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SYSTEMATICS OF INTERMEDIATE ENERGY PROTON 
NONELASTIC AND NEUTRON TOTAL CROSS SECTION 

Qing-biao SHEN 
Institute of Atomic Energy, P. O. Box 275, Beijing, P. R. China 

With the development of intermediate and high energy accelerator, inter­
mediate energy nuclear experimental data are being accumulated. Moreover, 
with the development of science and technology, the application fields of inter­
mediate energy nuclear data (IEND) are becoming promising and expanding. 
For example, the design and utilization of spallation neutron sources, accelera­
tor shielding, space science, nuclear waste disposal, radiation damage, and med­
ical isotope production are all need IEND. 

In order to meet the needs of IEND, the evaluation work must be done. 
The projectiles of IEND are first neutron and proton. Generally speaking, the 
incident proton energy is from a few MeV to 1000 MeV, the incident neutron 
energy is 20—1000 MeV. The proton nonelastic or reaction and neutron total 
cross sections are the most important and basic. Nowadays, a large amounts of 
experimental data for both of them have been accumulated. The experimental 
data of intermediate energy proton nonelastic cross sections were collected and 
published [1,2]. The experimental data of intermediate energy neutron total 
cross sections can be found in some references[3—7]. These two kinds of inter­
mediate energy cross sections can be calculated by relativistic optical model 
[8,9]. However, in order to fit the experimental data there are too many adjust­
able parameters in the relativistic optical model calculation for selecting. Con­
sidered that there are many experimental data for these two kinds of cross sec­
tions, studying their systematics is obviously valuable in practice. 

Based on the analysis of experimental data, Letaw obtained the systematic 
formula of the proton nonelastic cross section for energies above 20 MeV of the 
Coulomb barrier [10]. Then, based on Letaw formula, Pearlstein obtained the 
systematic formula of the neutron total cross section for energies above 20 MeV 
[11] and the both formulas are used in the calculations of the intermediate ener­
gy nuclear data for reactions p+56Fe and n+56Fe [4,11]. In order to examine 
Letaw intermediate energy proton nonelastic cross section systematic formula, 
we chose the following 12 nuclei 12C, , 60, 27A1, 40Ca, 56Fe, 63Cu, 90Zr, ,07Ag, 

,,8Sn, ,8,Ta, 208Pb, and 238U, which have more experimental data. Through cal­
culations and comparisons with experimental data, it is found that the calcu­
lated results by Letaw intermediate energy proton (Tne formula agree with the 



experimental data pretty well for light nuclei, but become worse for A ̂ 40 hea­
vier nuclei. Although for heavier nuclei the calculated results by Letaw formula 
agree with the experimental data still better in E> 100 MeV high energy region, 
it becomes obviously far larger than experimental data in low energy region, 
and the heavier of nuclei, the larger of deviation. So Letaw proton nonelastic 
cross section systematic formula is not universal. In order to examine Pearlstein 
intermediate energy neutron total cross section systematic formula, we chose 
the following 10 nuclei 12C, 160, 27A1, 56Fe, 63Cu, ,07Ag, !8,Ta, 208Pb, 209Bi, and 

238U, which have more experimental data. 
The aim of this work is to improve Letaw and Pearlstein systematic formu­

las. First, some changes on their systematic expresions are made. Then we de­
fine 

r-4^)2 x2 = -L Í _J_ ™( 'cVJ) ~ »*M \2 

where oc is the calculated value of cross section, <rE is the experimental value of 
cross section, and AaE expresses the experimental error. The sum over i and j 
denotes that we do the sum for all chosen nuclei and energies, respectively. The 
parameters of new systematic formula can be obtained through search of the 
minimum deviation between the calculated results and experimental data by 
computer automatically. After careful researching, the new intermidiate energy 
proton nonelastic cross section systematic formula is obtained as follows: 

<rJA,E) = Q.0426A0mf{A)g(EMA,E) (2) 

foi) = 1 + 0.0144Sí«(3.63 - IMlogA) (3) 

g{E) = 1 - 0.67e ~E/mSin{\2E "°'289) (4) 

h{A,E) = [1 + (0.018,42 - \ASA)/E2y' (5) 

