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 Abstract: Investigations aimed at the development of neutron cross section evaluations for 238U at 

intermediate energies are briefly described. The coupled-channels optical model is used to calculate the neutron 

total, elastic and reaction cross sections and the elastic scattering angular distributions. Evaluations of the 

neutron and charged particle emission cross sections and of the fission cross sections are obtained on the basis of 

the statistical description that includes direct, pre-equilibrium and equilibrium mechanisms of nuclear reactions. 

The Kalbach parametrization of angular distributions is used to describe the double-differential cross sections of 

emitted neutrons and charged particles in ENDF/B-VI format. 
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I. INTRODUCTION 

 

 In order to develop main concepts of the accelerator-driven power systems and the 

corresponding nuclear waste management it is necessary to know nuclear data on spectra and 

reaction cross sections for structural materials, fissioning actinides and the most important 

fission products in a very broad energy range. In practice, the energy interval from thermal 

energies to a few thousand MeV should be covered [1]. The status of available nuclear data 

differs strongly for the energy regions below and above of 20 MeV. Huge efforts have been 

made to create libraries of evaluated neutron data (ENDF/B, JENDL, BROND etc.), for the 

low energy region. In spite of some differences between the evaluations, most data are 

reasonable enough and their accuracies satisfy requests of major current applications. For 

energies higher than 20 MeV data are rather scarce and are not systematized yet.  

 A lack of experimental data has to be compensated by the development of reliable 

calculation methods. The codes based on the intranuclear cascade model combined with the 

evaporation model have been successfully applied for energies above a few hundred MeV [2-

4]. At lower energies, however, nuclear structure effects are so prominent that their 

description requires more detailed consideration of competitive reaction mechanisms. 

Therefore, it was decided that the energy region from 20 to 150 MeV requires special 

consideration and the evaluated data files for this region should be prepared for the most 

important structural and fissile materials in the same manner as for the energy region below 

20 MeV [1]. In accordance with that, the evaluated data files for about 30 of the most 

important structural and shielding materials were extended in the ENDF/B-VI library up to 

150 MeV by the Los Alamos group [5]. Some attempts to prepare similar evaluations for 

actinides were made by this group, too [6], but they were limited to neutron elastic scattering 

and neutron production cross sections, mainly for energies below 100 MeV. Fission cross 

sections, charged particle yields, and fission neutron yields were not included in the files 

prepared on the basis of the evaluations. These important shortcomings of evaluations, as well 

as some unrealistic fluctuations obtained in the neutron production cross sections were 

already pointed out by the authors [6].  

The list of first priority actinides that can be used in accelerator-driven subcritical 

systems, includes isotopes of thorium, uranium and plutonium. The majority of experimental 

data are available for 238U. For this reason, 238U is the best candidate for testing the models 

developed for nuclear data evaluations at intermediate energies. 
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 The main results of experimental data analysis and calculations recommended for the 

intermediate energy neutron data file of 238U are briefly discussed below. The corresponding 

file is in preparation now in the IPPE and evaluations accepted are labeled with IPPE-99 in 

the figures of the present work.  

 

II. INCIDENT NEUTRON ENERGIES BELOW 20 MeV 

 

 Below 20 MeV the evaluations of BROND-2, ENDF/B-VI and JENDL-3.2 for 238U 

give comprehensive and sufficiently accurate estimation of all neutron data required for fast 

reactors. Some possible improvements of the inelastic scattering cross sections for the low-

lying collective levels were proposed recently by Maslov et al. [7], who took also into 

account, in coupled-channels calculations, levels of the γ band (Kπ = 2+) and of the octupole 

band (Kπ = 0−), with transition matrix elements computed in the frame of a soft rotor model.  

 In any case, good agreement of all evaluations is a reasonable guarantee for their 

applicability to accelerator-driven systems too.  

 

III. INCIDENT NEUTRON ENERGIES ABOVE 20 MeV 

 

 Evaluations above 20 MeV are based on nuclear model calculations, whose 

parameters are to be adjusted on the available experimental data. A coupled-channels optical 

model is used to calculate the transmission coefficients for neutrons and charged particles, 

and to evaluate the angular distributions for neutron scattering as well.  

