
fiï\ International Atomic Energy Agency INDC(CPR)-026 
D i s t r . : G 

I N D C INTERNATIONAL NUCLEAR DATA COMMITTEE 

SEVERAL STUDIES ON MEDIUM ENERGY NUCLEAR 

DATA CALCULATION AND EVALUATION 

Qing-biao Shen 
Institute of Atomic Energy 

Beijing, China 

October 1992 

IAEA NUCLEAR DATA SECTION, WAGRAMERSTRASSE 5, A-1400 VIENNA 





INDC(CPR)-026 
Distr.: G 

SEVERAL STUDIES ON MEDIUM ENERGY NUCLEAR 

DATA CALCULATION AND EVALUATION 

Qing-biao Shen 
Institute of Atomic Energy 

Beijing, China 

October 1992 





SEVERAL STUDIES ON MEDIUM ENERGY NUCLEAR 
DATA CALCULATION AND EVALUATION 

Qing-biao SHEN 
Institute of Atomic Energy, Beijing, China 

Abstract 
Several studies on medium energy nuclear data calculation and 

evaluation have been done in our institute recently. The subjects are: 1. 
Calculation of 5-50 MeV neutron induced reaction data of ^ e ; 2. The 
study of neutron emissions at 585 MeV protons on ^Fe with QMD; 3. 
Neutron relativistic phenomenological and microscopic optical poten­
tials; and 4. Systematics of medium energy proton nonelastic and 
neutron total cross sections. 

I . Introduction 
Nowadays, more and more attention is being paid to the calculation and 

evaluation of medium energy nuclear data. Generally speaking, the projectile 
energy for medium energy nuclear data is 20-1000 MeV. 

When the projectile energy is 20-50 MeV, although the number of the 
multi-particle emission channels is obviously larger than that below 20 MeV, 
the calculations for various multi-particle emission channels are possible and 
significant. Of course, the particle emission data and yield cross sections are 
also needed for calculation in this energy region. The conventional nuclear reac­
tion theories such as optical model, Hauser-Feshbach theory, preequilibrum 
emission theory, evaporation model, and direct reaction theories, which are 
used very widely in the region below 20 MeV, may still be used. Some calculated 
results for 5-50 MeV neutron induced reactions of 56Fe are presented in this 
paper. 

When the projectile energy is larger than 40-50 MeV and less than 
100-150 MeV, the non-relativistic approximation is still right. After making 
certain development and simplification, above mentioned theories may be used 
also in this energy region. The codes ALICE11,21 and GNASHI3,4] are suitable to 
this energy region. Because there exist too many multi-particle emission chan­
nels, the calculation for various multi-particle emission channels is not necessa­
ry. The particle emission data and the yield cross sections are needed for the 
calculations only. 

When the projectile energy is larger than 100-150 MeV, using above men-



tioned theories is not suitable. The intranuclear cascade models are generally 
used to describe the medium energy nuclear reaction processes15,61. In recent 
years, the quantum molecular dynamics ( QMD ) model has been developed17,81, 
which is a very promising approach to be used in medium energy nuclear data 
calculation and evaluation. In this paper, the study of neutron emissions from 
585 MeV protons interacting with ^Fe with QMD finished by my coworkers 
will be briefly introduced191. When the incident nucleón energy is larger than 380 
MeV, the pion production process should be considered1101. 

The relativistic optical model is a powerful theoretical tool to calculate me­
dium energy nucleón elastic scattering data. In this paper, a global neutron 
relativistic phenomenological optical potential obtained by us and some results 
of calculations using relativistic phenomenological and microscopic optical po­
tentials are presented111,121. 

For those kinds of nuclear data, for which there exist plenty of experimen­
tal data, systematics may be used to obtain an empirical formula. Based on the 
systematic formulae by Letaw et al. and Pearlstein and considering as many ex­
perimental data as possible, new systematic formulae for medium energy proton 
nonelastic and neutron total cross sections are obtained I13], for which a brief 
introduction will presented here. 

