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N-NUCLEUS
INTERACTION

Nuclear Multifragmentation:
Antiprotons versus Photons and Heavy Ions*

J. Cugnon?

Abstract — Nuclear multifragmentation is the phenomenon by which a nucleus breaks into many pieces of
intermediate size. It occurs in the excitation-energy regime, between the spallation + evaporation regime and
the explosive fragmentation regime. The various models of multifragmentation are briefly reviewed and the
possibility of critical behavior in the multifragmentation process is underlined. Unanswered problems are
stated. It is shown, by model calculations, that antiproton annihilation is, in many respects, better suited than
proton-nucleus and heavy-ion collisions for studying multifragmentation and, in other respects, complemen-

tary to these other tools.

1. INTRODUCTION

Antiproton annihilation on nuclei in the LEAR
regime leads to target fragmentation. This possibility,
which was perhaps overemphasized at the beginning of
LEAR activity [1], has been demonstrated by [2] and [3]
in which the residue mass spectrum was measured.
In the case of annihilation at rest on a ®Mo target, up to
32 nucleons can be removed from the target [2].
For heavy targets, fission is also possible [4]. These
observations are well explained and illustrated by the
intranuclear-cascade (INC) model [5 - 7]. According to
the latter, the incoming antinucleon annihilates on a
single target nucleon at the surface of the nucleus, giv-
ing birth to a few pions, which may escape readily, scat-
ter with the target nucleons, or be absorbed on the tar-
get. This is illustrated by Fig. 1. In this process, the flow
of energy from the pionic system to the (baryonic) tar-
get system shows three different time scales, as
depicted in Fig. 1: the pionic system transfers quickly
around 500 MeV (at rest) to the target; the latter dissi-
pates the largest part of it in a short time scale (~30
fr/c) by emission of fast particles (mostly nucleons,
but also deutons, ...); afterwards, the remaining excita-
tion energy of the more or less thermalized nucleus is
released on a much longer time scale in a manner that
resembles ordinary evaporation. The entire process can
be characterized as 2 multispallation (induced by sev-
eral pions ejecting a few fast particles) followed by
evaporation that leaves a heavy residue; this is very
much akin to what occurs when a fast particle hits a
nucleus. We must realize that the mass loss is largely
due to the evaporation. This is illustrated in Fig. 2.

The spallation + evaporation scheme is typical of a
low-energy regime, where the excitation energy pro-
vided to the target is rather low. If the excitation energy
is increased (to an amount that will be discussed
below), it is believed that the target may fragment into
many pieces. This is the so-called multifragmentation.

* This article was submitted by the author in English.
1 Université de Ligge, Institute of Physics BS, Sart Tilman, B-4000
Lizge 1, Belgium.

Our main goal in this paper is twofold. First, we want
to summarize the aspects and the issues of multifrag-
mentation as revealed by previous studies. Second, we
want to discuss the respective merits (and drawbacks)
of the antiproton as a tool for studying multifragmenta-
tion and to compare the antiproton with other possible
probes, the proton and heavy ions.

| 2. THE ISSUES OF NUCLEAR
MULTIFRAGMENTATION

2.1. Definition

When a nucleus is bombarded by any massive pro-
jectile (at low energy), it loses a few fast nucleons by
spallation and several slow ones by evaporation. There
is, in any case, a big target residue, of a size comparable
to the one of the target.

Conversely, in violent collisions, as in heavy-ion
experiments in the GeV/u domain [8], the system is
highly excited and explodes into many small pieces,
basically nucleons.

In the intermediate energy regime, it is expected that
the system breaks into many intermediate-mass frag-
ments (IMF), whose size is not comparable with the
target mass. There is no precise definition of the IMFs,
but it is customary to define them as having a mass
between ~4 to ~40 for a heavy target (Au, Pb, ...). Asa
guiding line, we may think of the target excitation
energy at the end of the fast-ejection (or preequilib-
rium) process (we denote it hereafter by E*) as the
parameter that determines the way in which the nuclear
system fragments. The main regimes of fragmentation
are depicted in Fig. 3: as E* increases, we pass from the
spallation + evaporation to the multifragmentation, and
finally, to the explosion regimes. To give an approxi-
mate idea, the transition from spallation + evaporation
to multifragmentation would occur when E* is between
3 and 5 MeV per nucleon, and the explosion regime
would appear when the excitation energy per nucleon
approaches the average binding energy, i.e., ~8 MeV.
The precise transition points are not yet known.
The fact that the transitions are sharp is still largely
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Fig. 1. Left: schematic representation of antiproton annihilation on a nucleus. Right: ime evolution of the target excitation energy,