The GNASH code [8] was used to calculate the integral and double differential cross 

sections and to prepare data in ENDF/B-VI format. The level density description for all 

channels was obtained on the basis of the generalized superfluid model fitted to experimental 

data on the density of low-lying discrete levels and neutron resonances. The 

phenomenological systematics of the level density parameters developed in the framework of 

the RIPL project [9] were applied to the fission channels and to nuclei for which the 

corresponding experimental information does not exist. 

 

IIIA. Total and scattering cross sections  

 Evaluations of neutron total cross sections are based on coupled-channels optical 

model calculations with potential parameters fitted to experimental data. The analysis of such 

data was performed in many laboratories, and the deformed optical model parameters 
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obtained were used for the neutron cross section evaluations of actinides [7,10-12]. These sets 

of parameters give approximately the same total cross sections. However, the calculated 

neutron absorption cross sections differ significantly for various sets. Discrepancies of the 

absorption cross section evaluations are essential at neutron energies above 10 MeV, and their 

effects appear in the evaluated cross sections of (n,xn), fission and other reactions.  

 An optimal set of optical model parameters has been estimated from the analysis of 

experimental data of neutron total cross sections, angular distributions for proton elastic 

scattering and proton absorption cross sections. These parameters, shown in T. I, are close to 

those used for the intermediate energy neutron cross section evaluations of lead isotopes [13, 

14]. 

 The total cross section calculated with the parameters given above is compared in F. 1 

with available experimental data and other calculations. Below 20 MeV there are many 

experimental data and only some of them are presented in . 1. A reasonable agreement of our 

calculations with the Barashenkov’s systematics [15] and experimental data [16-21] is 

obtained for all energies above 20 MeV.  

 The corresponding calculations of neutron elastic scattering and absorption cross 

sections are shown in F. 2 and 3, respectively. There are no direct measurements of these 

cross sections at high energies. However, a reasonable estimation of them is given by 

Barashenkov’s systematics, based mainly on proton reaction data [15]. The experimental data 

available for heavy nuclei are shown in F. 4 in comparison with the systematics [15] and our 

optical model calculations. The optical model calculations reproduce well the proton 

absorption cross section in the whole energy region from the Coulomb barrier to 200 MeV, 

and at high energies they are in reasonable agreement with the Barashenkov evaluations for 

both protons and neutrons. The necessity to reduce the absorption cross section at 200 MeV 

by about 20% with respect to the one calculated with the optical model parameters [6] was 

noted in the RIPL library summary too [12]. Therefore, the present evaluation of the 

absorption cross section above 100 MeV appears to be most consistent with all available 

experimental data. 

 The coupled-channels model makes it possible to calculate also the cross sections and 

angular distributions for elastic and inelastic scattering of neutrons with excitation of low-

lying collective levels in the whole energy range. Experimental data of elastic scattering 

angular distributions are available only at incident neutron energy up to 14.1 MeV. Our 

calculations are compared with these data in F. 5. The contributions of the lowest collective 

levels, 2+,  4+ and 6+, to inelastic scattering are shown, too. These levels are to be taken into 
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account because their excitation energies are much smaller than the energy resolution in the 

experimental data of elastic scattering. The quasi-elastic scattering angular distribution 

including the contributions of the low-lying collective levels is represented by the thick solid 

curve in F. 5. The reasonable agreement of calculations with experimental data allow us to 

apply the optical model to the evaluation of the elastic and inelastic scattering angular 

distributions for all higher energies. The results of such calculations are shown in F. 6 and 7 

for the energies of 50 and 100 MeV, respectively. Unfortunately, there are no measurements 

of the neutron elastic scattering angular distributions for high energies. 

 

IIIB. Fission cross sections and fission prompt neutrons  

 The fission cross section above 20 MeV was measured by several groups [26-30]. In 

our opinion, the experimental data of Pankratov [26] in the energy region from 20 to 40 MeV 

seem too high. The values of the LANL measurements reprocessed recently by Carlson [28] 

are accepted as the most reasonable in the whole energy region from 20 to 150 MeV. Data of 

Ref. [30] have a preliminary status and they should be taken in careful consideration only 

after the complete processing of measurement results. 

