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Based on a similarity of the Van der Waals and nucleon-nucleon interaction the known thermodynamic relations for 

ordinary liquids are used to analyze the possible decay channels in the proton induced nuclear multifragmentation 
phenomena. The main features of the different phase trajectories in the P-V plane are compared with the experimental 
data on multifragmentation. It allowed choosing the phase trajectories with the correct qualitative picture of the 
phenomena. Based on the thermodynamic analysis of the proton-induced multifragmentation phenomena the most 
appropriate decay channel corresponding to the realistic phase trajectory is chosen. Macroscopic analysis of the 
suggested decay channel is done in order to check the possibility of the mechanical breakdown of the heated system. 
Based on a simple thermodynamic model preliminary quantitative calculations of corresponding macroscopic 
parameters (energy, pressure) are done and therefore the model verification on macroscopic level is held. It is shown 
that on macroscopic level the chosen decay channel through the mechanical breakdown meets the necessary conditions 
for describing the proton-induced multifragmentation phenomena. 

 
1. Introduction 

 
Disintegration when a bigger nucleus breaks into one or several nuclei and some nucleons is one of the two basic 

mechanisms in nature by which nuclei can be formed. The appropriate way to study this phenomenon is the experiment 
with proton-nucleus and nucleus-nucleus collisions. The present study to a large extent was inspired by the growing 
understanding of the reactions in which excited nuclei break up into intermediate size fragments. Such a phenomena is 
observed in collisions at energies higher than the threshold value  ~ 2 4

th
E −  MeV/nucleon [1]. The nature of the IMF 

production in such experiments is of great interest for consequent understanding of the nuclear matter properties and 
progress in the studies of nuclear equation of state [2 - 6]. 

Starting from pioneering works of Finn et al. [7] and up to present days much effort has been put forward to 
investigate multifragmentation in nuclear collisions [1, 8, 9]. Some existing models are related to statistical description 
based on multi-body phase space calculations [10] whereas others describe the dynamic evolution of the systems via 
molecular dynamics [11, 12] The experimental observation of multiple intermediate mass fragments (IMF) is also often 
linked to the nuclear liquid-gas transition [13].  

In spite of a long history and a high number of different approaches used there is still a number of problems left that 
have no explanation. For example, models involving the phase transition have the strong position based on the recent 
works dealing with the bimodality [14 - 16], but at the same time they are insensitive to many initial parameters [17] 
when it is known for ordinary liquids that the phase transition is usually the quality difficult to prepare. The most 
successful models in describing the observed fragment mass distribution nowadays are the statistical equilibrium 
models [18, 19]. They are used for intermediate energy heavy ion collisions in many substantial variations [20]. At the 
same time such models have a number of problems [17, 19].The question with the equilibrium at low freeze-out density 
that lies in the basis of such theories is not confirmed by some microscopic approaches. Another problem is the 
predicted kinetic energy of the fragments being lower than the observed experimental values. Therefore the 
determination of the macroscopic model suitable for the multifragmentation phenomenon and able to solve the existing 
problems in natural way is of particular interest as this issue has not been settled up to now. 

From this point of view it is important that the thermodynamic behavior of the nuclear matter has much in common 
with that of the fluids. The physical reason is the qualitative similarity of the Van der Waals and nucleon-nucleon 
interaction [21]. It allows using the knowledge of the ordinary liquid behavior for revealing the underlying mechanism 
of the nuclear multifragmentation. 

In this work we focus our analysis on the proton-induced nuclear multifragmentation. In subsequent parts of the 
paper we will study different possible phase trajectories of the excited nuclear system at P-V plane. Our aim here is to 
get a qualitative picture of the phenomenon from the macroscopic analysis of the thermodynamic system considering 
the boundedness of the system. And to check the suggested decay channel for any restrictions on the macroscopic level 
(energy, pressure, volume) prohibiting its realization in real experiments. 