as predicted by the INC model.
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Fig. 2. Average target mass loss after antiproton annihilation
as a function of the target mass raised to a power of 2/3:
experimental data of {3] (dots) and INC predictions of {5}
(open circles). The contribution to the mass loss due o the
fast ejection process, as predicted by the INC model, is
given by the open squares.

a conjecture and the possibility of investigating this
pattern heavily relies on the possibility of achieving
(at least to some degree) thermalization in the course of
the collision process and on a method for measuring or
evaluating E* when thermalization is complete.

2.2. Observation of Multifragmentation

Multifragmentation events have been observed in
hez}vy-ion reactions (see, e.g., [9] for a review) as well
as 1n proton—nucleus collisions [10]. Figure 4 shows the
increase of the measured IMF production in these two
systems as a function of the bombarding energy.
The cross section for the IMF production becomes a
sizeable part of the reaction cross section.

Furthermore, in a given experiment, the IMF multi-
plicity has also been measured as a function of certain
parameters that are supposed to vary monotonically as
a function of the impact parameter (with unknown fluc-
tuations). Figure 5 shows two examples. In the first
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Fig. 3. Schematic representation of the three regimes of
nuclear fragmentation in their order of appearance with

. increasing excitation energy E*: spallation-evaporation,
multifragmentation, and explosion. The dashed curve indi~
cates the size of the original target.

case, the chosen variable is the deposited energy, esti-
mated theoretically from a certain transport code. In the
second case, it is the total charge that appears in com-
posites and not in free protons. Both variables are
expected to vary monotonically with the impact param-
eter and with the excitation energy, with some fluctua-
tions of course.

2.3. Questions and Issues

There are mainly three unanswered questions or
issues concerning multifragmentation: }
(1) The onset of multifragmentation is a smooth °
function of the experimental variables, i.e., the bom-
barding energy E,, and the impact parameter b (see
above). However, it is conceivable (and theoretically
expected) that the onset is sharp in terms of the excita-
tion energy E* or in terms of some other relevant vari-
ables. It must be stressed that, due to the complexity of
the reaction process, the kinematic variables (E,,, b) do
PHYSICS OF ATOMIC NUCLEI Vol 57
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not determine the excitation energy uniquely: there are
presumably many fluctuations on E* [11]. This conjec-
ture should be checked and the related questions should
be raised: Is there a possibility to measure £*7 Is there
any other more relevant variable?

(2) There is another important effect of the fluctua-
tions: the fragmenting system, i.e., the part of the total
system that may be considered as thermalized and that
undergoes a subsequent fragmentation, is not always
the same for a given value of the kinematic variables
(Es, b). This is evident for antiproton annihilation on
nuclei at rest, since the number of ejected nucleons
fluctuates from one event to the other {12]. This is even
more true for heavy ions, where the collision process is
much more complicated (see below). The question
arises of knowing the size and the properties of the
fragmenting system. This question is totally unan-
swered in the heavy-ion case.

(3) More basically, we may address the following
question: What is the cause of multifragmentation?
We will briefly review the most up-to-date models.

The first class of models is based on statistical
decay [13, 14]. It assumes that the fragmentation of an
excited system of A nucleons in a volume V at temper-
ature 7 is governed by phase space. The basic theoreti-
cal quantity is then the partition function

En(Af) i
zZvTA = 3 v S @

all partitions:

;n(Af)Af =A

where the sum runs over all partitions of the system in
n{l) fragments of mass number A,, n(2) fragments of
mass number A,, ...; and where £, is the sum of the
energy of the fragments in the corresponding partition.
For more detail, see [13]. The average number of frag-
ments of size Ais then given by

) En(Af)
(n(A9) = 5> na)v’

where the sumrmation is the same as before. Any corre-
lation function and the fluctuations of any quantity can
be calculated accordingly. They are of course typical of
the canonical ensemble. Prior to any calculation,
we must complement this model with a prescription
that relates T and V to E,, and b, and possibly to E*.
This raises a serious problem. Nevertheless, this type of
model predicts a regime of E* where multifragmenta-
tion dominates over evaporation and fission. The onset
is smooth in this case [13].

