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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.
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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[l 2 of neutron induced fission cross section for 236Pu, however it becomes

evident that the evaluated fission cross section in JENDL-3.2 is considerable underestimated

below the incident neutron energy of I 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 236pu 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 I 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 MeV3 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[41 was used in the rigid

rotor option. Four discrete levels in the ground state rotational band were included in the

calculation. The optical odel potential parameters were taken from a recent study for
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238U[5].

The deformed nuclear optical potential arises from deformed instant nuclear shapes

R(0',,p')=R 1 E 0\0Y\0(0"�0')
A=2,4,6

where Y\0 means spherical harmonics, O' and angular cordinates in body-fixed system.

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

d
V('r = -VRfR(r)+i 4WDaDfD(r)-WVfV(r)

I dr
h 2 ld

+ VS0__fso(r)6r (2)
(Airc) r dr

with the form factors given as

fi(r = [1 + exp (r - Ri) /ai]_1 , i R, V, D and SO, (3)

and deformed radii Ri as described in Eq. (1) with Ro -_ rAl/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

VR = VR + VRE. + VR2E,2 - Cj�,.(A - 2)IA,

WD = WD + WD E. - i,, (A - 2 Z /A,

Wv = WV + W'E. (4)

where E,, is the icident energy of neutron and Wil is changed at E,, = Eh,11191, while Z and

A denotes atomic and ass number of the target nucleus, respectively. If energy dependence

lead to negative WD or WV values, they are set to zero for such energies.

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

tively.

2.2 Level Density

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

P(U, J, 7) P, (7) pi J, U) PU (U), (5)

Pr (7r) (6)
2
2J + 1 (j + �)2

pi (J, U) -j- -2 exp (7)
a 2or2

Pu (U) exp(2v/aU), (8)
12v�r2aU(aU)I/4

2
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where a is a level density parameter, and U is given by U = E - A. E is an excitation energy

and A is a paring energy. 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 was given by

(T2 � 0.146A2/3VaU. (10)

The pu(U) is an observable level density

P (U) P(U, J, 7)
J, 7r

The Fermi gas level density is connected to constant temperature level density formula PT

at E.
U A - EO

PT (U) exp (12)
T T

where T is a nuclear temperature, E is a normalization constant. These parameters were

determined to connect experimental low-lying levels at the excitation energy E, and Fermi

gas level density pu at E, smoothly. A cumulative plot calculated with the obtained level

density parameters for 237pU is shown in Fig. 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 E parameters were set equal to .

2.3 -y-transition

El, MI and E2 -y transitions were taken into account. ransmission coefficients of y-ray

are given by

TXI(Ey = 27rfXjE21+1 (13)

where c stands for the -y-ray energy, X1 denotes El, E2 or Ml, and fXt is a strength

function of -y-ray. The strength function given by Kopecky and Uhl 7 was used for fj. For

the El transitions, the strength function is expressed by a sum of two Lorentzian forms with

an energy dependent resonance width rey) obtained from the Fermi liquids theory [8].

f'YFi(f_Y) 0.7r'jO47r2T2
fEI KI )2 + or, Fio (14)

i=1,2 E - E2 + 2fl,(EY)2 Ei 0
( 7 7

(2 + 47r2T2
�Y) 'Y

F i Fio E? (15)

3
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where Fio and E are te width and energy of the 1-th resonance, respectively. is the

strength parameter. Nuclear temperature T is given by

B, - (16)
T - 6 Y

a

where B is the neutron binding energy and a is given by Eq. 9 Giant dipole resonance

(GDR) parameters for El transition are taken from Dietrich and Berman's table 9] assuming

the same parameters as 238U. The GDR parameters used in the calculation is shown in Table

4. The Ml and E2 strength functions, fl and fE2, are given by single Lorentzian forms.

The Ml strength function is expressed by

(706-fr2
fmi = K, 2 (17)

E - E2 + f2r,2

with E 41/A'/' (MeV), r 4 (MeV) and oro = I mb). The E2 strength function is given

by
U06-ir 2

fE = K2 -7 (18)
2

C - E2 + E2]F2

where resonance parameters were obtained from a systematics by Prestwich et al. [101: E

63/A'/' (MeV), = 611 - 0.012A (MeV) and cro = 1.5 X 10-4 Z2E2A-'/'/F (mb). Constant

KI (I I or 2 in the strength functions is given by

K = 1 (19)
(21 17r2h 2C2'

Absolute values of the El strength function were obtained by multiplying a normalization

factor which can be determined to reproduce experimental 27r(1Fyo)/�Do) value with inte-

grating the El transition strength at neutron binding energy for the compound nucleus.

