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Evaluation of nuclear data has been performed for 237Np, ' Am, *?2Am and ***™Am. Neutron data
were obtained at energies from 20 to 250 MeV and combined with JENDL-3.3 data at 20 MeV. Evaluation
of the proton data has been done from 1 to 250 MeV. The coupled channel optical model was used to
obtain angular distributions for elastic and inelastic scattering and transmission coefficients. Pre-
equilibrium exciton model and Hauser-Feshbach statistical model were used to describe neutron and
charged particles emission from excited nuclei. These evaluation is the first work for producing full sets of

-

evaluated file up to 250 MeV for ZNp and Americium isotopes.

Keywords: Nuclear Data, Evaluation, Intermediate Energy, Neutron, Proton, Cross Section, Fission, Pre-

equilibrium Model, Statistical Model, *’Np, 2 Am, *2Am, *"™Am



JAERI—Research 2002—032

2Np, 2'Am, *?2Am, **™Am IZx}$ 5 250 MeV F TD
HETF R OHF AT — & OFFil

H AR F O SeRr R 72 i = A )V F— ¥ A 7 L HF3EER
A.Yu. KONOBEYEV - & &4 - &KX &

(2002 £ 10 A 18 H %)

'Np, *'Am, *%2Am, *Am 123 BT — ¥ DFHEF 1T o 720 HHETFT— #1320 205 250 MeV

DI ANF -G TFML. 20 MeV T JENDL-3.3 & D270, BF7— 5 OFFHliL 1 225 250
MeV DEIFTIT 572, F% Y ANMEAREET V2 AT, Wik, FFERELNEREO fAES
HROEBEEE KD, HPEBROFERT-T7 L & Hauser-Feshbach DFEFHE 711 £ L.
R TS b ORUTF R UOERF OB RO 72, RFEEIX 250MeV T TD P'Np U7 X

VY ARNERICHT BEHEE 7 7 A WERE LT, IO TDLDTH 5,

FHEATZERT © T319-1195 KEEIRFTEN R 44 2 5 H AR 24



JAERI—Research 2002—032

Contents

L. INEEOAUCHION oo ineeetieeie ettt ettt ree e sessaretbeeeessasbsersseesonsessnsssnsssssonsaaessesssesensnnnesresans I
2. Brief Description of the Nuclear Models and Codes used in the Present Work .................... 1
B 2 TN oottt e ettt enes 4

3.1 Neutron Data EValUation...........ceeeiieriiiiieeeeinicieiieseeeseeneniaeiesessssesesanscerneasesessssessnnnneseses 4

3.2 Proton Data EValUAtiOn .........c.ooeoeiiiiiiiieeeecineecceciieecette e e estee s s eeva e e e eavasee s e snnnaeaeeenneeas 5
4. Americium Isotopes with A=241 and 242 .........ccoooiiiiriieee e 5
5. CONCIUSION......veieeeeiiiieeeiieeeeertteeeeetteeeeeeearr e e e st eeee e saseaeaesseeseessseaaernssssaaaanssseaesaenssseeasessnssasanns 6
ACKNOWIEAZEIMENES .....veeeieiieiieeiieeiee ettt ettt e s e et e s e e e et e e ee e ste e s anesaees 6
RETEIEIICES ... evevieeieiieeeceree ettt eeer e s sttt e et e st es s rrbase s s seseeabessesanaeessssssssassnnrsssanssesssssrerenes 7

B2

OO OO 1
2 B Rt B D T I E A B T B e 1
T OSSO 4

N B o o e e A/ 1= OO 4

K e e AL o i U SOR 5
4. BER 21 L 22 DT AV 27 BEMEAR e 5
R T OO 6
B B oottt R et L AR ALt E Lt ettt eener e 6
B IR e LR LR et et 7




This i1s a blank page.




JAERI—Research 2002—032

1. Introduction

The nuclear data evaluation at intermediate energies has the principal meaning for increasing of
accuracy of data used in different applications. Such applications include developments of concepts of the
accelerator-driven waste transmutation system, radiation therapy, isotope production for medicine, material
research using the accelerators and others. In data evaluation special attention should be given for incident
particle energies below 250 MeV, where application of codes based on the intranuclear cascade evaporation
model and the QMD-model is rather questionable due to the physical limitations or the deviation of the
calculated and measured nuclear reaction characteristics.