 
2. Phase diagram analysis 

 
Analyzing possible phase trajectories of the nuclear system in the Pressure-Volume (P-V) plane one can find two 

different groups of phase trajectories, namely: the single-phase transitions and two-phase transitions. Let us assume our 
system before the collision to be in point L of the phase diagram (Fig. 1). This position suggests either the single-phase 
transition (dashed line) or two-phase transitions (solid line). It is obvious that there could be a mixture of two decay 
channels when different parts of the system are found indifferent areas of the phase diagram.  
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A particularly interesting set of phase trajectories that 
stands up in the study of multifragmentation 
phenomenon is that where the trajectories do not cross 
the binodal (LAC and LGE type curves in Fig. 1) [22]. 
The necessary condition for realizing the above 
trajectories is heating the system to supercritical 
temperature in order to get over the critical point and 
binodal line. This mechanism can be realized either in the 
whole system or in a part of it when the other parts 
follow the different trajectories.  

The next decay mechanism we are going to discuss 
here could be represented by a number of different 
trajectories leading to the metastable region (e.g. LD1, 
LD2-type transitions in Fig. 1). It is a two-phase 
mechanism that can be switched on either by overheating 
under the equilibrium pressure or by liquid stretching due 
to the gas-dynamic expansion of the high pressure regions. 

As for the second group among the two-phase trajectories one should consider spinodal decomposition which means 
the instability of the system to the small fluctuations [23]. Unfortunately there are some peculiarities restricting the 
validity of spinodal decomposition model. Cahn's theory of spinodal decomposition [23] for the changes in free energy 
presents the following: 
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 or sufficiently large 

wavelength as it decreases the system free energy when it is in the unstable region. This result shows that for the 
smaller wavelengths there is no decrease in the system free energy. As nucleus is quite a bounded system the question 
arises if it is big enough to have wavelengths needed for the spinodal decomposition? 

As stated in the Introduction we dwelt on the qualitative picture which should be the first step in choosing the most 
appropriate phase trajectory. In the Table 1 pros and cons of different groups of trajectories are compared.  

 
Table 1. Comparison of the decay mechanisms 

 
 Single-phase transitions Metastable boiling Spinodal decomposition 

Pros Most effective one regarding the 
time required.  
Doesn’t require thermalization of the 
system. 
Might be responsible for the high 
kinetic energies of the fragments.  
Can explain IMF + gas of nucleons 
Polydisperse spectrum. 

Might be responsible for the 
high kinetic energies of the 
fragments. 
Can explain IMF + gas of 
nucleons 
Polydisperse spectrum 
 

Can explain IMF + gas of nucleons 
Polydisperse spectra of fragments 
close to the experimental data.  
 

Cons If observed in the whole volume 
condensed fragments come only 
from the recondensation in the 
metastable region. Seems to be 
doubtful for small systems.  

Long process timescale.  
System thermalization required  
Wrong fragments mass spectra 
for bounded systems.  

System thermalization required 
The boundness of the systems 
could lead to the impossibility of 
the small fluctuations to be 
amplified.  
Long process timescale.  

 
Summing up all pros and cons of different decay channels qualitative characteristics we suggest that the most 

appropriate decay channel is the mechanical breakdown of the shell in the single-phase process (in the small inner part 
of the system) that may be followed by the metastable boiling of the shell. 

 
3. Mechanical breakdown 

 
This decay channel corresponds to the LAC or LGE type phase trajectories in the P-V plane for the excited inner 

part of the system and possibly LD1 or LD2 trajectories for the shell (Fig. 1 [24]). In subsequent parts of the paper we 
check this decay channel for any restrictions on the macroscopic level (energy, pressure, volume) prohibiting its 
realization in real experiments. 

Fig. 1. Possible phase trajectories of the nuclear system in 
theproton-induced multifragmentation phenomenon. 
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3.1. Nuclear matter ultimate strength and the breakdown pressure 
 

When analyzing the possible mechanical breakdown of the system within the elasticity theory one should now the 
ultimate strength of the matter which is the quantity defining the maximum tension the matter can withstand without 
braking. 

