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The charge and mass yield curves and the momentum distributions of the projectile
fragments produced in the interactions of 4 1A GeV/c 22Ne and 4.5A GeV/c 8Si with
emulsion have been studied. The overall charge distributions of the projectile fragments
resulting from these interactions are presented. The dependence of the mass yield distributions
of the projectile fragments on the impact parameter has been tested. The momentum
distributions for the considered reactions have been investigated by two methods. First, the
projected momentum distributions in the plane of the microscope have been achieved by
fitting the projected angular distributions to gaussian ones. It has been found that the width of
the distribution changes with the charge of the projectile fragment and it decreases with the
increase of the projectile fragment charge. Secondly, the transverse momentum distributions
have been compared with previous studies. The momentum distribution, in the forward cone,
is a typically narrow gaussian one.
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I.Introduction

The use of heavy-ion beams introduced an important experimental advantage of allowing
the study of the heavy fragments produced by the disintegration of the projectile nucleus. In a
high-energy nuclear reaction, sufficient amount of energy is available to decompose large
parts of the projectile and target into their constituents and almost all particle-stable nuclei
with masses, smaller than the target or projectile nuclei, are produced. The main advantage is.
while fragments originating from the target break-up are slow and often stop in the target
material, fragments from the projectile are fast, distinguishable and can be easily measured.

In nucleus-nucleus collisions, the nucleons in the overlap region are called participants
while the remaining nucleons are spectators The spectators are the prefragments which decay
further into fragments

It is interesting to study the properties of the nuclear matter and the decay mechanisms with
increasing excitation energy. Mainly, this interest is due to the existence of a liquid-gas phase
transition in the hot nuclear matter []]. The multiple production of nuclear fragments or
multifragmentation, as a result of the break-up of highly excited nuclear systems, may serve
as one of the manifestations of this first-order phase transition [2]. It is expected that at the
excitation energies higher than 3 MeV/nucleon the known mechanism of nuclear de-excitation
via successive emission of particles (evaporation), would lead to explosive process of
multifragment break-up [3].

A broad variety of models for the multifragment break-up of highly excited nuclei have
been developed, from the simplest models using the most general probability concepts
without any specification of hot nuclear system properties, to microscopic models considering
explicitly the dynamics of formation and decay of highly excited nuclei [1,4].

Different theoretical models have dealt with the multifragmentation process. In some
models, the prefragment nucleus heats up and then condensates into droplets [5,6], In others,it
simply evaporates the fragments sequentially [7] In [8,9], the fragments are statistically
emitted from an intermediate excited nuclear system. Other statistical approaches [10,11] try
to explain the multifragmentation without any reference to thermal equilibrium i.e. as the
shattering of the prefragment nucleus into many pieces.
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The existing variety of, models reflects the absence of a clear understanding of the
fragmentation mechanism. Hirsch et al. [9] suggested that nuclear fragmentation proceeds via
a liquid phase transition of the nuclear matter. The large number of medium mass fragments
which are produced in such events could not be explained by a standard evaporation of an
excited nucleus. Most of the experiments are however inclusive. One of their important
outcome is the mass distribution of the multifragmentation products which follows a A'T law,
where A is the fragment mass and x is an exponent which takes values around 2 to 3 [9,12].

Several models try to describe the multifragmentation but a full microscopic theory is not
yet available. One has to go beyond a mean field approach because the correlations between
the nucleons become of utmost importance for a proper development of the system which
undergoes multifragmentation. Most of the theoretical models start with an initial excited
nucleus in global statistical equilibrium which is assumed to be formed in the first stage of the
collision [1].

Historically, the charge (mass) distribution has played and still plays a very important role
in the multifragmentation. Since the beginning of the studies on this subject, the near power-
law shape of the charge and mass distributions was considered as an indication of criticality
for the hot nuclear fluid produced in light and heavy ion collisions [13]. They investigated the
reactions of 36Ar with 19 Au at 110 MeV/nucleon and have found a strong thermal signature in
the charge distributions of the fragments.

Power laws in the mass distribution, however, are by no means unique to a liquid-gas phase
transitions. Hufner and Mukhopadhyay [14] pointed out that similar power laws can be
observed in other fragmenting systems such as the mass distribution of asteroids in the solar
system and the mass destruction of the debris of macroscopic basalt pellets being shot at each
other [15].

The impact parameter is a measure of the violence of the collision : large impact parameters
lead to gentle reactions while small ones give violent interactions. The mechanism of
fragmentation whether it is spallation, fission or multifragmentation depends on the impact
parameter.

In order to test the effect of the nuclear structure of the prefragment system on the yield
distribution, the momentum distributions of the projectile fragments have been studied. The
momentum distributions give an indication of the prefragment system temperature which
affects the fragmentation process. In reference [16], the authors studied the fragmentation of
24Mg and 28Si projectile nuclei in emulsion at a momentum of 4.S GeV/c/nucleon . They
analyzed the momentum distributions of the projectile fragments in the rest frame of the
incident nucleus and have found that it may deviate from being gaussian for the projectile
nucleus having a mass number greater than 24.

