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ABSTRACT 

 
The recent available GSI data for proton-induced spallation reactions 

by using inverse kinematics at different energies are analyzed for 
different reactions in terms of the percola- tion model together with the 
intranuclear cascade model (MCAS). The simulation results obtained for 
the cross sections of production of light ions and isotopes as a function of 
mass and charge number is calculated. Results of calculations are in 
good agreement with experiment. 

 
 Keywords: Spalltion, Lattice Model, Cross Section, Mass Distribution,    
Multifragmentation. 

 
 

  
INTRODUCTION 

 
     In the last decades, a great number of studies on spallition reactions were made both 
experimen- tally and theoretically due to their wide applications in material science [1], 
biology[2], surgical therapy  [4], space engineering[5] and cosmography  [6]. Interest  in 
the spallation  reactions  has recently been renewed because of the importance  of intense 
neutron  sources for various applications,  such as spallation  neutron  sources for  
condensed matter and material  science [7–9] , accelerator-driven  systems (ADS) for 
incineration  of nuclear  waste incineration[10;  11], or energy production[12], as well as 
for medical therapy.  Further applications were also foreseen like the production of 
radioactive beams[13]. More traditional was also the astrophysical interest for the 
spallation reactions on hydrogen, which is the major reaction in the interstellar matter 
encountered by the cosmic rays during their flights [14].  So that,  recently  a large effort 
has been devoted  at  the  Fragment  Separator(GSI, Darmstadt) to the  measurements  
of evaporation residues and fission fragments  in fission and  spallation  reactions  
induced  by proton  and deuteron [15], using inverse kinematics, were able to supply the 
identification  of all the isotopes produced in spallation  and fission reactions[15]. The 
data obtained can be considered as a crucial benchmark for the theoretical and 
phenomenological models used in the ADS technology. The precision of these models to 
estimate residue production cross sections is still far from the accuracy required for 
technical applications, as it was shown in Refs[15; 16]. 

In this situation, theoretical studies of spallation and fission in the proton induced 
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reactions give us some helpful information about estimating of reaction products.   
Conventionally, the theoretical studies of spallation and fission in the proton induced 
reactions have been performed by different theoretical models[15]. The precision of these 
models to estimate residue production cross sections is still far from the accuracy 
required for technical applications. In the present work we will analyze the cross section 
of the fragments produced in proton- induced spallation reactions in wide range of 
incident energy and mass of target nuclei using MCAS model to investigate the validity 
of this model. The paper includes the following parts. In section 2, we briefly describe 
the model adopted in this work. In section 3, we present the calculation results and the 
comparison with experimental data. Asummary and conclusions are presented in section 
4. 

 
BASIC PHYSICSAL ASSUMPTIONS OF THE MODEL 

 
2.1 Multifragmentation in spallation reactions 
          Since many years spallation reactions of medium and high energy protons with 
atomic nuclei are still of interest for many reasons.  First of all, because knowledge of the 
reaction mechanism is still not complete. This is interesting both from theoretical and 
experimental point of view. Spallation reactions are generally described by a two-step 
mechanism. The first stage, intranuclear cascade in which the nucleon-nucleon collisions 
inside the nucleus induce the loss of a  few  high-energy  nucleons  and  lead  to  the  
formation of excited prefragments[17; 18]. The  incoming nucleon  sees  the  substructure 
of the  nucleus,  i.e.,  a bundle  of nucleons,  due to its reduced  wavelength. This fast 
stage of the  nucleon-nucleon  scattering  interaction  leads to the  ejection of some of the  
nucleons and  to the  excitation  of  the  residual  nucleus,  which will cool itself 
afterwards  in the  second stage [3]. This de-excitation mechanism has been explained as 
γ -ray, nucleon or cluster evaporation in competition with fission or even multi- 
fragmentation. The de-excitation process does not end with the ending of g ray emission.  
In fact the nucleus resulting after ag decay is often radioactive, which will continue to 
decay until a corresponding stable nucleus is reached [3]. However, experimental  data 
indicate  that,  at  intermediate energies, a third  competing  process, multifragmentation, 
comes into play, in which  excited  remnants break up  into  intermediate  mass  fragments  
(IMF). There are two approaches for theoretical description of multifragmentation:  
dynamical and statistical.   In statistical multifragmentation models, it assumes that the 
excited remnant achieves thermal equilibrium state and then expands, eventually reaching 
the freeze-out volume.  At this point it fragments into neutrons, light charged particles 
and IMFs.  In dynamical models IMFs are formed at the fast stage of nuclear collision 
via dynamical forces between nucleons during the evolution of the total system of 
interacting projectile and target.  In this case the whole system is break-up in multiple 
fragments which never pass through states of thermal equilibrium. There is one more 
approach for description of the process of multifragmentation: percolation theory. 
Percolation models treat the nucleus as a lattice with nucleons located at nodes of the 
lattice. It has been found that results of percolation calculations depend significantly 
upon the details of the lattice structure. For  reasons  of computational convenience,  the  
simple cubic lattice has  been  most  frequently used  in  multifragmentation simulations,  
but several studies  have found [2, 3] that the face-centered-cubic  lattice  more accurately 
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reproduces the experimental distributions of fragment masses and their  energy 
spectra[20]. That is, lattices were employed more as computational techniques rather 
than as formal nuclear models. 