The goal of this work was to obtain the nuclear data for 237Np, 1 Am, *?2Am and **™Am suitable
to study neutron transport, heating, change of nuclide composition of the nuclear fuel and for other
applications in the whole energy range from thermal energy up to 250 MeV. Both neutrons and protons
were considered as incident particles in the present work. The evaluation has been done with theoretical
models, as semi-empirical and empirical approaches, whose validity has been approved based on the large
number of experimental data. Neutron data at the energy 20 MeV were combined with new JENDL-3.3

evaluation. Proton data are obtained from 1 to 250 MeV.

2. Brief Description of the Nuclear Models and Codes used in the Present
Work

Coupled-channel optical model has been used to provide total cross section, angular distributions
for elastic and inelastic scattering, and to calculate transmission coefficients for neutrons and charged
particles. Parameters of the optical potential were obtained to perform the calculations up to 250 MeV. The
numerical calculations were carried out with ECIS96 code [1]. The Hauser-Feshbach statistical and pre-
compound models realized in GNASH code [2] were used for the calculation of particle emission spectra
and nuclide production cross sections.

Nuclear level density was obtained on the basis of generalized superfluid model with the
parameters fitted to the cumulative number of low-lying levels and observed neutron resonance densities

[3]. The expression for nuclear level density is written as follows

p(U,J,n):pqp(U',J,n)Kvib(U')Kmt(U'), )]
where pgp(U’,J,m) is the density of quasi-particle nuclear excitation [4], K,i,(U”) and K;(U”) are vibrational
and rotational enhancement factors at the effective energy of excitation U’. The vibrational enhancement

coefficient K,;,(U’) was calculated according to Ref.[3].
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For the inner saddle and axially symmetric saddle deformation rotational enhancement factors
were obtained as follows K, (U)= & i , for the asymmetric saddle point K (U’) = 24/2T O'i Oy, and for

the outer saddle K. (U’) = 2()'2l [5], where G, and O, are perpendicular and parallel spin cutoff
functions. The attenuation of the rotational enhancement with the excitation energy growth was considered
according to Refs.[3,6].

The nuclear level density parameters were calculated according to the following expression [3,4]

a(l+ oW o(U'-E /(U-E_ ) ifU>U
a(U) — { a( (P( cond ) ( cond ) 1 cr , (2)

a(U,), ifU'<U,

where the asymptotic value of level density parameter is equal to 3 =A(0+PA™"), 0:=0.073, B = 0.115,
o(U)= 1-exp(—yU), y‘=0.4/A”3 MeV™', 8W is the shell correction. The effective energy of excitation U’,
critical energy of the phase transition U, and the condensation energy E.,,q were defined according to

Refs.[3,4]. For the ground state the shell corrections W in Eq.(2) were calculated on the basis of Myers,
Swiatecky approach [7]. For the inner and outer saddle points the values of W/ and 8W" were taken

from Ref. [5] considering the difference between types of the saddle symmetry.

The fission barriers were considered as spin-dependent and described as follows [8],

B (J)=C' B,y () +£(T) g(T) (SW, —8W,), 3)

where B, (J) is the spin-dependent barrier calculated according to Sierk liquid-droplet model [9], SWgs

and 5WSi are the shell corrections for ground state and the i-th saddle point, respectively, C'is the

adjustment factor, f(T) and g(J) are temperature and spin fade-out functions. Factors C' were defined in the
present work to provide an agreement between calculations and available experimental data for neutron

interactions with uranium isotopes. The nuclear temperature fade-out function f(T) in Eq.(3) was calculated

according to Ref.[8]:
1, for T<1.65MeV
£f(T)= ; 4)
5.809exp(—1.066T), for T > 1.65MeV
The function g(J) was defined according to the following expression [8]:
1
g = ®)

1+exp( ~1J,,,)/ AT’

where the parameters I; and AJ are equal to J;p=24, AJ=2.5 [10]. Nuclear dissipation effects resulting in
reduction of fission width with growth of excitation energy were taken into consideration based on the
results of Refs.[11,12]. '

The pre-equilibrium nucleon spectra were calculated with exciton model. Values of averaged

squared matrix element for two body interactions were obtained from Ref.[13], where the parameterization

_2_
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of <]MP> has been done as a function of E/n (where E is the excitation energy and “n” is the number of
excitons). The description of the pre-compound model including angular momentum effects can be found
in Refs.[2,14].