However, since no experimental resonance data were available to evaluate 27r(ryo)/(Do),

the value of 2r(ryo)/(DO) was assumed to be 002 for 237pU, 0.5 for 216pU, 0.01 for 235pU

and 0.5 for 234Pu. The E2 and Ml strength functions were normalized by multiplying the

normarization factor of R(Ml)IR(El = 0.45/(roA'/3)2 and R(El + 1IR(El = x 10-',

where R(Xl) 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= 1 (20)

1 +expf_2,,(U -Eb)j
hw

4 -
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where Eb ad hw are fission barrier height and curvature, respectively. Fission reactions

were assumed to occur through discrete levels ad continuum states at the saddle points of

fission barriers. I 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. 22. The fission barrier parameters

and band head data used are shown in Table and and also the parameters used in the level
density formula are given in Table 6 The E,,d

z and Jj' 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 fnctions

at eV are 1.08xlo-4 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. and 6 in the case of the elastic scattering cross sectio te present calculation is the

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

- -
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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 tile

evaluated data and above this energy between JEF-2.2 and JENDL-3.2.

The result of fission cross section is shown in Figs. and 9 with available experimental

data [1 2 12, 13] in the experimental nclear reaction data library EXFOR and evaluated

data. The present result reproduces the experimental data at 10 to 100 eV and above 

MeV well. In nresolved 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 (nn'), (n,2n) and (n,3n) reactions are shown in Fig. 10. The present

(nn') 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-Feslibach 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 (nn'), (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].

Tm = c + dF + �vf (E), (21)

c = 0353, d = 0510

- 6 -
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where vf (E) is an average number of eutrons per fission after scission at incident energy E.

The vf (E) value is taken from JENDL-3.2 with subtracting the prefission nutron number

for second and third chance fissions multiplying the ratio of their cross sections obtained by

the present statistical model calculation. Te incident energy dependence of T is shown

in Fig. 14, A plateau can be seen around te threshold of second chance fission. Fission

neutron spectra at icident energies of I eV, 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 vd were taken from JENDL-3.2.

4 Conclusion

The nuclear data for 136pU 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

VR 46.65 - 0307E + .001E2

WD 4.49 0.491E E < 11.2

9.99 - 0.071(E - 11.2) E > 11.2

WV 0.0 E < 11.2

0.100(E - 11.2) E > 11.2

VS0 6.02

rR = 12616 aR = 0643

rD = 12331 aD = 0567 0.0022E E < 11.2
0.5916 E > 11.2

rV = 1245 av = 0324

C,j.� = .0 Ci.,0 = 9.0

rso 1.12 aso 0.59 - 0.002E

�20 0.219 �40 0.053 060 = 0.0065
Potential strength and incident energy E in MeV; radii and diffusenesses in f.

Table 2 Levels of 236pU used in the coupled channel calculation

Yr Ex (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

237pu 26.332 0.449 0.650 4.501 0.4606 -0.887

236pu 25.961 0.451 1.350 5.149 0.6207 -0.143

235pi, 25.937 0.384 0.750 3.297 0.0000 0.000

234pu 26.020 0.435 1.310 4.807 0.0000 0.000

233pu 26.058 0.379 0.710 3.177 0.0000 0.000

9
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Table 4 CDR parameters for -y transition

a' (b) El (MeV) r', (MeV) U2 E2 (MeV) F2 (MeV)0 0

El 0.3 10.77 2.37 0.443 13.8 5.13

ml 1.0 6.62 4.0

E2 6.83 10.18 3.27

Table 5: Fission barrier parameters

Eb (MeV) hw (MeV) Eband (MeV) j7r E2band (MeV) J27r

237pU I+inner 6.0 0.7 0.0 0.02 2

outer 5.8 0.6 0.0 I+2 0.0 2

236pU inner 6.0 0.7 0.0 O+ 0.5 2+

outer 5.8 0.6 0.0 O+ 0.5 2+

235pU inner 5.6 0.7 0.0 1+ 0.0 I-2 2

outer 5.4 0.6 0.0 1+ 0.0 I-2 2
h2 /2I = 0002 (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) EO

237pU 26.332 0.474 0.650 5.036 0.2400 -1.226

236pU 25.961 0.485 1.350 5.877 0.7080 -0.604

235pu 25.937 0.490 0.750 5.385 0.2400 -1.274

Level density enhancement factor 3 60 is used for the inner barrier of 7Pu and 20

for other barriers.

- 10-
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1000

Pu-237

0
(D

16 100

E

M 1 0

E

0 0.5 1 1.5 2

Excitation energy (MeV)
Fig. 1: Cumulative plot of level density and experimental levels for 231pU. Smoothed line is

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

optical model
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Fig. 3 Comparison of total cross section
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Fig. 4 Comparison of total cross section
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Fig. 5: Comparison of elastic scattering cross section
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Fig. 6 Comparison of elastic scattering cross section
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Fig. 7 Comparison of capture cross section
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Fig. 8: Comparison of fission cross section
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Pu-236(nf) present
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Fig. 9 Comparison of fission cross section
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