 
 
2.2 implementation of lattice in the cascade model 
        
      The most attractive lattice  model is the face-centered-cubic  (FCC)  model proposed 
by Cook and  Dallacasa[21]  because it brings together  shell, liquid-drop  and  cluster  
characteristics, as found in the conventional  models,  within  a single theoretical  
framework.  Unique among the lattice models, the FCC reproduces the entire sequence 
of allowed nucleon states as found in the shell model. The(FCC) lattice arrangement of 
nucleons for the colliding nuclei, is implemented in the modified Cascade 
Model(MCAS)[20]. 

Calculations of multifragmentation channels are performed on the basis of the bond-
site model of percolation theory [20].  Acording to this model the neucleons are 
occupying lattice sites in alternating layers, can be seen as consisting of four 
interpenetrating cubes. A nearest-neighbor distance of about 2.0262 fm reproduces the 
known core density of nuclei (0.17 nucleons/fm3). 

It is known that a nucleon’s distance from the center of the nucleus determines its 
principal quantum number n. The distance of the nucleon from the”nuclear spin axis” 
determines its total angular momentum (quantum number   j).  Finally, the distance of each 
nucleon from the y − z plane determines its magnetic quantum number m.  The inherent 
simplicity of the FCC model is evident in the FCC definitions of the eigenvalues: 

 
 

n = (|x| + |y| + |z| − 3)/2, (1) 
j = (|x| + |y| − 1)/2, (2) 

|m| = |x| /2, (3) 

Where the sign of the m value is determined by the intrinsic spin orientation of the nucleon in 
the antiferromagnetic lattice (spin up = 1/2 and spin down= -1/2). Conversely, the coordinate 
values can be determined solely from the nucleon eigenvalues: 

x= 2׀m(1-) ׀m+1/2          (4) 
y = (2i+1-׀х׀ )(-1)i+j+m+1/2                (5) 

z = (2n+3-׀х׀-׀ у׀)(-1) i+n-j-1                     (6)  
 
Where i is the isospin quantum number. Therefore, knowing the full set of eigenvalues 
for a given set of nucleons, the configuration of those nucleons in 3–D space relative to 
the nuclear center can be determined unambiguously. Using the fermi coordinates of 
each nucleon, the mean radius of the nucleus with A nucleons is defined as 
 

                                      ∑+=
A

jnucleon r
A

RAR 1][                                  (7) 
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Where  r is the Euclidean distance of each nucleon,  222
jjj zyx ++ , from the origin. While  nucleonR  

is the nucleon radius.    

2.3 modified cascade with percolation model 

       In the modified intranuclear cascade-evaporation code, (MCAS)[20]. The percolation 
procedure is applying at the end of the cascade stage or at the nuclear surface for 
outgoing Particles.  It used to describe fragment size distributions, as an outcome of 
nuclear fragmentation process. The  nucleon coordinates  equations(4-6)  for the  target  
or projectile  nucleus are generated  in accordance with the algorithm  [19]. For each 
nuclear collision, lattices of target and projectile nuclei are oriented randomly in relation 
to the collision axes.  This random orientation of the nuclear lattice in 3D space mimics 
the Woods-Saxon distribution of nuclear density for medium and heavy nuclei.  
Nucleons are characterized by a momentum distribution that is isotropic in the 
momentum space:W (p)dp = p2dp, 0 ≤ p ≤ pf  ≡ pf (r). 