In reference [17], they studied the collisions of 22Ne with emulsion at 4.1 A GeV/c. They
found that the transverse momentum distribution of the fragments cannot be described by a
single Rayleigh distribution as it may follow from the statistical theory of multifragmentation
[18]. The transverse momenta of helium fragments in Au fragmentation on different targets at
10.6 GeV/nucleon have been investigated [19]. It was found that the transverse momentum
distribution of helium fragments can be parametrized by a three component exponential
function of the square of the transverse momentum i.e. as a sum of three exponential functions

of the form A{ e~v'^' such that A, and B, are constants and i is an index which takes values
from 1 to 3. Such parametrization was found to be independent of the target mass and the
degree of centrality.

Recently, Flesch et al. [20] studied the transverse momentum distributions of the projectile
fragments emitted in the collisions of Fe at 700A MeV with different targets H, C, Al, Cu,
Ag and Pb. The obtained distributions are gaussian. The present work deals with the charge
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and mass distributions of thd. projectile fragments from 4.1 A GeV/c 22Ne and 4.5A GeV/c Si
in their collisions with emulsion. The change of the mass yield curve with the impact
parameter has been studied for both projectiles. A particular interest has been given to the
study of the momentum distributions of the projectile for both reactions. The data have been
taken from the data bank of the laboratory of high energy physics (LHEP) at Cairo University.

II.Charge and Mass Distributions

One of the most challenging problems is to reveal the mechanism of fragmentation, in
particular to understand the properties of the observed charge and mass yield distributions.
The overall charge distributions of the projectile fragments, for all the values of the impact
parameter, are presented for 22Ne and 28Si in Fig. 1. It can be seen that the distributions
show a U-like shape which may be due to the superposition of more than one mechanism. In
the region of small charges, the curve decreases then it rises for the large values of Z , i.e. it
peaks at small and large values of the charge of the projectile fragments.

FIG 1 Charge yield distribution for the projectile fragments of (a) 22Ne at 4.1A GeV/c
and (b) 2itSi at 4.5A GeV/c

For the mass yield distributions, the change of the yield distributions with the impact
parameter has been investigated. The reactions are defined as central or non-peripheral or
peripheral according to the total charge of the projectile fragments in an event, Z , defined as

Z' = y^nlZ1, where ni is the number of fragments of charge Z\ of the ith projectile fragment

in an event
It is interesting to test the dependence of the mass distribution on the impact parameter. The

value of Z* is a measure of the impact parameter, the large values of Z* correspond to large
impact parameters while the small values of Z* correspond to small impact parameters.

Figs 2 and 3 show the mass yield distributions, at three different values of the impact
parameter, for Ne and Si projectile fragments, respectively. The curves (a), (b) and (c)
correspond to small, medium and large impact parameter, respectively. It may be seen that the
shape of the mass yield distribution changes significantly with the change of the impact
parameter
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In Figs. 2(a) and 3(a), the mass yield distributions are monotonic decreasing functions. The
peaks are situated at the small values of the projectile fragment masses, i.e. the prefragment
system has been shattered into small fragments in a violent process. These distributions have
been fitted by a power law A'\ The values of x obtained from the fitting are 1.68±0.27 and
1.64±0.19 for 22Ne and 28Si, respectively . These values agree with the previously
published results
[9, 21].

In Figs. 2(b) and 3(b), the mass yield distributions are shown for the medium impact
parameters for 22Ne and 28Si, respectively. It is to be noticed that the steepness of these
distributions decreases relative to the case of small impact parameters shown in Figs. 2(a) and
3(a). The obtained values of x are 1.30±0.10 and 1.42±0.16 for 22Ne and 28Si, respectively.
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FIG. 2. Mass yield distributions for 22Ne-emulsion interactions at 4.1A GeV/c for events
ordered according to ascending impact parameters for (a) Z* = 0 - 4, (b) Z* = 5 - 8 and
(c)Z* = 9-10.
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FIG 3. Mass yield distributions for 28Si-emulsion at 4.5 A GeV/c for events ordered
according to ascending impact parameters for (a) Z* = 0-7, (b) Z* = 8-11 and (c)Z* = 12-14.

