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Abstract 
The quantum molecular dynamics + statistical decay model has been applied 
to analyze the nucleon-induced nuclear reactions in the energy range from 50 
to 3 GeV in order to verify its applicability to light-ion induced nuclear 
reactions. It was found that the present approach could give a quantitative 
description of various cross sections such as (p,p'), (p,n), (n,p) reactions from 
a wide range of targets and also target-like isotope production cross sections 
from p+Fe reaction, showing its basic ability as a tool for the study of 
intermediate energy nuclear reactions and nuclear data evaluation. 

1. Introduction 
The nucleon-induced nuclear reactions in the intermediate to high energy region (projectile energy 

greater than several tens MeV) have been understood mainly in terms of the cascade model, which is 
an attempt to describe the nuclear reactions as a superposition of nucleon(N)-nucleon collisions. This 
model is recognized to be applicable in the energy region where the de Broglie wavelength is 
considerably shorter than the inter-nucleon spacing in the nucleus ( ~2 fm). Some prescriptions have 
been introduced to incorporate the effects of the (fixed) mean-field potential in which the nucleons 
travel1*, which are important at low energy region. However, most of the cascade codes available for 
nuclear data evaluation are not fully microscopic in nature, i.e., degree of freedom of every nucleons 
is not considered explicitly. This fact inevitably results in an introduction of phenomenological 
parameters which may depend on the target mass and projectile energy. Furthermore, there is an 
essential limitation that the mean-field introduced in the cascade model does not change in the 
sequence of the intra-nuclear cascade which may significantly change the potential in the target nucleus 
due to creation of considerable number of excitons. Although it is well known that the cascade model 
is a powerful way to predict various quantities in the intermediate energy region, another approach 
based on different (and hopefully more realistic) assumptions is strongly desired as an 
alternative/supplementary way of the conventionally used cascade model from both basic and applied 
purposes. 

In late 80', a model, called Quantum Molecular Dynamics (QMD), has been proposed to describe 
various quantities of the heavy-ion nuclear reactions in a microscopic way2*. All the input information 
required in this model is thus related to the nucleon-nucleon (N-N) interaction, not to the nucleon-
nucleus reaction, which feature helps to avoid the phenomenological parameters. The QMD takes 
account of the effects of the mean field and N-N collisions automatically, although in quite different 
ways. These two ingredients, i.e., the mean field and N-N collision, correspond to a microscopic 
description and origin of the real and imaginary parts of the optical model potential respectively, which 
are the most important quantities in understanding nuclear reactions. Thanks to the work of Kyoto 
university group who has developed a method to obtain stable ground states in the same framework, 
QMD has been applicable from quite low projectile energy (around 10MeV/nucleon)3). 

In spite of the basic potential of the QMD, it was not applied to study the nucleon-induced nuclear 
reactions intensively except for the work of Peilert et al4) who had analyzed the (p,n) reaction cross 
sections of several targets in the intermediate energy range. His analysis, however, did not take 
account of the statistical decay of the hot fragments produced from the QMD calculation, thus covering 
only a restricted range of the available phase-space. The purpose of the present work is to continue 
our effort5* to validate the applicability of QMD + statistical decay model to the nucleon-induced 
nuclear reactions, and also to obtain information on the reaction mechanisms. 

2. The Quantum Molecular Dynamics 
In QMD, each nucleon (denoted by a subscript a) is expressed by a Gaussian wave function of 

the form: 
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where L is a parameter which represents the spacial spread of a nucleon, Rt and Pm corresponding to 
the position of the center of a nucleon in the coordinate and momentum space. The total wave 
function 4> is taken to be a direct product of these single-particle wave functions. The equation of 
motion of Rm and P . is determined by the time-dependent variational principle: 

R = d<$|//j$>( p = _a«t>iff|<i» (2) 
dPm 8Rm 

and the stochastic N-N collision term which satisfies the Pauli blocking. The Hamiltonian H consists 
of the relativistic kinetic+mass energy and the effective N-N interaction U: 