The maximum value of the local Fermi momentum depends on the nuclear density ρ(r): 
3/12 )](3[)( rrp f ρπh=                                                    (8) 

 For  nuclei  with  the  mass  number  A  ≤ 16 the  nuclear  density  is approximated  
by  the oscillatory distribution with parameters derived from experimental data: 
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For nuclei with 16>A   
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where c is the half-density radius, ;  the diffuseness parameter a is equal to 
0.545 fm. Single nucleons are distributed inside the nucleus according to the condition d ≥ 
2rc, where d is the distance between nucleon centers, and rc = 0.4fm is the nucleon radius. The 
inelastic interaction of two nuclei is treated as the superposition of two-body nucleon-nucleon 
and pion-nucleon interactions that can be referred to four main groups: Group A: Elastic and 
inelastic collisions of projectile nucleons with nucleons of the target nuclei. All secondary 
particles produced in any group of interactions are considered as cascade particles. Group B: 
Elastic and inelastic collisions of projectile nucleons with nucleons of the target nuclei. Group 
C: Elastic and inelastic collisions of secondary pions and nucleons with nucleons of the 
projectile nuclei. Group D: The so called "cascade-cascade" interaction, i.e. elastic and 
inelastic collisions of cascade particles with each other. 

A fast  incident  nucleon may interact  with  any target  nucleon located  in its path  
with  a cylindrical  cut-off  cross section  area  π(r0   + λD )2, where r0    is the  parameter 
related  to  the radius  of strong  interaction(almost  equal to  twice the  value  of the  
strong  interaction  range and  is taken  to  be 1.3 fm) and  λD   is the  De Broglie  
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wavelength.   Thus, the probability of the interaction at the kth nucleon without interaction 
with (k − 1) nucleons, is given by the binomial distribution: 

 

ki

k

i
k qqw )1(

1

−=∏
=

                        (11) 

 

The partial probability  expressed using cross-sections of the 

interaction with the ith nucleon,  , . 
Tracing the time evolution of the considered system, at fixed instant time, t, all possible 
collisions are sampled, i.e. for each of four collision groups (A,B,C, and D) the collision 
partners are identified. Then the effective collision occurring prior to others is determined 
(  = min{ti}) and the positions of target nucleus and secondary particles are shifted to new 
instant of time  . For selected two-body collision the characteristics of the reaction 
are sampled and the Pauli blocking is applied for the system at rest of both nuclei.  During the 
evolution of the system, the produced resonances may decay before their sub- sequent 
interactions. A check is made whether the Pauli principle is satisfied both for all interactions 
and for the decay of resonances. The cascade stage of particle generation is completed when 
all cascade particles have left both nuclei or have been partly absorbed by them. In this way, 
the first fast stage of multiparticle production of the nuclear collision has been completed.  
After the fast cascade stage the FCC lattice is applied. 
 
 

2.4 properties of residual nuclei after the first stage of the reactions. 
 