II. Calculation of 5-50 MeV Neutron Induced Reaction Data of 56Fe 
First, we made the program APNOM, by which the best neutron optical 

potential parameters in fitting experimental total and nonelastic cross sections 
and elastic scattering angular distribution data can be searched automatically. 
Second, we finished the program CMUP2 for charged particle or neutron 
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Fig. 1 Comparison of the calculated 5-50 MeV neutron total cross sections 

( dot-dash line ) of S6Fe with the evaluated values ( solid line ). 
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induced reactions for medium-heavy nuclei in the incident energy range up to 
50 MeV based on the optical model, evaporation model and preequilibrium 
emission theory. The preequilibrium mechanism is applied in the first, second, 
and third emission processes. The pick-up mechanism in the first, second, and 
third composite particle formation during formation of equilibration and the 
Pauli principle in the calculation of exciton state densities are considered. The 
calculated direct reaction and compound elastic scattering results obtained with 
other codes can be added to the input data of the program CMUP2. 

We collected various experimental data for the interaction of 5-50 MeV 
neutrons with 56Fe, then, using the program APNOM, a set of best optical po­
tential parameters is obtained as follows: 
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Fig. 2 Comparison of the calculated 5-50 MeV neutron nonelastic 
cross sections of î6Fe with the experimental data. 
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Fig. 3 The same as Fig. 2 except for elastic scattering cross sections. 
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V = 54.3759 - 0.48634E + 0.003575£ - 24.0(tf-Z)/A, 
WS = U .5977 - 0.26697£ - 12.0(tf - Z) / A, 

or zero, whichever is greater, 

Wv=- 0.89256 + 0.15548£ - 0.00007£2, 

or zero, whichever is greater, 
r, = 1.1939, rs = 1.3659, ry = 1.4828, rso = 1.1939 

ar =0.62462, a s = 0.48624, ay =0.36001, aso =0.62462 

1.8r 

(1) 

(2) 

(3) 
(4) 

(5) 

r O.B -

10 20 
En(MeV) 

50 

Fig. 4 Comparison of the calculated 5-50 MeV neutron inelastic scattering cross sections 
( solid line ) of ^Fe with the experimental data. The direct reaction contributions 

to the inelastic scattering cross section are presented by dot-dash line. 
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Fig. 5 The same as Fig. 2 but for (n,p) cross sections. 
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Using this set of neutron optical potential parameters and adjusting some char­
ged particle optical potential and level density parameters as well as assuming 
the exiton model constant K=300 MeV3, the calculated results by the program 
CMUP2 are in good agreement with the experimental data taken from EXFOR 
andBNL-3251141. 

Fig. 1 shows the comparison of 5-50 MeV neutron total cross sections of 
^ e between the theoretical values ( dot-dash line ) and the evaluated values 

( solid line ) taken from ENDF/ B-6 for energies below 20 MeV and an eye 
guide curve for 20-50 MeV1141. The calculated results are in good agreement 
with the experimental data. Fig. 2 shows the calculated 5-50 MeV neutron 
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Fig. 6 The calculated neutron induced two-particle 
emission cross sections of î6Fe below 40 MeV. 



nonelastic cross sections. They are in reasonable agreement with the experimen­
tal data. Fig. 3 shows that the calculated elastic scattering cross sections agree 
with the experimental data pretty well. In Fig. 4 the calculated inelastic scat­
tering cross sections ( solid line ) and the direct reaction contributions to the 
inelastic scattering cross sections ( dot-dash line ) are illustrated. The theoreti­
cal results are in reasonable agreement with the experimental data. One can 
clearly see that as the neutron energy is larger than 30 MeV the main contribu­
tion to the inelastic cross section comes from the direct reaction. Fig. 5 shows 
that the calculated (n,p) cross sections are in good agreement with the experi­
mental data. Therefore, the calculated (n,p) cross sections in the 20-50 MeV 
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Fig. 7 The calculated neutron induced emission cross 

sections for 6 particles below 40 MeV. 
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region, for which there exist nearly no experimental data, are confident. 
Fig. 6 illustrates various neutron induced two-particle emission cross sec­

tions below 40 MeV calculated by the program CMUP2. Evidently, the one-, 
three-, and four-particle emission processes must be considered 
simultaneously. It is clear that the multi-particle emission processes become 
very important in the 20-50 MeV region. Fig. 7 shows calculated neutron in­
duced n-, p - , d-, t-, 'He-, and a-emission cross sections below 40 MeV. Here 
the emission cross section means the sum of all the cross sections emitting the 
same particle. One can clearly see that the 5 kinds of charged particle emission 
cross sections are comparable and that t-em, d-em cross sections are larger 
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£„(MeV) 
Fig. 8 The calculated yield cross sections in the reaction n+*Fe below 40 MeV. 
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than the others in the 25-40 MeV region. Fig. 8 illustrates calculated neutron 
induced yield cross sections below 40 MeV. Many isotops of the elements Fe, 
Mn, Cr, V, Ti, and Sc can be produced in the reaction n+^Fe. It is clear that the 
higher the nutron energy, the larger the number of yield nuclei. 

