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Abstract 

Several nuclear model codes were applied to calculations of nuclear data in the energy 

region from 1 MeV to 2 GeV. At energies from 1 to 20 MeV the statistical model code 

STAPRE was used for calculations of the neutron cross-sections for fission, (n,2n) and (n,3n) 

reaction cross-sections for 71 actinide isotopes. In the energy region from 10 to 100 MeV 

the nuclear theory code GNASH was used to calculate the neutron fission and (n,xn) cross-

sections for 238U, 23SU, ^'Pu, 232Th, ^ N p , 238Pu, 241Am, M3Am, w Q n and ^Cm. At energies 

from 100 MeV to 2 GeV the intranuclear cascade-exciton model including the fission process 

was applied to calculations of the interactions of protons and neutrons with actinides and the 

calculated results are compared with experimental data. 

The statistical model code STAPRE [1] taking into account conservation of spin and 

parity for all nuclear reaction cascades was used for the calculation of the fission, (n,2n) and 

(n,3n) reaction cross-sections. The neutron transmission coefficients required for the 

statistical model calculations were obtained using the coupled-channel code ECIS [2] with 

the potential parameters taken from [3]. The main parameter of the exciton model was fixed 

by fitting the experimental data for the secondary neutron spectra for ^ U at 6 to 14.3 MeV 

[4]. For the calculation of the level density for residual and fissioning nuclei a generalized 

superfluid model [5] was used. The model takes into account pairing correlation, odd-even, 

collective and shell effects and the actinide nuclei are supposed to be an ideal object for 

application of the superfluid nuclear level density model. 

The validity of the model used is demonstrated by a consistent description of all 

experimental data on the fission and (n,2n) cross-sections available for actinide isotopes. In 

Fig.l and 2 the fission cross-sections calculated for ^'Pu and M7U are given as an illustration. 

The fission barrier parameters were obtained by analyzing the experimental data for 

the fission cross-sections within the framework of the level density model used. For those 

nuclei, whose experimental data are not virtually available, the systematica [6] for the first 
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vR = 

w D = 

plateau region, as well as indirect experimental data were used. For the nuclei beyond the 

experimentally investigated region the accuracy of the fission cross-sections calculated may 

be not higher than 20 - 30 %. 

The multistep Hauser-Feshbach preequilibrium nuclear model code GNASH [7] was 

used to calculate fission and (n,xn) reaction cross-sections for actinides in the energy region 

from 5 to 100 MeV. The input information needed is descrete level decay data for all 

significant residual nuclei formed, ground-state mass, spin and parity tables, direct reaction 

cross-sections, and optical model transmission coefficients. The transmission coefficients are 

required from low energies up to 100 MeV and they were obtained using the coupled-channel 

method with relativistic kinematics [2] and the relevant deformed potential parameters were 

determined by analysis of the experimental data for the total cross-section of 238U up to 100 

MeV. They appeared to be the following: 

45.87 - 0.3 E 0 s E s 2 0 MeV 

60.84 - 7 InE 20 s E * 100 MeV 

2.95 + 0.4 E E s 10 MeV 

6.95 - 0.082 (E-10) 10 s E s 90 MeV 

0.39 E * 90 MeV 

Wv = 8.0 • {1 + exp[-(E-50) / 10]}"1 , 0 s E s 100 MeV 

Vso = 7.5 ; rR=1.256, aR=0.626, rD=1.260, aD=0.556, p\j=0.216, p>0.080. 

The introduction of the volume absorption term to the imaginary part of the deformed 

potential leads to a good agreement with the experimental data for oy^U) up to 100 MeV 

and, surprisingly, to a better description of the experimental data for angular distributions of 

inelastically scattered neutrons on the first and second levels of 238U [8]. 

The calculations using the GNASH code were done for ^ U , ^ U , ^'Pu, 232Th, ^ N p 

for which the experimental data for the neutron fission cross-sections above 20 MeV exist 

[9], and for ^Pu, ^'Am, ^Am, ^ C m and ^Cm for which there are no experimental data 

available in the intermediate energy region. 

The comparison of calculated and experimental data for of and (n,xn) reactions, xs7, 

for ^ U , M9Pu and " 'Np is shown in Fig.3-11. The experimental data are reproduced rather 

accurately up to 100 MeV using the above potential parameters and taking into account the 

decay of nine compound nuclei. The calculations were made with two options for level 

density models: the Gilbert and Cameron model [10] and a form of Fermi-gas model by 

Ignatyuk et al. [5] that includes an energy-dependent level density parameter and the damping 

out of shell effects at higher excitation energies, which is especially important for the energies 

considered here. The calculations showed that the use of the Gilbert and Cameron model 

leads to an overestimation of a ^ U ) by 20 % and the Ignatyuk formulation agrees better 

with experimental data. 

The results obtained using the GNASH code for actinide (n,2n) cross-sections are 

about 5 - 10 % lower than the results obtained by the STAPRE code and for (n,3n) cross-
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sections the GNASH code gives systematically higher values than STAPRE. This is shown 

in Fig.8, where (n,3n) cross-sections calculated by both codes differ by 40 %, with the fission 

cross-section being similar in both calculations up to 17 MeV. At energies above 15 McV 

the binary reactions are dominated by the preequilibrium component and calculations become 

increasingly sensitive to the accuracy of that approximation. Therefore the possible reason 

of the discrepancy between both codes may lie in different options of the preequilibrium 

model used, namely, a rather simple version of the exciton model used in STAPRE and more 

advanced version used in GNASH [11], with the state density for the initial ph-configuration 

corrected to account for variations of the single-particle state density with energy in the 

potential well and to account for effects due to the finite depth of the nuclear potential [12]. 

