.5 2t
outer 5.8 0.6 0.0 0t 0.5 2+
25Pu  inner 5.6 0.7 0.0 i 0.0 L=
outer 5.4 0.6 0.0 ¥ 0.0 1=

h*/2I = 0.002 (MeV) for all bands. I is a moment of inertia at the saddle point of fissin barrier.

Table 6: Level density parameters for fission transition states

a (/MeV) T (MeV) A (MeV)) E, (MeV) E.(MeV) E

27py 26.332 0.474 0.650 5.036 0.2400  -1.226
236py  25.961 0.485 1.350 5.877 0.7080  -0.604
285py  25.937 0.490 0.750 5.385 0.2400 -1.274

Level density enhancement factor [3] 6.0 is used for the inner barrier of 237Pu and 2.0

for other barriers.
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Fig. 1: Cumulative plot of level density and experimental levels for 237 Pu. Smoothed line is

given by level density formula and staircase plot by experimental levels.
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Fig. 2: Resutls of total, elastic and reaction cross sections calculated by a coupled channel

optical model
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Fig. 4: Comparison of total cross section
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Fig. 6: Comparison of elastic scattering cross section
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Fig. 10: Comparison of cross sections for (n,n’), (n,2n) and (n,3n) reactions
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Fig. 13: Neutron energy spectrum from (n,3n) reaction
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Fig. 15: Fission neutron energy spectra at the neutron incident energies of 1 eV, 1 keV, 1
MeV, 10 MeV and 20 MeV, upper cuttoff is located at E}, = E, + 20 MeV



EEREA R (SD) LHAER

®1 SIEAHAL K OHEHEIHRAL &2 SIEHFHINAHNA &5 SIEFAE
&) 2 % ic 5 E B i 5 [ HROAE i 5
E A - F o m 5. #%,. B| min, h, d 0% = 7 4 E
" Blyors . kg g, . B , 101%) ~ 4 P
By fa 74 S Yy % b |1, L 10| F 5 T
B w|7T v 7 A 3 vt 10° | & # G
MAOEEE |5 v vV K BEEAL | eV 10° | # M
H Rz w | mol BEERS | u o T
# Eln v 7 35 cd 100 ~ 7 ¢ h
T @ A5 7 v | rad 1 eV=1.60218x 10™'°J 00| 7 %] da
L RBlrFIIOTY sT 1 u=1.66054x 10" kg 107 | 7 4 d
10?2 ® 7 F c
107 | ¢ )
X3 EHOBHE 6 SIHTR 0o | 2400 n
®4 SIEHYENK R
1o | Hhod ST BIGY 00|+ 7 n
l g #J'\ nﬂ“? ic & %iﬁ ﬁﬁéhé*ﬁ 10—12 £ 3 p
23] b #l~ n v| Hz s & W i 5 107'%) 7 x4 b f
h = a—bY| N m-kg/s’? AR bo—a A 107 7 b a
£ 5. it Al 2B | Pa N/m? ;s _ v b
xnF-HE BBV 2 — | J N-m o - W bar (iE)
T®, R R{7 + +| W | Js . N Gal 1. &1—513 TEEBAFR] B5 R, HE
BB, BH7 -0 v C ) As £ a2 0y - Ci ERER 1985 EHHFICL 5, 275L, 1eV
B/iy, BE, 88H (£ »r +| V W/A [ N R B&LU 1 udDifiz CODATA 0 1986 F#i12
i B B Bg8i7 » 73 ¥ F [O7AY 3 K rad Tk 1
‘B S & |+ - 4| Q| v/ L . rem >
av ¥y s8R |v—-2vR| S A/V 2. R4IE\R, /o b, T, AT %
H &lm 2 — 5| Wb | V-s | A=0.1nm=10-""m A BITM TV ENAEDRLDOTE
4 i , ® HE|7 xl 5 ; xz;:ﬁ | b=100 fm?®=10-** m’ CTIREBLI,
s p ~ v - 514 -
1 v 57 5 :/ Z / ) I | bar=0.1 MPa=10°Pa 3. barid, JISTRHKEDEHEKDLTIB
€Ny RAGE | evyy 2R C | Gal=1 em/s? = 10~ m/s? BRBOE2DHF T — LRI ATH
3t ®Fir — 2 Y Im cd-sr al=lcm/s = mis %
¢} vz 1 Im/m? 1 Ci=3.7x10'°Bq °
m L x | Im/m - . 4. ECPWEFHALIESTH bar, barndik
% " i~ 2 L | Bg| s 1 R=2.58x10"'C/kg ) i
N _ o2 U [MEQ#E ] mmHg 2 &20%4 5 77
m IR & ®B|7 v 4| Gy | Jkg 1rad=1cGy=10"Gy CKARTLE
g B 4 ®|[ryr-~nb| S J/kg I rem=1¢Sv=10"’Sv °
;. ] x®
51| N(=10%dyn) kgf 1bf £ |MPa(=10 bar) kgf/cm?’ atm mmHg(Torr)| Ibf/in*(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 #11  0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
t B 1Pa-s(N-s/m%)=10P(£7 X)(g/(ems)) 133322 x 107* | 1.35951 x 107* | 1.31579 x 10°? 1 1.93368 x 107
BHE 1 mYs=10'St(A } — 7 Z) (em¥/s) 6.89476 x 10™* | 7.03070 x 102 | 6.80460 x 10? 51.7149 1
| J=10"erg) kgfem kW= h cal (3Hik) Btu ft » Ibf eV 1 cal = 4.18605 J (3+&i)
3
Y 1 0101972 | 277778 x 10° 0238889 | 9.47813 x 1074 0.737562 | 6.24150 x 10"* =4.184J (i)
ES
) 9.80665 1 2.72407 x 107 2.34270 9.29487 x 107? 7.23301 6.12082x 10" =4.1855J (15°C)
% 3.6 x10° 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10® | 2.24694 x 102 =4.1868 J (M ESK)
. 4.18605 0.426858 | 1.16279 x 10°° i 3.96759 x 10~° 3.08747 261272x10°  {4HE | PS (LEF)
B 1055.06 107.586 2.93072 x 107 252.042 1 778.172 6.58515 x 107! =75 kegf-m/s
1.35582 0.138255 | 3.76616 x 10" 0323890 | 1.28506 x 1073 1 8.46233 % 10'® = 715.499 W
160218 x 1077 | 1.63377 x 107%| 4.45050 x 1077%| 3.82743 x 10°*°| 1.51857x 107%%| 1.18171 x 10°" 1
Fivd Bq Ci :][Eyk Gy rad ;ﬂi C/kg R g Sv rem
:: 1 2.70270 x 10°"" g 1 100 g 1 3876 g i 100
3.7 x 10" 1 ' 0.01 1 2.58 x 1074 1 0.01 1

(86 % 12 A 26 HR &)




Evaluation of Neutron-Induced Reactions on Z*Pu for JENDL-3.3

————

F100%

A
BHERTO%ELHMEEHLTL I 4

betid