In our work we have done rough estimates for the nuclear matter ultimate strength based on the study of the 235U 
decay in the approximation of the uniform charge distribution. The idea is that the only destroying force is the Coulomb 
force. We haven't studied Skyrme, surface, etc. terms separately but we rather suggested an integral value of the 
ultimate strength. From our calculations we have got 21 26.2 10 N mσ = ⋅ . 

In our model the necessary pressure P for destroying the shell Δ in dependence on the size R of the heated inner part 
of the system might be found from the elasticity theory and has the form: 
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3.2. Temperature of the inner part and corresponding pressure 

 
There are different values of the temperature reported in the literature within the range of 5 - 8 MeV [25] Our point 

is that all those calculations are model dependant. For example, many of them use he hypothesis of the equilibrated 
source at freeze-out, when it is not strictly proved [19]. This suggests that there is a possibility of different mechanism 
being responsible for the multifragmentation. We tried to obtain the temperature values that are more or less model 
independent. It should be taken into account that we suggest this temperature not for the whole system, but only for the 
“hot” small inner part. In our article we do an attempt to analyze the INC calculations results and in such a way to 
define the macroscopic parameters of the system.  

In the Table 2 there estimations for the temperatures from the 
two approaches in analyzing the INC calculations data from [26]. 
First is the straight forward calculation not considering the “fast 
particles” when the second considers the energy taken away by 
the “fast particles” (first emitted particles within the 

5 10 fm cτ −∼  [26] that are much more energetic than the latest 
one). 

The obtained temperature values were used to compare the 
pressure in the “hot” inner part of the nuclei with the breakdown 

pressure. For calculating the pressure we used EOS in the following form [27]: 
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As for the parametrization we considered the soft EOS with the incompressibility module K 222 MeV= . The 

parameters used are 0 032112.248, 13988.567, 0.2554, 0.244xt t= −  =  σ =   =  [28]. 
The comparison of the pressure required for the shell breakdown and the possible pressure in the proton induced 

multifragmentation is shown in the Figs. 2 and 3. 

Table 2. Deposited energy 
 

Projectile energy, 
Gev Method * , GeVE   ,ΜeVT   

3.7 
8.1 
3.7 
8.1 

INC 
INC 

INC + fast 
INC + fast 

1.2 
1.4 

0.95 
1.11 

20.5 
22.1 
18.0 
19.7 



106 

Fig. 2. Nuclear matter pressure from the EOS and the 
outer shell breakdown pressure dependence on 
temperature and density. 

Fig. 3. Nuclear matter pressure from the EOS and the 
outer shell breakdown pressure dependence on 
temperature and evaporation level. 

 
One may see that for the inner part densities in the range 00.8 1ρ = ÷ ρ  it's enough to have the temperature above 

10.8 MeV in order to realize the breakdown of the shell. Comparison with the data from Table 2 suggests that the 
energy deposited into the system in the multifragmentation phenomena experiments is enough for the realization of the 
studied decay channel. It is worth mentioning that in our calculations we treated only a small inner part being 
"thermalized" rather than the whole volume. 

 
Conclusions 

 
1) Not all of the phase trajectories could be realized in nuclear systems because of their size. 
2) Some phase trajectories does not meet the requirements for the time needed for the process. 
3) Spinodal decomposition could not be responsible for the multifragmentation phenomena because of the system 

size. 
4) On macroscopic level the mechanical breakdown of the thermodynamic system in a single-phase process that 

may be followed by metastable boiling of the shell is a good and quite adequate candidate for explaining the proton-
induced multifragmentation phenomena 

5) Analysis of our "thermodynamic" model on macroscopic level shows that there is enough energy in the system 
for the mechanical breakdown of the shell and it possibly allows to resolve some existing controversies in standard 
models (e.g. the question with the equilibrium at low freeze-out density, the problem with the predicted kinetic energy 
of the fragments being lower than the observed experimental values) 
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