The second class of models relates multifragmenta-
tion to a gas-liquid instability [15, 16]. The bulk of
nuclei is made of a matter (the “nuclear matter”) at
nucleon density ~0.17 fm~3. This matter has a phase
diagram, which is depicted in Fig. 6, typical of a
Van der Waals fluid. In nuclei, this matter is at equilib-
rium (p = T = 0) and in the liquid phase. In a collision
process, the nuclear matter 1s heated and possibly

e—BE"“", (2.2)
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Fig. 4. IMF production cross section as a function of the lab-
oratory projectile energy in proton—-nucleus collisions (heavy
dots) and in some heavy ion reactions (adapted from [33]).
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Fig. 6. Isotherms of nuclear matter for various temperatures T
indicated along the curves in MeV. The ordinary nuclei cor-
respond to the point p = T=0. The dotted line represents the
expansion of an excited nuclear system (see text).

C|® € O O O 0O |@
©C 0| €0 © O O
OO0 OO0 e & 0
C|l®|OC O|® & &0
c,é@ € O O/ 0 O
OO0 0O|® € 0@
/e O OO0 O O
/0 O O 0|80

Fig. 7. Percolation on a two-dimensional lattice. The broken
lines enclose the clusters (see text).

compressed and can be represented by the heavy dot in
the upper part of Fig. 6. Due to the positive pressure,
the matter will expand, following the indicated path
in Fig. 6. Ultimately, depending upon the excitation
energy, the path enters the spinodal (dotted area), where
the compression coefficient

3
= (0p/3V), = —%[5‘;) (2.3)
T

is positive. In these conditions, the matter becomes
unstable under density fluctuations. Any fluctuation
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grows freely, voids appear inside the matter, and finally,
fragmentation occurs. The instability involves the bulk
of the matter and thus leads to the fragmentation of the
system into many pieces. This kind of model likely leads
to a sudden onset of multifragmentation, although this
feature has only rarely been investigated quantitatively.

The third class of models borrows arguments from
percolation theory. In its simplest version, percolation
theory looks for geometrically constructed clusters on
a lattice where a fraction l-p of the sites has been
removed at random (see Fig. 7). This model shows a
phase transition (at 4 2 2 dimensions). For large p, there
is always a big cluster (the percolating cluster) that
roughly extends over the entire lattice. Suddenly, at
some value p = p,, this large cluster disappears, and for
D < p,, there are only small clusters (much smaller than
the original lattice). Actually, this model provides a
simple picture of the conductor-insulator transition and
of many other phenomena [17]. The average distribu-
tion of the cluster sizes also changes drastically when p
changes through p.. For p > p,, there is one large and
many very small clusters. As p decreases, the gap is
progressively filled up, and at p = p, (0.45 in the case of
Fig. 8), the large clusters disappear and the size distri-
bution is rather broad. If p is very small, there are only
small clusters. It is tempting to relate these features
with the various regimes of nuclear fragmentation,
assuming that a fraction 1-p of the nucleons has been
removed by the fast process, or more loosely assuming
a monotonous relation between p on EF*: large p corre-
sponds to the evaporation regime, p = p, corresponds to
the multifragmentation, and small p corresponds to
explosive fragmentation.

Although very crude, this model is surprisingly suc-
cessful (after a fitting of the parameter p on the data); it
is more successful than the other approaches (for recent
results, including correlations between fragments, see
[18, 191). This raises a real puzzle, since it is a purely
geometrical model, apparently deprived of dynamics.
The explanation may lie in the fact that it displays crit-
ical phenomena. In all generality, critical phenomena
are those phenomena (involving an extended system)
that occur when an external parameter approaches a
critical value. They can be summarized as follows:

(1) there exists an order parameter that assumes two
radically different values when the external parameter
is varied; _

(2) discontinuities appear in some physical quantities;

(3) the correlation length becomes very large near
the critical point;

(4) fluctuations become very large near the critical
point;

(5) scaling laws are observed;

(6) universality appears; some features are indepen-
dent of the detail of the dynamics, and roughly speaking,
depend only upon the dimensionality of the system.