In the energy region from 100 MeV to 2 GeV the intranuclear cascade-exciton model 

including the fission process [13] is applied to calculations of the interactions of protons and 

neutrons with 232Th, ^Pa , ^ U , 2X{3, ^'Pu, ^Np , 238Np, ^'Am, MAm and " ^ C m . 

The intranuclear cascade model has been developed in 1960-70th and naturally 

involved rather substantial simplifications which can presently be removed. For instance, 

usually in the cascade models a constant, independent on N, Z and E* of residual nuclei, value 

of a was used (8=0^ , with ct0=const). The calculation of the competition between the 

particle emission and fission of excited nuclei was also based on rather rough assumptions. 

The fission cross-section for ^U+p calculated in the present work using the 

intranuclear cascade model and its sensitivity to different models for macroscopic fission 

barrier calculations [14-20] in the energy region from 100 MeV to 1 GcV is shown in Fig.12. 

The phenomenological approach by Barashenkov et al [14,15] and the liquid drop model 

(LDM) with Myers and Swiatecki parameters [16] lead to too low a„ and better results can 

be achieved using the subroutine BARFIT by Sierk [20] which provides the macroscopic 

fission barrier heights within the Yukawa-plus-exponential modified LDM, as well as by the 

approximation by Krappe et al [19]. 

The change of properties of nuclei with increasing excitation energies influences 

strongly the nuclear fissility and the B,(E*) dependence proposed by Sauer et al [21] was 

taken into account (- 5 % in Oj). The dependence of Bf on the angular momentum L of a 

fissioning nucleus was calculated using the approximation by Sierk [20], and it appears to be 

rather strong, with of changing by 30 %. 

The results of the calculations using the intranuclear cascade model showed that the 

dependence of the fission cross-section calculated on the different level density systematics 

presently available [22-25] is not essential (about 7 % in a, at 0.1 - 1 GeV). 

The best results for the actinide fission cross-section description for incoming protons 

and neutrons were obtained by using the fission barrier values by Sierk [20], level density 

systematics by Iljinov et al [25] with ground state shell and pairing corrections by Truran et 

al [26], and with taking into account B/E*) and BfiS) dependencies. 

It was assumed that the values of the level density parameters to be the same in both 

evaporating and fissioning nuclei, namely a/3. - 1-0- This ' s confirmed by the results of the 
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theoretical considerations for actinides [27]. 

The calculated neutron and proton induced fission cross-sections for ^ U , ^'Pu, ^ N p 

are shown in Fig.13-17 and the yield of Th-isotopes is shown in Fig.18. A good agreement 

is reached for all nuclei, except for ^'Np where the calculated results are lower than the 

experimental data by 10 %. In Fig.18 the present results for isotope yields are compared with 

the results by Barashenkov et al.[28] who used a constant value of the a-parameter, and with 

the results by Hahn and Bertini [29] where the energy-independent ratio rjTt was employed. 

The better agreement of present results with the experimental data is demonstrated. 

In general, comparison with the experimental data on isotope yields, fission cross-

sections and particle multiplicities indicates that the calculations reproduce the trends, and 

often the details, of the experimental data. 
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Fig. 1 The fission cross-section of ^ P u calculated using 

the STAPRE code. 
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Fig. 2 Comparison of the calculated fission 

cross-section of OTU with evaluated data 
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Fig. 3 The fission cross-section of a , U calculated using 

the GNASH code and the intranuclear cascade model. 
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Fig. 4 The (n,2n) reaction cross-section for ' " U 

calculated using the STAPRE and GNASH 

codes. 
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Fig. 5 The (n,xn) reaction cross-sections for WV. 
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Fig. 6 The fission cross-section of ^ P u . 
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Fig. 7 The (n,2n) reaction cross-section for °*Pu 

calculated using the STAPRE and GNASH 

codes. 
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Fig. 8 The (n,xn) reaction cross-sections for , J ,Pu. 
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Fig. 9 The fission cross-section of 3 7 Np. 
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Fig.10 The (n,2n) reaction cross-section for "'Np 
calculated using the STAPRE and GNASH 
codes. 
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Fig.U The (n,.\n) reaction cross-sections for ""Np. 
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Fig.12 The " U proton induced fission cross-section dependence 

on the models for macroscopic fission barrier calculations 

used in the intranuclear cascade model. 
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Fig. 13 The neutron induced fission cross-sectioon of M U. Fig.14 The proton induced fission cross-section of M,Pu. 
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Fig.15 The neutron induced fission cross-section of "'Pu. Fig. 16 The proton induced fission cross-sections of a7Np and ̂ "Np. 

' N P • " FISSION 

USO»SKI. IMO 
, . , . . . . < U . • • • " 

. , / . „ . i . o o 
/ , • l . O J 

- t -

" ^ f p . S p x n ) 2 3 6 ' - ^ 

1 .8 GeVT 

•«•«. I l»f l»l f I 'M — •• — »*••••«•«•«,•"• 
• — M i l l ! ) 

- i <—<—i- t t ,;. 

Noutron Enorqr ' •*" ' 

Fig. 17 The neutron induced fission cross-section of Np. 
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Fig.18 The yield of Th-isotopcs in the reaction u,U(p,3pxn)a,-Th. 
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