M. The Study of Neutron Emissions at 585 MeV Protons on ''Fe with QMD 
The analyses of medium energy nucleon-nucleus collisions are commonly 

based on the framework of the intranuclear cascade model. This model treats 
the reaction machanism in terms of a succession of nucleon-nucleon collisions 
with particles emitted at the various stages as the projectile energy is 
progressively dissipated in the target nuclei. 

Newer approaches like VUU and QMD, in which a mean field is combined 
with an intranuclear cascade, are widely used in analysing heavy ion collisions. 
As a unified dynamical approach, it should also be valid when applied to 
nucleon-nucleus collisions. 

Thus it is important to investigate the validity of QMD or VUU for the 
nucleon-nucleus collisions as a test of the capability of these microscopic 
dynamical approaches. 

On the other hand, recently a unified approach for studying medium ener­
gy nuclear data has become highly necessary. 

Motivated by these two aims, we study with QMD the particle emissions in 
the reaction of 585 MeV proton bombarding 56Fe. 

The Skyrme type density dependent force is used. But it should be pointed 
out that the expression of this part in Harmiltonian used in this work is 

F - Ï 

on QMD. 

1 /? i i 
<p> +-— <p*~ > , which is different from a original paper 
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Fig. 9 Double differential cross sections of Fig. 10 Double differential cross sections of 

emitted neutrons at 30* lab. angle. emitted neutrons at 90a lab. angle. 
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Fig. 11 Double differential cross sections of 

emitted neutrons at 150* lab. angle. 

The stability of the initial 
target and its binding energy and 
rms radius are tested. The bind­
ing energy is about 8.8 ± O.SMev 
for all events. The rms radius is 
about 3.8 fm. The Fig.9 shows 
the comparison of calculated 
and measured l l5 '* double 
differential cross sections of 
emitted neutrons at 30° labora­
tory angle. The thick line is for 
the hard equation of state 

(E.O.S.) and the thin one for the soft E.O.S. The agreement is quite good for 
both hard and soft momentum dependent E.O.S. Fig.10 and Fig. 11 show the 
comparison of calculated and measured double differential cross sections of 
emitted neutrons at 90° and 150°, respectively. Generally, predictions of the 
QMD approach are in good agreement with measurement. The improvement in 
the cascade region is obvious compared to the intranuclear 
cascade-evaparation model*161. Only the high energy tail part is still too low. 

The particle emission mechanism and emission time are also studied. The 
preliminary results seem to be encouraging. 

IV. Neutron Relativistic Phenomenological and Microscopic Optical Potential 
In the medium energy domain, the nucleón relativistic optical model 

phenomenology based on the Dirac equation with a mixture of the Lorentz 
scalar potential and the time-like component of the Lorentz four-vector poten­
tial developed by Arnold and Clark1'7,181 has been used to analyze the medium 
energy proton elastic scattering data with great success. 

In the past, the form and parameters of the relativistic phenomenological 
optical potential (RPOP) have been extensively investigated. They were, howev­
er, restrictid to fît the experimental data for some specific target nuclei and in a 
certain range of incident energies. Only very recently global Dirac optical po­
tentials for proton elastic scattering from heavy nuclei for energies between 65 
and 1040 MeV have been published1191. They are functions of both energy and 
target mass number. The number of parameters for set 1 and set 2 is 77 and 84, 
respectively. 

The studies on neutron RPOP so far are rather limited due to the scarcity 
of experimental data. Recently more and more medium energy data have also 
become available. The availability of new neutron experimental data provides 
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the opportunity for studying the global neutron RPOP as well as its microscop­
ic foundation. 