Multiple pre-compound emission has been considered. Certain improvement in the description of
su’ch emission has been done in the present work comparing with the GNASH algorithm [2]. The general
expression for the second pre-equilibrium particle emission spectra calculation used in GNASH code has

the following form [15]

do™: Y dol (@(lp.0,E+Q)a(p—1Lh,U-E-Q)
i i sy 27" R(n) T E dU 6
vy ]t [ S ™ IT,(E) ©®)

n i=mYU=E+Q

312

and “j” is the type of the first and second pre-compound particle emitted, respectively; E is

(13411
1

where
emission energy and Q is separation energy for “j™-particle; do/dU is differential cross section of p-h

[1341]
1

state after pre-equilibrium emission of “i”-particle; R(")i,j is the neutron-proton distinguishability factor
calculated according to Ref.[16]; Ti(E) is the probability of the “j’-particle to escape with energy E;
summing is for all “n”-exciton states and primary particle types.

Calculation of Tj(E) from Eq.(6) in the GNASH code [2] is based on simple approximation
considering s-wave transmission coefficient. The actual values used in the code are shown in Fig.1. In the

present work the probability of particle emission, T;(E), is calculated as follows

X (B)
Ty(E) =t
N (E)+A(E+Q)

Q)

where A° is the particle emission rate and A’; is the intranuclear transition rate corresponding to the
absorption of “j”-particle in nucleus. The emission and intranuclear transition rates are calculated according
to the following relations

inv
2 = (2S;+Du,;Ec;"(E)

i

, ®)
233
Thg;

N} =V, 0';"'(E+Q)p, )

where S; and p; are the spin and the reduced mass of “j”-particle, 6'™;, is the inverse reaction cross section,
j K i

6639y

g; is the single level density, V; is the velocity of the particle of “j”-type inside the nucleus, ¢™; is the
nucleon-nucleon interaction cross section corrected for the Pauli principle, p is the nuclear density.
Calculation of Tj(E) according to Egs.(7)-(9) corresponds to the basic assumptions of the hybrid exciton
model [16,17]. Values of T;(E) calculated in such a way are shown in Fig.1 for neutrons and protons. An
example of particle spectra calculated with the T;j(E) values obtained by Eqs.(7)~(9) is shown in Fig.2 for
*®Bi(p,p’) reaction at the incident proton energy equal to 62 MeV. The experimental data are taken from

Ref.[18]. The use of Eqs.(7)-(9) improves an agreement with experimental data as shown in Fig.2.
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The model used in the original GNASH code [2] to describe the pre-compound spectra of the
composite particles contains the noticeable shortcomings. The example is given in Fig.3. This figure shows
the a-particle spectra for p+>*Bi reaction at the primary energy E,=90 MeV, calculated on the basis of the
approach described in Ref.[2] and with pre-equilibrium model described below. The calculations with
GNASH code are not in good agreement with the available experimental data [19]. It should be noted that
any variation of the main parameters of pre-equilibrium model [2] coulnd not provide a reasonable
agreement with experimental data for complex particle emission from heavy nuclei. The shortcomings of
the GNASH algorithm [2] for description of the pre-compound emission for the particles with A =2 were
pointed out also in Ref.[20].

In the present work pre-equilibrium o-particle emission spectra were calculated in the framework
of coalescence pick-up model [21] combined with the knock-out model as shown in Refs.[22,23]. Multiple
bre—equilibrium emission was taken into consideration. For deuteron, triton and *He spectra calculation thé
exciton pick-up model [24] was applied. Contribution of direct mechanism to deuteron emission was
considered on the basis of phenomenological approach [25]. All approaches considered above were tested
using available experimental data in the intermediate energy region of primary particles.