B = £ \ ^ + " » . 2 + £ U(rm - ry) (3) 
«>y 

where the effective interaction was assumed to consist of the two-body and density-dependent parts 
of the Skyrme interaction6* + Coulomb + symmetry energy term. This assumption leads to the 
following form of «J>|//|<j»: 

a 2 P o « * + T fil « (4) 

<*Y 

where 

< p . > s EP.Y • E^r^-i*.-*//^) 
Y T 

r ( 5 ) 

c« " 2 '«« " [0 : /rcotawi 

and "erf" denotes the error function. The tz represents the z-component of the isospin. The symmetry 
energy parameter Cs was taken to be 25 MeV. The saturation density p0, Skyrme parameters A , B and 
r were taken to be 0.165 fm'3, -124 MeV, 70.5 MeV and 1V6, respectively. These values give, in a 
limit of nuclear matter, a binding energy/nucleon of 16 MeV and the soft equation of state. The width 
parameter L was fixed to be a value of 2 fm2 which was selected to give stable ground states in a wide 
mass range. Fixing those values, there is no additional parameter in the QMD calculation. The relative 
distance of two particles, \RU-Rr\, was actually replaced by the following quantity: 

(6) 1-P.r 
R = 5—L. 

v k 2 + ^ + K+/? 
This quantity is equal to the relative distance of the particles a and y in the center-of-mass of these 
particles, and defines a Lorentz scaler. 

The stochastic nucleon-nucleon collision is taken into consideration as similar to the cascade 
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model: When the impact parameter of two nucleons, defined as a Lorentz invariant, is smaller than a 
certain value determined from the energy-dependent N-N cross section, it is assumed that a collision 
takes place. We have been considering 1) elastic scattering7* between baryons (nucleon, A and 
N*(1440)), 2) production of A and N* from N-N collision (inelastic scattering) and their inverse 
reactions, 3) decay of A and N* by emission of n-meson and their inverse processes. We basically 
follow the prescription of Wolf et al.9) However, re-parametrization of the elastic and inelastic 
scattering cross sections10) has been carried out to extend the applicable energy region up to 3 GeV. 
Population probabiity of each process and their angular distributions were selected by the Monte-Carlo 
method. The Pauli blocking of the final phase-space is checked. If it is occupied by other nucleons, 
the collision is prohibited. 

The ground state of the target nucleus was generated by packing Rm and Pm randomly based on the 
Woods-Saxon type distribution in the coordinate space and corresponding local Thomas-Fermi 
approximation in the momentum space, with a restriction that the binding energy must be close enough 
to that of the liquid-drop model prediction. 

3. Calculation Flow 
Calculation of the cross sections proceeds in the following way; 

1) The ground state of target nucleus is generated. 
2) Select the impact parameter randomly in a given range. 
3) Locate the projectile and the target according to the selected impact parameter. 
4) Boost the projectile and the target on the coulomb trajectory according to the projectile energy. 
5) The QMD calculation is performed up to a certain time. 
6) The remaining cluster is identified based on the distance of the centroids of particles. 
7) Excitation energy of the cluster is calculated as a difference of the internal energy of the cluster 

(«|>|/f |<|» where <j> is the direct product of the single-particle wave functions belonging to the 
cluster) and the liquid-drop binding energy. The sums in the Hamiltonian is taken for the 
corresponding particles. 

8) Statistical decay of the cluster is considered. Emission of n, p, d, t, 3He and a is taken into account 
by a simple evaporation model. 

9) Processes 1) to 8) is repeated, typically 50,000 times, and finally statistical average is performed. 