It can be pointed out that the medium mass fragments are more dominant in these
distributions with respect to the previous ones. Figs 2(c) and 3(c) present the mass yield
distributions, for large impact parameters, of the projectile fragments of 22Ne and 28Si,
respectively. It can be noticed that the shape of the distribution is significantly different from
that of the cases (a) and (b). It shows a U-like shape where the small and large projectile
fragments are dominant. This may be interpreted as the evaporation of one or two particles
from the prefragment nucleus leaving the residual nucleus as a heavy fragment. This is the
property of the gentle collisions characterized by low excitation energy and temperature.
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Thus, the three distributions^ in (a), (b) and(c) give a scan over the different values of the
impact parameter From the analysis, it may be realized that the total yield distribution will be
a superposition of the different fragmentation processes.

nLMomentum Distributions

The study of the momentum distributions is of great importance since it gives an indication
of the temperature of the prefragment system and thus the possible fragmentation process
The momentum distributions of the projectile fragments produced, in the considered
reactions, have been investigated by two methods: the projected angular distributions and the
transverse momentum distributions

1-Projected angular distributions

The distributions of the projection angle in the plane of the microscope represents the
longitudinal momentum distribution in the rest frame of the prefragment system (the
projectile nucleus). These distributions have been done for three different values of the
projectile fragment charge Z = 1, 2 and 3 for the two considered reactions. The projected
angular distributions for the projectile fragments of 22Ne and 28Si are given in Figs.(4) and (5),
respectively, for (a) Z = 1, (b) Z = 2 and (c) Z = 3.
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FIG. 4 . Projected angular distributions for projectile fragments of 22Ne at 4.1 A GeV/c.
fo r (a )Z=l , (b)Z = 2and (c) Z = 3
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FIG 5 Projected angular distributions for projectile fragments of 28Si at 4.5A GeV/c.
fo r (a )Z=l , (b)Z = 2and (c) Z = 3.

It can be seen that all the distributions are relatively narrow and that the width of the
distribution changes with the charge of the projectile fragment. The width decreases with the
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increase of the charge of the projectile fragment. The experimental points have been fitted to a
gaussian-like distribution [22] of the form:

0J/2 A2

N( 9 ) = C e

where C is a constant and A is the standard deviation of the distribution obtained from the
fitting This is to be compared with the previous results of the calculations done according to
a quantum mechanical approach using the sudden approximation and the shell model
functions [23-25]. Table 1 presents the comparison between the calculated values of the
standard deviation of the momentum distribution and the corresponding experimental values.

Table 1. Experimental and calculated values of the standard deviation A
of the momentum distributions of fragments from 22Ne and 28Si.

z
1
2
3

" N e

Experimental
1.426
0.951
0.488

Calculated
0.964
0.514
0.342

2*Si

Experimental
1.614
0.728
0.499

Calculated
0.922
0.464
0.316

From Table 1, it can be seen that A decreases with the increase of the fragment charge, Z.
The experimental values of A are systematically greater than the corresponding theoretically
calculated values. The values for 22Ne and 28Si are approximately equal within errors. Thus,
the longitudinal momentum distribution of the projectile fragments is typically gaussian,
narrow and its width decreases with the increase of the charge of the projectile fragments.
The width of the distribution is independent of the prefragment nucleus mass number in the
studied range from 22 to 28.

2-Transverse Momentum

The importance of the transverse momentum distribution is due to the fact that being Lorentz
invariant, it is transparent to the physical characteristics. The shape of the transverse
momentum distribution is still a matter of debate among the experimental physicists. It may
be one [20], two or even three gaussian components [19] or Rayleigh distribution [17] or even
may deviate from being gaussian [16].
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FIG 6 Transverse momentum distributions for projectile fragments of 22Ne at 4.1A GeV/c
for (a) Z = 1, (b) Z = 2 and (c) Z = 3.

Figs. (6) and (7) show the transverse momentum distributions for the projectile fragments of
22Ne and 28Si, respectively for (a) Z = 1, (b) Z = 2 and (c) Z = 3 .
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FIG. 7. Transverse momentum distributions for projectile fragments of 28Si at 4.1A GeV/c
for (a) Z = 1, (b) Z = 2 and (c) Z = 3 .

Table 2 gives the values of the standard deviation obtained from the fitting of the
experimental data.

Table 2 Fitting experimental values of the transverse momentum
distributions of the fragments of 22Neand 28Si.

z
1
2
3

"Ne
0.202
0.288
0.361

'"Si
0.252
0.289
0.520

From Figs. 6 and 7, it can be seen that the distributions are gaussian and that the width
increases with the increase of the projectile fragment charge. This does not contradict neither
the results of Wilczynska et al.[19] who obtained a three-component gaussian distribution in
their investigation of the transverse momentum distribution of helium fragments in Au
fragmentation on different targets at 10.6 GeV/nucleon nor those of [17] which gives
Rayleigh distribution for the transverse momentum of protons emitted in the 4.1 A GeV/c
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22Ne-emulsion collisions, taking into consideration that the present data are restricted to a
very narrow cone 9<3°

IV. Conclusions

It may be concluded that yield distribution is a superposition of the different mechanisms
The mass yield distribution depends on the impact parameter and is a power law of index
almost equal to 1 6. The momentum distribution in the rest frame of the prefragment system is
typically gaussian, narrow and its width decreases with the increase of the fragment charge
The transverse momentum distribution depends on the kinematical region. The distribution,
for projectile fragments in the narrow cone of small values of emission angle, is gaussian
and its, width increases with the increase of the projectile fragment charge
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