Fission neutron and y-spectra were obtained on the basis of the model described in
Ref.[26]. This model is the refined Fong approach [27] adjusted to experimental data for fission fragment
yields and other fission characteristics in the wide energy range of primary particles. The algorithm
described in Ref.[26] was used before as the part of the intranuclear cascade evaporation code [28]. In the
present work to increase accuracy of the obtained results this algorithm was introduced in ALICE code
[29,30], which is at the same time the modified and extended version of the original Blann code [31].
Application of this code (ALICE/ASH) allows to use more sophisticated models, such as optical model for
inverse cross sections and superfluid model for nuclear level density calculations, comparing with the

approaches usually used in the codes based on the INC model.

3, 237Np

3.1 Neutron Data Evaluation

Total, elastic and reaction cross sections calculated in the present work with coupled-channel
model are shown in Figs.4-6 in comparison with systematics predictions [32, 33] and JENDL-3.3 data.
Neutron elastic and inelastic scattering angular distributions for the selected excited levels are shown in
Figs.7-9 at the primary neutron energy equal to 20 MeV together with the data from JENDL-3.3, ENDEF/B-
VI and CENDL-2. The calculated elastic scattering distribution for E;=50, 100 and 250 MeV is presented
in Fig.10. Figure 11 shows the direct neutron inelastic scattering cross sections calculated for the excited
levels 7/2% and 9/2" at the energies up to 250 MeV.
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Fission cross sections calculated with GNASH and ALICE/ASH codes are compared in Fig.12
with Fukahori’s systematics predictions [33], evaluated data in Ref.[34] and experimental data [35-39]. The
evaluated (n,f) reaction cross section is shown in Fig.13 at the energies up to 250 MeV. Figure 14 shows
the evaluated (n,f) cross section in more detail at the energies up to 50 MeV. Contributions of nuclides with
different Z in (n,f) cross section is presented in Fig.15.

Neutron production cross section calculated by GNASH and ALICE/ASH codes without the
consideration of the post-fission evaporation is shown in Figs.16 and 17. Contributions of different nuclei
in neutron production is shown in Fig.18 Figure 19 illustrates the neutron double-differential cross sections
calculated by GNASH code at the primary neutron energies equal to 50-200 MeV. Evaluated (n,xn)
reaction cross sections are shown in Fig.20. Figures 21 and 22 show the post-fission neutron characteristics.
Comparison of total neutron production cross section for uranium isotopes and 23’7Np is presented in Fig.23.

Evaluated charged particle production cross sections are shown in Figs.24-30.

3.2 Proton Data Evaluation

Basic characteristics of the proton interaction with 237Np evaluated in the present work are shown
in Figs.31-40. Figure 31 shows the proton reaction cross section calculated using different sets of coupled-
channel model parameters and evaluated according to the systematics from Ref.[32]. Calculated elastic
scattering angular distribution is shown in Fig.32 for the primary proton energy equal to 10, 50 and 250
MeV.

Figure 33 shows the fission cross section calculated with GNASH and ALICE/ASH codes, the data
measured in Refs.[40-44], the cross section estimated according to the systematics [33] and evaluated data
in Ref.[34]. Data from Ref.[40] is cited in Ref.[45]. There is a good agreement between calculated and
evaluated cross sections based on Refs.[33,34]). The ratio data of proton induced fission cross section (p,f)
to neutron fission cross section (n,f) evaluated in the present work and are obtained in Ref.[46] are shown
in Fig.34. Figures 35 and 36 illustrate contribution of different nuclei in total fission cross section (p,f) for
237Np.

Neutron and proton production cross sections are shown in Figs.37-39. Charge particle production

cross sections are shown in Fig.40.