     As result of the first stage of the reaction, beside emitted particles, an excited nucleus 
remains. It differs from the initial target, in average, by only a few nucleons in mass 
number.  Properties of the residual nucleus(i.e. mass (AR ), charge (ZR ) are evaluated,  in 
the frame of the MCAS with  lattice  model. The number and total charge of the 
remaining nucleons in each remnant specify the mass and charge numbers of the 
residual nuclei. In general, remnants are in ex- cited states and possess angular 
momentum. The excitation energy of each remnant nucleus is determined  by the  energy 
of the  absorbed  particles  and  the  ”holes” remaining  after  nucleons have  been knocked 
out  during  the  intranuclear  cascade process.  The  momentum  and  angular momentum  
of the residual  nucleus are evaluated  applying the  conservation  of momentum and 
sequentially  followed for each  intranuclear  interaction.  Thus, there are three competing 
processes for the disintegration of the excited remnant nucleus: evaporation, fission and 
multi- fragmentation. The multifragmentation is implemented on the basis of the 
percolation theory and to determine the relative weights of the above three competing 
processes by applying the site-bond percolation model [20].  according  to this  model the  
nucleons occupying the  lattice sites are  assumed to be connected  with their  neighbors 
via bonds which schematically  represent two body nuclear forces.  In the first fast stage, 
during the development of the intranuclear cascade, some nucleons occupying the sites of 
the FCC lattice  of the target  (projectile)  nucleus are knocked out,  leaving ”holes” at  
those sites.  These sites are said to be broken.  The  ratio of the  number  of broken sites 
to the  total number  of sites (the  mass number  of the target  or projectile)  characterizes 
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the degree of destruction of the target  (projectile)  nucleus after  the cascade  stage.  This 
ratio depends on the collision energy, the mass numbers of the colliding nuclei and, 
particularly, on the impact parameter of the collision. In peripheral collisions, mainly 
peripheral nucleons are knocked out, meaning that, with high probability, the remaining 
nucleons form one cluster in which all sites are occupied. In collisions with more 
centrality, corresponding to intermediate or small impact parameters, nucleons are 
knocked out mainly from the nuclear interior and the target (projectile) remnant 
represents the lattice with some sites broken.  As mentioned above, remnants, in general, 
are in excited states. The larger the impact parameter, the smaller is the number of 
broken sites and the less is the excitation energy of the remnant.  This initial condition 
is preferable for equilibration and thermalization of the excited nuclear media and 
allows one to use evaporation and fission mechanisms for subse- quent disintegration of 
the excited remnant. With the increasing centrality of the collision, the number of broken 
sites increases (large destruction), leading to increasing excitation energy of the 
remnant nucleus.  For this case, there is no conventional understanding of the 
mechanism of disintegration of an excited remnant (thermal break-up with statistical 
multifragmentation, liquid-gas phase transition, sequential evaporation, cold shattering 
break-up, etc.).  However, it is obvious that when there is a considerable destruction of 
the remnant, there is no possibility for equilibration and thermalization over the whole 
volume of the remnant. For the excited remnant disintegration, the bond breaking 
probability is specified as an input parameter ; in the form of impact parameter 
dependence: 

                                     (12) 
 
Where p0 = p(b =0),  RA   and  RB   are the  radii  of the  colliding nuclei, a=1.0fm, 

is a diffuseness parameter[29]. The cluster counting algorithm, developed by [20], looks 
for clusters (fragments):  whether neighboring nucleons are connected via bonds or not. 
Only first-nearest and second-nearest neighbors are taken into account in the counting 
algorithm. In the initial FCC lattice, each nucleon has 12 first-nearest neighbors at a 
distance of 2.0262 fm and 6 second-nearest neighbors at 2.8655 fm.  As a result of this 
counting algorithm, the mass and charge distribution of the fragments are obtained.   
Although this approach is statistical and the probability of any bond to be broken does 
not depend on its position, the probability of disintegration of the remnant on multiple 
clusters (fragments) will be higher in the vicinity of the regions with many broken sites. 
From this, it follows that the process of the multifragmentation is influenced by the 
dynamics of the collision. Next, the energetic characteristics of the radiated fragments 
are specified. In general, in its proper frame the remnant possesses rotational energy, 
Erot, and excitation energy, E∗ which are used in the summation of the rotational,  ,  

∑ ∑ ∑ ∑++=+
ij

ji
iiii

kinrot
i

rot

r
ZZ

ZAEZAEEEE
2
1),(),( **                (13) 

In the standard intranuclear cascade model the contribution of rotational energy, Erot, is 
small compared with other terms, at least for light nuclei, as projectiles.  Large rotational 
energies could be realized in this approach if nuclear viscosity is included.  In the current 
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calculations, the first term is neglected.  Moreover, for the computational convenience 
additional simplifications are done in (Eq.13).  Since the Coulomb repulsion of the charged 
fragments increases their kinetic energies, the resulting kinetic energies of the fragments 
are defined as follows: 

 ∑ ∑ ∑=+=+ ),(
2
1),( iii

ij

ji
ii

kincoul
fr

kin
fr ZA

r
ZZ

ZAEEE ε                                (14) 