For the percolation transition, the order parameter is
the size A, of the percolating cluster. Close to p,, it goes
like

A, (p=pJ)* 2.4)
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for p going down to p,, where G is a critical exponent
less than unity, indicating a strong discontinuity in the
slope of A, in function of p. The r-space correlation
length &, i.e., the length up to which we can travel from
an occupied site to find sites occupied with a large
probability, goes to infinity near the critical pointp = p,
(more exactly, it becomes very large for finite lattices).
Fluctuations also become very large near the critical
point (infinite for an infinite lattice): not only n(4,), but
the entire cluster size distribution strongly fluctuates.
The latter fluctuations are conveniently described by
the fluctuations of the moments of the cluster distribu-
tion; for example, the (reduced) second moment
diverges at p = p, [20]. The cluster distribution scales
(in d = 3 dimensions) as

A
-3 /3
n(A) = NAP ™Y f(——;’}g p}, (2.5)

A

where V is a normalization constant, A is the original size
of the system, and D is some fractal dimension typical to
the percolation model. In (2.5), the function fis given by

- [ A
As,p) = s é’b‘“‘——fg&}
PP

|
|

(2.6)

where g is a function that goes to unity when D—p.
Thus, in the same limit, the cluster distribution looks
like (see Fig. 8)

nA) ~ A, )

where 7 is a critical exponent, independent of the size
of the system. Universality corresponds to an indepen-
dence of relations (2.4) - (2.6) to the type of the lattice
for a given dimension.

Finally, let us mention that many different systerms
with different dynamics show the same critical behav-
ior, the latter arising only from some restricted property
of the dynamics and from the dimension of the system.
Those systems are said to belong to the same class of
universality (see [21] for a discussion of this feature).

We may speculate that the success of the percolation
model in describing nuclear fragmentation is due to its
ability to exhibit critical behavior in a simple and trans-
parent manner. Very likely, the percolation model has
simply picked up the correct class of universality.
Of course, the correct picture of multifragmentation
needs more dynamical insight. Here, we have in mind
the spinodal decomposition models. However, the crit-
ical behavior of this kind of model must still be worked
out. Although it is rather clear on physical grounds that
the spinodal decomposition is able to generate critical
behavior [22], the study of the latter will be difficult,
since then we must deal with dynamic (ie., time-
dependent) critical phenomena, which are not as well
documented as static ones.

2.4. A Possible Strategy

The basic questions to be answered are, in our opin-
ion, the following: what is the mechanism of multifrag-
1994
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Fig. 8. Cluster-size distribution in a three-dimensional per-
colation model with 100 original sites, as a function of the
parameter p (see text).

mentation? does it show critical behavior in terms of a
suitable parameter? what is this pararneter?

Obviously, the answer to these questions requires
the study of the fluctuations, and therefore, event-by-
event measurements. The first task is to isolate critical
behavior. In heavy ions, this has partly been achieved
[20]. There is some hint to critical behavior, but the lat-
ter is not clearly evident, presumably because the frag-
menting system is not clearly defined in that case (see
Section 3). Intermittency analysis can also be useful for
exhibiting critical behavior [23, 24]. Hopefully,
we may be able to identify the class of universality to
which multifragmentation belongs. Finally, we should
check with theoretical models that are supposed to gen-
erate critical behavior. Clearly, in order to carry this
program with success, we need to study systems in
which the fragmenting system is well defined. We will
show in the next section that antiprotons may be very
helpful in this respect.