4. Americium Isotopes with A=241 and 242

Basic features noted above for the neutron and proton interactions with Neptunium isotopes at the
intermediate energies remain valid for Americium-241 and —242. The shape of the evaluated cross sections,
particle spectra, Z- and A- dependence of integrated values, like as particle production cross section, are

similar for various actinides considered in the present work. The examples are shown in Figs.41-48.
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1 Am calculated by

Figures 41 and 42 show neutron total and elastic scattering cross sections for
coupled-channel optical model, cross sections evaluated according to the systematics from Refs.[47,48] and
data taken from JENDL-3.3. Fission cross section for **'Am calculated with GNASH and ALICE/ASH
codes is shown in Figs.43 and 44 together with measured data from Refs.[49,50], cross sections evaluated
with Fukahori’s systematics [33], JENDL-3.3 and ENDF/B-VI data. There is a good agreement among
JENDL-3.3 data, cross section calculated by GNASH code and experimental data from Ref.[50]. The
calculated result by GNASH code was adopted as a final evaluation. Neutron production cross section for
*'Am and * Am are presented in Fig.45 for neutron induced reactions. Neutron induced fission cross
section for 2*Am and **™Am are compared in Fig.46. The main difference of cross sections is observed
below 20 MeV. Recommended proton induced fission cross section and y-production cross section for
*1Am and **®Am are shown in Figs.47 and 48. The corresponding cross sections for 2?2Am and *?™Am

are similar.

5. Conclusion

New data evaluation has been performed for 2*’Np, 2! Am, **2Am and **"Am at the intermediate
energies. For the first time the evaluation for actinides has been done for neutron and proton induced
reactions at the energies up to 250 MeV.

The evaluation procedure has included applications of theoretical models and analyses of available
experimental data. The coupled-channel optical model, pre-compound and equilibrium models were used
for nuclear reaction characteristics calculation. Neutron data obtained were combined with the JENDL-3.3
data at the energy 20 MeV to get full data set at the energies from 107 eV to 250 MeV. The data for the

proton induced reactions were evaluated in the energy region from 1 to 250 MeV.
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experimental data are from Ref.[18].
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Fig.4 Total neutron cross section for *’Np calculated using different sets of coupled-channel optical
model parameters, evaluated according to Ref.[32] and taken from JENDL-3.3.
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Fig.5 Neutron elastic scattering cross section for 237Np calculated using different sets of the coupled
channel optical model parameters, evaluated according to Ref.[32] and taken from JENDL-3.3.
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Fig.6  Neutron reaction cross section for 237Np calculated using different sets of coupled-channel optical
model parameters, evaluated according to Refs.[32,33] and taken from JENDL-3.3.

: 237
o' b Np(n,n") E =20 MeV
3 3 —-—-- CENDL-2
10" N ---- JENDL-3.3, ENDF/B-VI
= : i present calculation
& b
_Q H
£ 10° F '|
S C [H
G - i
T g
p 10'F
© ;
10°
10-1 i 2 1 L 1 " 1 2 1 —_ 1 1
0 30 60 90 120 150 180
angle (deg)

Fig.7  Elastic scattering angular distributions for 237Np at the primary neutron energy E, = 20 MeV
obtained in the present work and taken from different evaluated nuclear data libraries.
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Fig.9 Neutron inelastic scattering angular distributions for 2’
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libraries.
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Fig.12 Fission cross section for 237Np calculated with GNASH and ALICE/ASH codes, cross section
estimated using the systematics [33], data evaluated in Ref.[34] and measured in Refs.[35-39].
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Fig.13 Fission cross section for 2'Np at the energies up to 250 MeV evaluated based on the results of
calculations and experimental data (solid line) and the experimental data from Refs.[35-39].
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Fig.16 Neutron production cross section for 2"Np without contribution from the post-fission evaporation
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Maxwellian spectra (dashed line) for the primary neutron energies equal to 30, 100 and 250 MeV
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Fig.27 Total triton production cross section for 237Np, evaluated in the present work, obtained by
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Fig.48  Evaluated y-production cross section for p+ “*'Am and p+242gAm interactions.
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Nuclear Data Evaluation for %'Np, *'Am, “*?Am and **"Am Irradiated by Neutrons and Protons at Energies up to 250 MeV
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