In this paper, the global neutron relativistic phenomenological optical po­
tentials for target nuclei ranging from l2C to M8U for incident energies 
Eñ=20-1000 MeV have been obtained through automatic search of the best-fit 
parameters by computer1',>121. Then the relativistic nucleon-nucleus microsco­
pic optical potential (RMOP) is studied with the effective Lagrangian based on 
the popular Walecka model including only nucleón, <r and a> meson with two 
adjustable isoscalar meson coupling constants g, and g^ chosen to reproduce 
the nuclear matter saturation properties120"221. 

In relativistic optical model analyses of medium energy scattering experi­
ments we use the Dirac equation. The Lorentz scalar potential Us and the 
time-like component of a four-vector potential U0 are assumed to be complex 
and dependent on energy and mass number of the target nuclei, and they can be 
treated either as a strictly phenomenological model with a number of adjustable 
parameters or as a microscopic model derived from some more basic theory 
without any free parameters. In the above mentioned two approaches, the 
Schrôdinger equivalent central potential U^ and spin-orbit potential U ^ can 
be obtained, simultaneously. 

In the following part, we are aiming to obtain a global neutron relativistic 
optical potential, whose parameters are functions of both energy and target 
mass number. The experimental data used for this purpose consist of ten nuclei 
from ,2C to mU over a wide energy region from 20 up to 1000 MeV. The total 
cross section data taken from Refs.[l4,23-25] are quite complete; they cover 
the whole energy range for all ten nuclei considered in this paper. The 
nonelastic cross section data available only below 200 MeV for some specific 
nuclei1,4] and the elastic scattering angular distribution data for energies be­
tween 20 and 40 MeV for ,2C, 160,27A1, *Fe, ̂ Pb and 2WBii26_31] as well as at 
96 MeV for ,2C in the small angle region1321 and at 155 MeV for I2C, ̂ Al, 63Cu, 
and 208Pb also within the small angle ranget33] are all neutron data accessible to 
us in addition to the rather complete set of total cross section. Our global 
neutron relativistic phenomenological optical potential is parameterized on the 
basis of above mentioned data set. 

We choose scalar and vector optical potentials of the Woods-Saxon form, 
whose parameters depend on energy E, mass number A and charge number Z. 
Through automatic search of the best parameters in fitting the experimental da­
ta <7t , (Tmm and Cel(0) by computer, a global neutron RPOP, which contains 
38 parameters, has been constructed as follows: 
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UAr)=V0f0(r) + iWBg(r), (6) 

V0 = 304.08 - 0.1103*"4"+MQ0OU - 0.0000922£,-968-°°007^ 

- 2.295a -5.6660, (8) 
Vs = - 379.66 - (0.05492 + 0.Q00024U)£ - 3.637a + 13.3280, (9) 

WQ = - 5.090 - (0.2146 + 0 . 0 0 0 0 4 6 4 , 0 E 0 8M5~°*W283't 

+ O.OOOOO5620£2 + 23.692a + 1.9820, (10) 

Ws = - 14.21 + ( 0 . 2 8 2 0 - O ^ i ^ S ^ 0 " 8 9 * " 0 * 0 ™ " + 18.895a 
-1.1890 (11) 

N—Z 0 ,.¿—64,1.278 f.~. a = - J - ' ^ ' l + l ë 1 • (12) 

/̂ (r)= jl + **/|(r-r^h/«J} > i = 0> 5 <1 3> 
g(r)=\l + exf{(r-rwAh/aw]} , (14) 

r0 = 1.164, r , = 1.159, ~»> = 1.239 
aQ = 0.5746, as = 0.5923, a „, = 0.4378 

For the relativistic microscopic optical potential (RMOP), we adopted an 
approach to the relativistic many-body theory based on the effective 
Lagrangian density of the Walecka model, which allows to perform the calcula­
tions for the nucleon-nucleus interactions in the lowest order approximation. 
The merit of this approach is obviously that it is very simple, and can easily be 
applied to the scattering problem. 

We start from an effective Lagrangian with two adjustable isoscalar meson 
coupling constants ge and ga. The values of the nucleón and to meson masses 
are taken from the experiments, M = 938.9 MeV and Ma =783 MeV. The 
mass of the hypothetical a meson is fixed to Mt = 550 MeV, which is common­
ly used in the NN interaction to simulate the two n exchange. 