3. COMPARISON BETWEEN ANTIPROTONS,
PROTONS, AND HEAVY IONS

3.1. Introduction

Obviously, the onset of multifragmentation has been
observed in proton and in heavy-ion induced reactions
(see Fig. 4). The explosive regime has been observed in
heavy-ion collisions in the GeV/x regime. For protons,
no explosive regime has been clearly demonstrated
and, in any case, would appear at several GeV. Here
we want to make precise the regime of multifragmenta-
tion for antiprotons (and accessorily for the other
probes). Obviously, annihilation at rest corresponds to
the subcritical (spallation + evaporation) regime, as
illustrated in Fig. 9, which shows the target residue
mass spectrum in this case. In order to investigate the
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Fig. 9. Top: residue mass spectrum (in arbitrary units) follow-
ing antiproton annihilation on Cu at rest (adapted from [3]).
Bottom: the same quantity for low-energy antiproton anni-
hilation on Pb, as predicted by the INC + percolation model.

multifragmentation in various systems, we will use the
INC + percolation model. In this approach, the cascade
is stopped at the end of the fast process and a percola-
tion procedure is applied on the configuration of the
system at that time; if two nucleons are separated by a
distance smaller than a parameter 4,,,, they belong to
the same cluster, and the cluster decomposition is built
in this way. This model has given reasonable agreement
for the cluster-size distribution in proton and heavy-ion
reactions [25]. It can at least serve for a first investigation
of the gross properties of multifragmentation. For low-
energy antiproton annihilation, the model gives a char-
acteristic U-shape for the mass distribution, which
reproduces the observed residue-mass spectrum (Fig. 9).

Before studying the kinematical conditions required
for multifragmentation in antiproton—nucleus, proton—
nucleus, and heavy-ion systems, we will study the char-
acteristics of the fragmenting system.

3.2. Comparison between the Various Systems
We will successively study the following aspects:

(1) Homogeneity of the Fragmenting System

This has been studied in the antiproton—nucleus [26]
and proton-nucleus [11] systems. In both cases, after a
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brief boring phase (more pronounced in the proton
case), the nucleus again becomes more or less homoge-
neous at the end of the fast process. For the heavy-ion
case, illustrated in Fig. 10, the system is more compli-
cated; at the end of the hard collision process (~ 40 fm/c),
the system can be divided roughly into three parts,
namely, a very hot central part and two “cold” spectator
parts, which correspond to the parts of the projectile
and the target that have not been intercepted by the
other partner. At lower energy, the mixing of the sys-
tems is even more important [27].

(2) Thermalization of the Fragmenting System

It is, of course, important that some degree of ther-
malization (or at least randomization) be achieved: oth-
erwise, it would be difficult to speak about the frag-
menting system itself and of the fragmentation in terms
of macroscopic properties of the system. There are sev-
eral theoretical ways to investigate this point (in some
heavy ion collisions, this could even be checked
experimentally [27]). One way is to look at the emis-
sion pattern of the evolving system. For instance, in
Fig. 11, we plotted the forward—backward ratio for the
nucleon emission at the end of the hard process in the
proton-nucleus and antiproton—nucleus systems. We
see that the situation, although not ideal, is better for
antiprotons. We recall that in central heavy ions the sit-
uation is even better [27]. For noncentral collisions, the
mixing of different fragmenting subsystems shows up,
as we explained above.

(3) Transferred Energy and Excitation Energy

In central heavy-ion reactions (for symmetric sys-
tems at least), in the GeV/u range, the matter-stopping
power is very high [8]. Therefore, a large extent of the
available c.m. energy is transformed into excitation
energy [8, 28]. In the proton—nucleus case, the situation
is illustrated by Fig. 12. Let us recall that we can write,
in that case,

4]
W= W, + W, insy

(3.1
= Wp+ Wej +E + (Wroemnan: - WIO) >
where Wg and W), are the initial and final proton ener-
gies, W,; is the energy of the ejectiles, W,oemm,,, and Wf
are the ground state energies of the remnant and the tar-
get, respectively, and E* is the remnant excitation
energy. Following our discussion of Section 2, the rela-
tion (3.1) should be considered as representing the par-
tition of the energy at the end of the fast process. We see
from Fig. 12 that, if the transferred energy can be very
large, the excitation energy is only a small fraction of it.
The situation for the antiproton case is depicted
in Fig. 13. A relation similar to (3.1) holds, where