The calculated fission cross section was fitted to the ENDF/B-VI evaluation, 

considered as the neutron standard at energies below 20 MeV, in order to obtain the fission 

barrier parameters. For higher energies, the effects of nuclear viscosity were included in the 

calculations of the fission widths of highly excited compound nuclei [31]. Since the observed 

fission cross section at high energies is determined by the contributions of more than a dozen 

residual nuclei, which undergo fission after emission of neutrons, or protons, an estimation of 

the fission barriers for all nuclei is a rather cumbersome task. Taking into account the 

damping of shell effects at high energies we confined the calculations by fitting the liquid 

drop barriers only. The final evaluation of the fission cross sections for energies above 20 

MeV was obtained in the frame of a statistical approximation based on rational functions of 

the available experimental data and theoretical model curves. The result of such an approach, 

matched with the ENDF/B-VI evaluation at energies below 20 MeV, is shown in F. 8 together 

with the experimental data. An accurate description of the fission cross sections is very 

important for consistent evaluation of multiple emission of neutrons and charged particles. 

The results of our evaluation for <ν>, the average number of prompt neutrons per 

fission, are shown in F. 9 in the energy region up to 150 MeV together with the experimental 

data of  Fréhaut [32] and the INPE evaluation below 50 MeV [33]. The evaluation is based on 

the Cascade Evaporation Fission Model calculations fitted to the experimental data below 50 
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MeV. In the upper part of F. 9 the corresponding temperature of the Maxwellian fission 

neutron spectrum is shown as a function of the incident neutron energy. 

 

IIIC. Neutron production cross sections and spectra 

 Evaluations of particle emission spectra and corresponding production cross sections 

are performed in accordance with the rules of the ENDF/B-VI format for the double-

differential cross sections, by using the Kalbach representation of such data [34]. Differential 

cross sections are described in this approach by the integral production cross section for the 

corresponding emitted particle multiplied by a normalized angular distribution function of the 

following form 
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where Ea is the incident particle energy in the laboratory system, µb is the scattering angle 

cosine of the emitted particle b and Eb is its energy in the center-of-mass system, f0(Ea,Eb) is 

the normalized spectrum of the emitted particle, r(Ea,Eb) is the pre-compound fraction of this 

spectrum, and a(Ea,Eb) is the simple function proposed in Ref. [34], which depends mainly on 

the center-of-mass emission energy Eb and, to a lesser extent, on particle type and incident 

energy at higher values of Ea . In accordance with such a description, the two energy-

dependent functions f0(Ea,Eb) and r(Ea,Eb) determine completely the shape of emitted particle 

spectra and the anisotropy of the corresponding angular distributions,  respectively. 

 Neutron emission is a dominant reaction that competes with nuclear fission. The 

calculated neutron production cross section is shown in F. 10. Below 20 MeV these 

calculations agree well enough with the evaluations of the (n,2n) and (n,3n) reactions based 

on experimental data and included in the files of BROND-2 or ENDF/B-VI. Above 20 MeV, 

there are no direct experimental data on neutron emission cross sections or on the multiplicity 

of secondary neutrons, which can be evaluated as the ratio of the calculated neutron 

production cross section to the reaction cross section considered above. 

 The calculated normalized spectra of emitted neutrons are shown in F. 11 for incident 

neutron energies from 20 to 150 MeV. The pre-equilibrium components of spectra become 

larger with increasing incident neutron energy, while the soft equilibrium components change 

only a little. The calculated r-factors that define the anisotropy of secondary neutron angular 

distributions are given in F. 12 for several incident neutron energies.  
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IIID. Charged particle emission cross sections and spectra 

 In order to calculate the transmission coefficients for protons, we used the same 

potential as for neutrons, with the corresponding Lane components. The calculated absorption 

cross section for such a potential agrees rather well with Barashenkov’s systematics of the 

proton induced reaction cross sections at high energies [15], but, at the present time, the 

experimental data are not accurate enough to test such calculations for energies close to the 

Coulomb barrier. 

 The proton production cross section calculated with such transmission coefficients is 

shown in F. 13. The corresponding normalized proton spectra and r-factors are presented in F. 

14 and 12, respectively. 

 For similar calculations of deuteron, triton and α-particle yields, which should be 

lower than the proton yields, we used the spherical optical model with the parameters given in 

Tables II, III and IV, respectively.  