In the next part, we are going to study the nucleón RMOP. It is known 
that the self-energy of a nucleón in the nuclear medium is identified with the ef­
fective interaction of the nucleón with the nuclear medium, i.e. nuclear optical 
potential. Based on the Feynman diagram rules one could perturbatively derive 
the nucleón self-energy in nuclear matter. We let only the second-order 
(Hartree-Fock) self-energy of a nucleón in the nuclear medium represent the 
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real part of the optical potential and consider the imaginary part of the 
fourth-order self-energy as the imaginary part of the optical potential. 

The effective coupling constants gvand goare adjusted by requiring that 
the empirical saturation properties of the nuclear matter are reproduced, 
i.e. the binding energy per nucleón e / pB-M=-15.75 MeV and pressure P=0 
at the normal density, corresponding to kF= 1.42 fin""1. 

The calculations of the self-energy of a nucleón are first carried out in the 
nuclear matter up the fourth-order as mentioned above. The optical potential 
for finite nuclei is then obtained within the LDA. The density distribution is 
taken from Negele's empirical formulae1341, except for light nuclei such as 12C 
and ,6Ot3S]. Thus we could obtain a RM OP without any free parameters. 

2 0 5 0 100 2ÜU 

En(MeV) 
sno I 0 0 0 

Fig. 12 Neutron total cross sections for 63Cu, 107Ag, "'Ta, **Pb, ̂ Bi, and B , U 
at energies 20-1000 MeV calculated with RPOP (solid line) and RMOP 

(dashed line). The experimental data are taken from Refs.[l 4,23-25]. 
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The real parts of the central Schrbdinger equivalent potentials of neutron 
RPOP and RMOP for 56Fe at various energies are calculated. For energies 
En< 500 MeV the real potentials of both RPOP and RMOP are rather close to 
each other and the so-called "'bottom of wine bottle" shape is found in both of 
them in the 200-300 MeV energy region. For energies En> 500 MeV the V^ of 
RMOP continues to go up rapidly as energy increases, while the one of RPOP 
first increases slowly with energyand then even comes down as energy goes up . 
The imaginary potentials always assume negative values. The values of the 
imaginary potentials of RMOP increase much more rapidly with energy as 
compared with those of RPOP. The spin-orbit Schrodinger equivalent poten­
tials of neutron RPOP and RMOP in the same energy region are also 
calculated. One can see that the real spin-orbit potentials V^ are negative 
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Fig. 13 Neutron elastic scattering angular distributions for WA1 at energies 20,21.6,22,25, 

and 26 MeV calculated with RPOP ( solid line ) and RMOP ( dashed line ). 

The experimental data are taken from Refs.[26,28]. 
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whereas the imaginary ones W^ are positive. The absolute value of Vso de­
creases as energy increases , but that of Wso increases as energy increases. The 
imaginary part Wso can be neglected at low energies but both the real and 
imaginary spin-orbit potentials should be considered simultaneously at high 
energies. 

The neutron total cross sections 0^, nonelastic cross sections 0L,« and 
. ** non *••**** 

elastic scattering angular distributions <7el(0) for ten target nuclei ranging from 
,2C to a8U with incident energies En=20-1000 MeV have been calculated with 

both RPOP and RMOP. 
Fig. 12 shows the comparison of neutron total cross sections for 6 target 

10 2 0 

0 c. m. ( d e g ) 
3 U 

Fig. 14 The same as Fig. 13 except for "C at energy 96 MeV and for l2C, 27A1,63Cu, 

and "'Pô at 155 MeV. The experimental data are taken from Refs.[32,33]. 

— 14 — 



nuclei calculated with RPOP and RMOP with the experimental data. Generally 
speaking, the values and tendency of the total cross sections calculated by 
RMOP agree with the experiments pretty well and the results of RPOP are 
rather close to the experiments. 