4. Results and Discussion 
In Figs. 1 and 2, the presently calculated values of S6Fe(p,xn) reaction cross sections at 113 and 

800 MeV are compared with the experimental data11,12) and prediction of the cascade + evaporation 
code Nucleus13). At 113 MeV, Nucleus code underestimates the backward cross sections, which fact 
has been interpreted as an evidence of lack of the pre-equilibrium process in the cascade model. The 
present calculation, on the contrary, reproduces the cross section at 113 MeV from the forward to the 
backward angles. In other words, the QMD calculation automatically includes the reaction mechanism 
known as the pre-equilibrium process without assuming any of such models. The same degree of 
agreement is also achieved at 800 MeV. At both energies, however, the present calculation 
underestimates the high-energy tail of the forward angle cross sections. The reason of this 
underestimation is not clear yet. One possible explanation is that we have been neglecting the 
momentum dependence in the effective N-N interaction U which is known to change its sign at a few 
hundred MeV, and is definitely repulsive at 800 MeV. 

In Figs. 3 and 4, the S6Fe(p,2p+n)S4Mn and (p,6p+4n)47Sc production cross sections are shown. In 
both cases, the QMD + statistical decay calculation gives reasonable descriptions of the measured data 
without adjusting any parameter. In spite of the good agreement between the QMD and cascade model 
predictions in the (p,xn) cross sections as shown in Figs. 1 and 2, surprisingly huge difference was 
observed between these two methods in this kind of target-like fragment production cross sections. 

Distribution of particle multiplicity from the p+uC reaction at several incident energies are 
displayed in Fig. 5. Here, the multiplicity was counted as a number of fragments at the time 4.5 to 
6-OxlO'22 second after the QMD calculation has been started. This time corresponds to just after the 
step 6) at Section 3; at this time, the QMD calculation was terminated and connected to the statistical 
decay model. The word "fragment" in this case includes both the clusters and nucleon. Multiplicity 
1 therefore denotes an event where there is only one "fragment". In other words, the projectile was 
absorbed by the target nucleus and there is only a compound nucleus left. The following conclusions 
may be drawin from Fig. 5; 
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1) At the lowest incident energy, the event with multiplicity 1 is dominant, showing that production 
of the compound nucleus and its decay is the most dominant reaction mechanism at low energy 
end. 

2) At 20 to 50 MeV, those events with multiplicity 2 and 3 become more and more dominant. These 
multiplicities correspond to that of typical pre-equilibrium reactions where the (p,p')» (p»n), (p,2p), 
(p,np), (p,2n)... reaction occur in a short time as a result of the subsequent two-body N-N 
interactions. It will be worthwhile to note that the QMD calculation includes automatically 
emission of more than one particle from the pre-equilibrium stage, i.e., the multiple pre-equilibrium 
emission is included in QMD. 

3) At higher energies, the multiplicity distribution becomes more and more flat, showing a typical 
feature of the spallation reaction. 

This figure therefore shows the fact that QMD calculation can describe the change of the reaction 
mechanisms of the nucleon-induced nuclear reaction from 1) compound nuclear reaction at low energy, 
2) pre-equilibrium process at the intermediation energy, and 3) spallation reaction at high energy 
region. Notice that no parameter was adjusted to describe this change of the reaction mechanisms. This 
will be an essential difference from other theories such as Feshbach, Kerman and Koonin theory where 
the multistep direct reaction cross section must be normalized to the experimental data in terms of the 
V„ parameter which is dependent on both the target mass and projectile energy. It was verified that 
the QMD includes, in this way, the major reaction mechanisms of the nucleon-induced nuclear reaction 
in a unified manner without adjusting any parameter. 

5. Summary 
The Quantum Molecular Dynamics + statistical decay model have been applied to analyze the 

nucleon-induced nuclear reactions. The (p,n) and fragment production cross sections of p+Fe reactions 
have been calculated and compared with experimental data and predictions of the well-known cascade 
model. It was confirmed that the present approach could give a quantitative description of these cross 
sections and thus could be a tool for the study and evaluation of intermediate energy nucleon-nucleus 
reactions. It was also verified that the QMD calculation contained the major reaction mechanisms of 
the nucleon-nuclear reactions in a unified manner; the compound nuclear reaction, pre-equilibrium 
(including multiple processes) reaction and spallation. 
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Fig. 5 Particle multiplicity distribution from p+12C reaction predicted by the QMD calculation 
(before the statistical decay is considered) 
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