Some shortcomings of the preequilibrium model used in the GNASH code were 

demonstrated in the analysis of production cross sections of deuterons and heavier charged 

particles[14,38,39]. To get more accurate evaluations of deuteron, triton and α-particle yields, 

use was made of the modified ALICE-IPPE code, which describes the cluster emission on the 

basis of the Ivamoto-Harada model [38] with parameters adjusted on the available 

experimental data of cluster yields and spectra in proton induced reactions [39]. Deuteron 

emission was calculated using the quasi-direct and pick-up mechanisms. For triton emission 

the pick-up processes were taken into account, and for α-particles the knock-out, pick-up and 

multiple preequilibrium emission were included into consideration.  

The cross sections for the 238U(n,xd), 238U(n,xt) and 238U(n,xα) reactions calculated in 

such an approach are shown in F. 15-17. The experimental data on the yields of the same 

charged particles in the proton induced reactions on 209Bi and 232Th, the heaviest studied 

targets, are shown for the sake of comparison. Undoubtedly, uncertainties of such estimations 

of light cluster production cross sections are rather large, but we do not have enough 

experimental data to improve the theoretical description significantly at the present time. On 

the other hand, all of these cross sections are much lower than the neutron production cross 

section and big uncertainties of less important cross sections seem acceptable for most 

applications related to the development of accelerator-driven systems. 

To evaluate the spectra and angular distributions of emitted charged particles we 

returned, nevertheless, to the GNASH calculations, but the main parameter of the pre-
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equilibrium model was changed for each cluster channel to obtain the same production cross 

sections as with the ALICE-IPPE code. The calculated spectra of deuterons, tritons and α-

particles are shown in F. 18, 19 and 20, respectively. The corresponding r-factors that define 

pree-quilibrium components of charged particle spectra are given in F. 21 for several energies 

of incident neutrons. 

 

IV. SUMMARY AND CONCLUSIONS 

 

 The major components of the intermediate-energy neutron data evaluations for 238U 

have been described in the present work. Evaluations are based on the coupled-channels 

model and the statistical model of pre-equilibrium and equilibrium particle emission, with 

theoretical model parameters adjusted on the available experimental data. The recommended 

values are matched up with the well tested data below 20 MeV and can be used for 

preparation of the complete neutron data file of 238U.  
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TABLE I. Optical potential parameters for neutrons and protons on 238U* 

Well depth, MeV Energy Range, MeV Geometry, fm 

Vr = 52.33 ± 16η + 0.04306E - 

0.02377E2 + ∆c 

0 < E < 14 rv = 1.185,   av = 0.8 

Vr = 51.192 ± 16η - 0.2085E + ∆c 14 < E < 65  

Vr = 53.096 ± 16η - 0.2377E + ∆c 65 < E < 150  

∆c = 0.4Z/A1/3  rcoul  = 1.26 

Wd = 3.082 ± 8η + 0.8477E - 

0.01924E2 

0 < E < 10 rd = 1.26,   ad = 0.52 

Wd = 11.1232 ± 8η - 0.14882E 10 < E < 50  

Wd = 8.067 ± 8η - 0.08235E  50 < E < 150  

WV = 0.0 0 < E < 14.4  

Wv = -1.7843 + 0.12745E 14.4 < E < 65 rv = 1.26,  av = 0.5 + 0.0125E 

Wv = 2.9792 + 0.05417E 65 < E < 150  

Vso = 6.18 0 < E <150 rso = 1.16,   aso =0.667 

*Here η = (A-2Z)/A; β2 = 0.23, β4 = 0.045 and the scheme of 0+-2+-4+-6+coupled levels 

is adopted. 

 

 

 

TABLE II. The optical potential parameters for deuterons [35] 

Well depth, MeV Energy range, MeV Geometry, fm 

Vr= 81.32-0.24E+∆c  rv=1.18,  av=0.636+0.035A1/3  

∆c= 1.43Z/A1/3   rcoul=1.30  

 Wv= 0.0  E< 45 rwv=1.27,  awv= 0.768+0.021A1/3 

Wv= 0.132(E-45)  E> 45  

Wd= max(0;7.80+1.04A1/3-0.712Wv)  rwd=1.27,  awd=0.768+0.021A1/3 

 Vso= 6.00   rso= 0.78+0.038A1/3  

aso= 0.78+0.038A1/3 
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TABLE III. The optical potential for tritons [36] 