Fig. 13 shows the neutron elastic scattering angular distributions for 27A1 in 
the energy region of 20-26 MeV calculated by RPOP and RMOP. The experi­
mental data are taken from Refs[26,28]. For most cases the calculated results 
obtained with both RPOP and RMOP are in pretty good agreement with the 
experiments, but the valleys in the results by RMOP are too deep as compared 
with experiments. In Fig. 14 the elastic scattering angular distributions for 12C 
at 96 MeV and for ,2C, "Al, 63Cu and ^Pb at 155 MeV calculated by RPOP 
and RMOP are illustrated. The expermental data are taken from Refs.[32,33], 
The overall good agreement with experiments for both RPOP and RMOP is 
seen except at some specific points. 

V. Systematics of Medium Energy Proton Nonelastic and Neutron 
Total Cross Sections 
The proton nonelastic or reaction and neutron total cross sections are the 

most important and basic. Nowadays, large amounts of experimental data for 
both of them have been accumulated. The experimental data of medium energy 
proton nonelastic cross sections were collected and published136,373. The experi­
mental data of medium energy neutron total cross sections can be found in 
some references[l 4,23-25,38]. These two kinds of medium energy cross sections 
can be calculated with the relativistic optical model119,i2J. However, in order to 
fit the experimental data there are too many adjustable parameters in the 
relativistic optical model calculation for selection. Considering that there are 
many experimental data for these two kinds of cross sections, studying their 
systematics is obviously valuable in practice. 

Based on the analysis of experimental data, Letaw obtained a systematic 
formula of proton nonelastic cross sections for energies higher than 20 MeV 
above the Coulomb barrier1391. Then, based on the Letaw formula, Pearlstein 
obtained a systematic formula of the neutron total cross sections for energies 
above 20 MeVI2J and both formulae are used in the calculations of medium en­
ergy nuclear data for the reactions p+56Fe and n+56Fet24,21. In order to examine 
the Letaw medium energy proton nonelastic cross section systematic formula, 
we chose the following 12 nuclei: 12C, 160, rAl, ^Ca, *Fe, 63Cu, MZr, 107Ag, 

mSn, 18,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 using the Letaw medium energy proton aw formula agree with the 
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experimental data pretty well for light nuclei, but become worse for A ¿£40 hea­
vier nuclei. Although for heavier nuclei the calculated results obtained with the 
Letaw formula agree with the experimental data still better in the E> 100 MeV 
high energy region, it becomes obviously far larger than experimental data in 
the low energy region, and the heavier the nuclei, the larger the deviation. Thus, 
the Letaw proton nonelastic cross section systematic formula is not universal. 
In order to examine the Pearlstein medium energy neutron total cross section 
systematic formula, we chose the following 10 nuclei: I2C, 160,27A1, *Fe, wCu, 

,07Ag, I8,Ta, 208Pb, ̂ Bi, and 238U, which have more experimental data. 
The aim of this work is to improve the Letaw and Pearlstein systematic 

formulae. First, some changes on their systematic expressions are made. Then 
we define 

where <rc is the calculated cross section value, aE the experimental cross section 
value, and AerE expresses the experimental error. The sum over i and j denotes 
the sum over all chosen nuclei and energies, respectively. The parameters of the 
new systematic formula can be obtained through automatic computer search of 
the minimum deviation between the calculated results and the experimental da­
ta. After careful researching, the new medium energy proton nonelastic cross 
section systematic formula is obtained as follows: 

cJA,E) = 0M26A*™ f{AME)h(A,E) (16) 
/U) = 1 + 0.0144Sm(3.63 - 2.%2logA) (17) 
g(E)= 1 -0.67e~£/,50Sm(12£"0Jl89) (18) 

h(A,E) = [l + (0.018¿2 - \.\5A)/E2)~l (19) 

The unit of the cross section is barn. Figs. 15-17 show the comparisons of the 
proton nonelastic cross sections calculated with our new formula and with the 
Letaw formula with the experimental data for I2C, ^ e , and ^Pb. In these fig­
ures, besides the isotope experimental data also the corresponding natural ele­
ment experimental data are given. It is seen that the calculated results obtained 
with our new formula for the 12 nuclei in the range A = 12-238 for energies 
Ep=few-1000 MeV are all in pretty good agreement with the experiments. 
Both the experimental data and calculated results show that the proton 
nonelastic cross sections have a broad peak at about several ten MeV and a 
minimum at about 200-300 MeV. The calculated results obtained with the 

— 16 — 



• ' ' i i i i n 
100 
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Fig.lS Comparison of the medium energy proton nonelastic cross sections calculated with 
the Letaw systematic formula ( dashed line ) and our systematic formula ( solid line ) with 
experimental data for l2c^. The symbols circle and triangle represent the experimental 

data for isotope and corresponding natural element, respectively. 
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Fig. 16 The same as Fig.lS except for *Fe and the experimental 

data taken from references [36] and [37]. 
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£p(McV) 

Fig.17 The same as Fig.l5 except for M,Pb. 
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Letaw proton nonelastic cross section formula become very bad for A ̂ 40 hea­
vier nuclei in the low energy region, but our new formula overcomes 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. 