Another simplification concerns the excitation of the fragments:   it is assumed that 
only one fragment among others is excited, the mass number of which is maximal. This 
is justified, particularly, when comparing the model with the data obtained through the 
inverse kinematics because the experimental setup registers a majority of radioactive 
fragments as well. Therefore, the excitation energy of the remnant, E∗, is converted into 
the kinetic energies of the fragments and the excitation energy of the fragment with a 
maximal mass: 

),(),( maxmax
** ZAEZAE iii += ∑ε                                                             (15)  

With these simplifications we generate the energy distribution of fragments applying 
considerations proposed in reference [30]. Before the collision the nucleons have a 
momentum distribution that is uniform inside the Fermi sphere of radius pF. After the 
collision the distribution in the vicinity of the beam propagation is wider because of 
intranuclear interactions accompanied by local excitation of the nuclear medium.  This can 
be written in the form: 
 

                                  ⎪⎭

⎪
⎬
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⎪
⎨
⎧
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⎥
⎦

⎤

⎢
⎢
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⎡ −
+

eff

F

T
n εε

αε exp1/1)(                                         (16) 

where ε = p2/2m, and εF    is the boundary  Fermi energy.  The”effective temperature” is 
given by; 

                                           Tef f = cE∗/Nbr ,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      (17) 
 
where c is an adjustable  parameter and Nbr   is the number of broken sites.  Kinetic 
energies of nucleons composing the fragment are generated according to distribution 
(Eq.16), and, summing up all vector momenta directed randomly in 3-D space, we obtain 
the momentum of the fragment. In such a way, we generate momenta of all produced 
fragments. The remaining part of the remnant excitation energy, (Eq.15), is assigned to 
the fragment with maximal mass number.  And, of course, we take into account the 
conservation of energy and momentum for the whole reaction. Results of calculations for 
reactions on various target nuclei, at different values of incident energy in range from 
0.5 GeV to about 6 GeV, are discussed below.  
2.6 results of calculations 

       
      In the present work, we have simulated the mass and charge distributions of the 
products resulting from various interactions at intermediate and high energies.   The 
investigations of residues emerging from spallation reactions are usually performed in 
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direct kinematics which still remains a difficult task. Collision of protons and light nuclei 
with heavy ions performed at GSI in inverse kinematics allows one to determine the 
production of residues prior to β decay. This provides a good opportunity to compare the 
available data with theoretical models to achieve a better understanding of the mechanisms 
of reactions, which is far from satisfactory.  Until now, calculations have been performed 
by different versions of intranuclear cascade followed by the evaporation model. As we 
discussed previously, the model used here is includes multifragmentation channels in the 
framework of the percolation approach. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 
Figure 2: Charge distribution of residues in the 
reaction 197Au + p at 0.8 A GeV; pbond =0.56 
Data are taken from paper[22]. 
 

Figure 1: Charge distribution of residues 
in the reaction 238U+p at 1 A GeV; pbond = 
0.57. Data are taken from paper[25]. 
 

 

 
Figure 3: Charge distribution of residues 
in the reaction 208Pb + p at 0.5 A GeV; 
pbond = 0.57. Data are taken from 
paper[23]. 

Figure 4: Mass distribution of residues in 
the reaction 208Pb + p at 1 A GeV; pbond = 
0.57. Data are taken from paper[26]. 
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2.6 CONCULSIONS 
 
     At present work, the MCAS model which includes multifragmentation channels in 
the framework of the percolation approach is used to investigate the mass and charge 
distribution proton-induced reactions. The MCAS model can reproduce well the 
spallation and fission products of the fragment, we can conclude that the MCAS model 
can be applied to analyze fragment dis- tributions of proton induced at different 
energies successfully.  However, there is still some work to be done in order to achieve a 
universal description for spallation reactions with arbitrary targets and arbitrary incident 
energy. 
 

Figure 5: Mass distribution of residues in the reaction 136xe+p at 
1 A GeV; pbond = 0.62. Data are taken from paper[24]. 

 

Figure 6: Mass distribution of residues in the reaction 
p+181Ta at 1 A GeV; pbond = 0.79. Data are taken 
from paper[28]

Figure 8: Mass distribution of residues in the reaction 
56Fe + p at 1 A GeV; pbond = 0.60. Data are taken 
from paper[26]. 

Figure 7: Mass distribution of residues in the reaction 
d+208Pb at 2 A GeV; pbond = 0.63. Data are taken 
from paper[27]. 
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