Well depth, MeV Energy Range, MeV Geometry, fm 

 Vr= 165.0 -0.17E -6.4(A-2Z)/A  rv= 1.200,  av= 0.720 

  rcoul=1.30  

 Wv= 46.0 -0.33E -110(A-2Z)/A  E< 40 MeV rwv= 1.40,  awv= 0.840  

 Wv= 32.8 -110(A-2Z)/A  E> 40 MeV  

Vso= 2.5  rso= 1.200,  aso= 0.720 

 

 

 

TABLE IV. The optical potential parameters for α-particles [37] 

Well depth, MeV Energy range, MeV Geometry, fm 

 Vr= 101.1-0.248E+∆c   rv= 1.245; av=0.817-0.0085A1/3  

∆c= 6.051Z/A1/3  rcoul=1.245  

 Wd= 12.64+0.2E -1.706A1/3 E<73 rwd= 1.570,   awd= 0.692 

 Wd= 26.82+0.006E -1.706A1/3 E>73  
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F. 1. Comparison of different calculations of the total neutron cross section with experimental data: Linlor 

et al. [16]; Bowen et al. [17]; Schneider et al. [18]; Foster at al. [19], Poenitz et al. [19], and Franz et al. [20]. 
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F. 2. Comparison of different calculations of the elastic neutron cross section. 
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F. 3. Neutron absorption cross section calculated for different parameters of the deformed optical 

potential. 
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F. 4. Proton absorption cross section. 
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F. 5. Comparison of the calculated elastic scattering cross section at 14.1 MeV with experimental data. 

The scattering cross sections for the ground and collective low-lying levels are shown by solid, dotted dashed 
and dot-dashed curves respectively. The thick solid curve is the sum of the cross sections for the ground and 
collective low-lying levels; experimental references: Voignier et al. [22]; Bucher et al. [23]; Shen Guanran et al. 
[24]; Hansen et al. [25]. 
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F. 6. Recommended elastic and inelastic scattering cross sections for 238U at 50 MeV. 
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F. 7. Recommended elastic and inelastic scattering cross sections for 238U at 100 MeV. 
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F. 8. Calculated fission cross section in comparison with experimental data by Carlson [28],  

Eismont et al. [29], and Donets et al. [30]. 
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F. 9. Recommended prompt fission neutron number and fission neutron spectra temperature with the 
available above 20 MeV experimental data [32] and the IPPE evaluation [33]. 
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F. 10. Neutron production cross section calculated with GNASH. 
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F. 11. Normalized secondary neutron spectra for the incident neutron energies from 20 to 150 MeV. 
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F. 12. Preequilibriuim components of the neutron and proton spectra for the incident neutron energies 20 MeV 
(solid), 50 MeV (dot-dashed), 100 MeV (dashed), and 150 Mev (dotted) curves. 
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F. 13. The proton production cross section calculated with GNASH. 
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F. 14. Normalized secondary proton spectra for the incident neutron energies from 20 to 150 MeV. 
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F. 15. The deuteron production cross section evaluated on the basis of statistical calculations and 

experimental data by Bertrand et al. [40] and Wu et al. [41]. 
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F. 16. The triton production cross section evaluated on the basis of statistical calculations and experi-

mental data by Bertrand et al. [40], Wu et al. [41], Lefort at al. [42, 44], and Brun et al. [43]. 
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F. 17. The α-production cross section evaluated on the basis of statistical calculations and experimental 

data by Bertrand et al. [40], Wu et al. [41], Gauvin et al. [45], and Dubost at al. [46]. 
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F. 18. Normalized secondary deuteron spectra for the incident neutron energies from 20 to 150 MeV. 
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F. 19. Normalized secondary triton spectra for the incident neutron energies from 20 to 150 MeV. 
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 F. 20. Normalized secondary α-particle spectra for the incident neutron energies from 20 to 150 MeV. 
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F. 21. Preequilibriuim components of the deuteron, triton and α-particle spectra for the incident neutron 
energies 20 MeV (solid), 50 MeV (dot-dashed), 100 MeV (dashed), and 150 Mev (dotted) curves. 
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F. 13. The proton production cross section calculated with GNASH. 
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