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

c (¿,i0 = 0.04586,4°V¿M2?)0 +kA) + kxA
U3 ie-*>"«* «/E>] 

s{A) = 1 + 0.02946Sín(3.03 - \.96VogA) 
t{E) = \-0.51e-EnSiSinWME-*™) 

E =k.A 
pi 3 
1/3 

1/3 

£ , = £ , - 1 3 . 7 8 ^ ' " + 0 . 2 7 5 ( 5 1 - ^ ) 0 ( 5 1 - ^ ) 

logkt = 0.298 - 0.685/og^ +0.075(/ogy4)2 

logk2 = - 0.297 - O.OmiogA + 0m92(logA)2 

logk3 = 0.929 + 0.726logA - 0.0709(hgA)2 

logk4 = - 2.14 + OAMlogA - 0.021l(logA)2 

0(51 -A) = { 
5l-A£0 
5 1 - ^ > 1 

o.S 

n+"AI 

o 

_ i ' • ' • ' 

20 100 

£.(MeV) 
1000 

Fig. 18 Comparison of the medium energy neutron total cross sections calculated 

with our new systematic formula ( solid line ) with experimental data 

for 27A1. The symbols circle and triangle represent the experimental 
data taken from referencestl4,23,24,38], respectively. 
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Fig. 19 Comparison of the medium energy neutron total cross sections calculated with 
Pearlstein's systematic formula (dashed line) and our new systematic formula 
( solid line ) with experimental data for t3Cu. The symbols circle and triangle 

represent the experimental data taken from references[14,23,24,38]. 
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Fig.20 The same as Fig. 19 except for ""U. 

The unit of the cross section is barn, too. Figs. 18-20 show the comparison of 
the neutron total cross section calculated with our new formula and with 
Pearlstein's formula with experimental data for "Al, 63CU, and 238U. It is seen 
that the calculated results obtained with our new formula for En = 20—1000 
MeV for 10 nuclei in the range A =12-238 are all in pretty good agreement 
with the experiments. It is also shown that the calculated results obtained with 
our new formula are better than those obtained with the Pearlstein formula. Of 
course, the medium energy neutron total cross section systematic formula ob­
tained in this paper should be further developed when more experimental data 
become available. 
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MI. Summary 
Based on the available experimental data, we obtained a set of 5-50 MeV 

neutron optical potential parameters for "Fe. Then adjusting some charged 
particle optical potential and level density parameters as well as taking the 
exiton model constant K=300 MeV3, the various calculated nuclear data are all 
in better agreement with the experimental data in the above mentioned energy 
region. Therefore, the various predicted cross sections, yields, angular distribu­
tions, and emitted particle energy spetra in this energy region are reliable to 
some extent. 

The particle emissions in the reactions of 585 MeV protons 
bombarding ^Fe were studied with QMD. The preliminary results seem to be 
encouraging and show that the QMD is a very promising approach to be used 
in medium energy nuclear data calculation and evaluation. 

We made the calculations for 20-1000 MeV neutron induced reactions by 
using the relativistic microscopic optical potential and obtained a global 
neutron relativistic phenomenological optical potential based on the available 
experimental data for the same energy region. The calculated cross sections and 
angular distributions obtained with these two kinds of potentials agree with the 
experimental data pretty well. These results are useful for future studies of me­
dium energy nuclear reactions. 

Based on the Letaw and Pearlstein systematic formulae and considering as 
many experimental data as possible, new systematic formulae for medium ener­
gy proton nonelastic and neutron total cross sections, which are in pretty good 
agreement with experiments for A = 12-238 nuclei, were obtained. Therefore, 
they are universal and can be used in medium energy nuclear data evaluation. 
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