The unit of the cross section is barn. Figs. 1-12 show the comparisons of the 
proton nonelastic cross sections calculated by our new formula and by Letaw 
formula with the experimental data for the above 12 elements. In these figures, 
besides the isotope experimental data have been presented, the corresponding 
natural element experimental data are also given. It is seen that the calculated 
results by our new formula for the above 12 nuclei ranging A= 12-238 in ener-
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gies Ep = few—1000 MeV are all in pretty good agreement with the experiments. 
The both experimental data and calculated results show that the proton 
nonelastic cross sections have a broad peak at about several tens MeV and a 
minimum at about 200-300 MeV. The calculated results by Letaw proton 
nonelastic cross section formula become very bad for A ̂ 40 heavier nuclei in 
low energy region, but our new formula overcome this drawback. So far, the 
proton nonelastic cross section experimental data are not sufficient and are 
scattered, therefore, the recommended systematic formula in this paper should 
be improved when more and better experimental data are available in the 
future. 
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Fig.l Comparison of the intermediate energy proton nonelastic cross sections calculated 

by Letaw systematic formula (dashed line) and our systematic formula (solid line) with experi­

mental data for C [1]. The symbol circle and triangle present the experimental data for isotope 

and corresponding natural element, respectively. 
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Fig.2 The same as Fig.l except for , 6 0 . 
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Fig.3 The same as Fig. 1 except for27Al. 
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Fig.5 The same as Fig.l except for Fe and the experimental data taken from references [1] 

and [2]. 
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Fig.6 The same as Fig.l except for 63Cu. 
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Fig.7 The same as Fig.l except for Zr. 
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Fig.8 The same as Fig.l except for Ag 
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Fig.9 The same as Fig.l except for Sn 
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Fig.10 The same as Fig.l except for ,81Ta 
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Fig. 12 The same as Fig.l except for ¿"IJ 

By use of the same method, our new intermediate energy neutron total 
cross section systematic formula is as follows: 

0.7 
fft(A,E) = 0.045S6A s(A)t(E)(l + kA) + kxA S e 

1/3 i , -[k,log(E. /E)]2 
v 2 ' " s ^ > ' (6) 

s(A)=l+ 0.02946S/«(3.03 - 1.967logA) 

t(E) = 1 - 0.51e ~E/29SSin(\0.63E _ a2M6) 

E , = k.A 
pi 3 

1 /3 

1/3 

E»2 =En,~ 13.78,4 + 0.275(51 - ,4)0(51 - A) p2 pi 

(7) 

(8) 

(9) 

(10) 

logk1 = 0.298 - 0M5logA + 0.075(/ogyi)J 
(11) 

logk2 = - 0.297 - 0.0124/og^ + 0.0292(/og,4) (12) 

logk, = 0.929 + 0.1261ogA - 0.0109(logAY (13) 
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logkA = - 2.14 + OASllogA -0.027\{iogA) 

0 5\-A<Q 0(51 -A)*={ 
1 5\-A>\ 

(14) 

(15) 

The unit of the cross section is barn, too. Figs. 13-22 show the comparison of 
the neutron total cross section calculated by our new formula and by Pearlstein 
formula with experimental data for 10 nuclei mentioned above. It is seen that 
the calculated results by our new formula in En = 20-1000 MeV for 10 nuclei 
ranging A = 12-238 are all in pretty good agreement with the experiments. Even 
if for A ̂  56 seven heavier nuclei, for which Pearlstein formula can be used, it is 
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Fig. 13 Comparison of the intermediate energy neutron total cross sections calculated by 

our new systematic formula (solid line) with experimental data for 12C. The symbol circle and 

triangle present the experimental data taken from references[3-5] and [7], respectively. 
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Pearlstein systematic formula (dashed line) and our new systematic formula (solid line) with ex­

perimental data for 56Fe. The symbol circle presents the experimental data taken from 

references[3-5]. 
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tal data taken from reference [7]. 
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also shown that the calculated results by our new formula are better than that 
by Pearlstein one. Of course, the obtained intermediate energy neutron total 
cross section systematic formula in this paper should be developed with the ex­
perimental data increasing. 

Based on Letaw and Pearlstein systematic formulas and considered the ex­
perimental data as many as possible, the new systematic formulas for interme­
diate energy proton nonelastic and neutron total cross sections, which are in 
pretty good agreement with experiments for A =12-238 nuclei, are obtained. 
Therefore, they are universal and can be used in intermediate energy nuclear da­
ta evaluation. 

Finally, the author would like to express gratitude to Prof. Zhuo Yi-zhong 
for his helpful discussion. 
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