Wp0 and W), should be replaced by the energy of the

primordial pions (the annihilation energy) and that of
the final pions, respectively. We see that antiprotons are
PHYSICS OF ATOMIC NUCLEI Vol. 57
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more advantageous for generating excitation energies
at a given incident energy E,,. This feature is even
more nicely illustrated by Fig. 14, where the excitation
energies reached in the three systems are compared to
each other as functions of the incident energy per
baryon. It is believed, on the basis of existing observa-
tions [29] and models [30], that multifragmentation
occurs for excitation energy of ~3 - 6 MeV per nucleon.
This is indicated on the vertical scale of Fig. 14 for
nuclei around mass 200. It can be seen that the average
value of 5 MeV is reached with heavy ions at moderate
energy (~100 MeV/u, a domain covered or almost
covered by existing accelerators at GSI, GANIL,
SATURNE, ...), with antiprotons of 1 - 2 GeV incident
energy (which could be covered by LEAR), and with
protons of incident energy larger than, say, 4 GeV.

The situation is then more favorable for antiprotons
than for protons. The change of the fragmentation pat-
tern when going from low energy to a few-GeV
antiprotons was studied with the INC + percolation
model in [31]. Because of the lack of space, we will not
reproduce these resuits here. Basically, the bump
observed for large fragments in Fig. 8 tends to disappear
above ~1 GeV, and the IMF part of the mass spectrum,
Le., for 1 <A, < 35, shows a typical effective power law

n(A) ~ A, (3.2)

where the effective exponent Ty changes with the inci-
dent energy in a way that is depicted in Fig. 15. Clearly,
there is a drastic change for antiprotons around 1 GeV,
which indicates a steeper and steeper decrease of the
spectrum in this A, mass range, as the energy increases
(it should be compared to the critical behavior of the
percolation model, see Fig. 7). Let us also notice
in Fig. 15 the less favorable behavior of the proton
case. The INC + percolation model also predicts differ-
ent behaviors, in the proton and antiproton cases, of the
mass of the percolating cluster, i.e., of the mass of the
percolating cluster and of the fluctuations in the spec-
trum, as the energy increases [32]. Both features point
to a critical behavior in the antiproton case between 1
and 2 GeV.

(4) Linear Momentum Transfer

In heavy ions, the momentum acquired by the frag-
menting system may be very large. This is rather
embarrassing, but may sometimes be turned to advan-
tage when an experiment is performed in the so-called
inverse kinematics with a good detecting system in the
forward direction. The situation in the proton-nucleus
and antiproton-nucleus cases may be investigated with
the INC model. The linear momentum of the remnant is
shown in such an approach by Fig. 16. Surprisingly, the
remnant momentum does not vanish at low incident
energy in the antiproton case. The explanation lies in
the fact that annihilation takes place on the surface;
pions emitted backwards escape readily, whereas pions
emitted in the forward direction transfer a part of their
momentum to the remnant. The momentumn transfer is
No. 9
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Fig. 168. Nucleon-density profile (in the ¢.m. frame) during
an Au + Au collision at 6 = 3.48 fm. The time after the
beginning of the collision is given in each square of the fig-
ure. At r =0, the two nuclei are running against each other
along the horizontal direction (adapted from {34].
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Fig, 11. Forward-backward ratio for nucleon emission at
the end of the hard process in proton—nucleus collisions and
antiproton annihilation on nuclei.



) 1642
Gev p+Au(b=0)
- ;V.rramf —
3
- exp(Pb) — &
2f
LE
oL ;
0.1 1 10
E!ab’ GeV

Fig. 12. Transferred energy in central collisions of protons
with an Au target (upper curve) and excitation energy E*
(at the end of the fast process) in central collisions of pro-
tons with a Pb target. The experimental measurement of the
transferred energy is taken from [35].

E*, GeV
/ ® }5+Pb
r ®  op+Pb
¢ Ar+Ba
7 ® Ar + Th(exp)
Z
1 2 ® s/
7 e °
4 §/§ o/’ o/
L. —_——/‘/ O/
8 /O
O H fnd LI LLLE i l?"!“! i | ]
0.01 0.1 1
Elab’ GeV

Fig. 14. Comparison of the excitation energy £* at the end
of the hard process for three different systems. The shaded
area indicates the expected range of E* for multifragmenta-
tion. The experimental data for Ar + Th are taken from [36].

roughly the same in the proton case for incident energy
larger than ~1 GeV.

(5) Angular Momentum Transfer

The angular momentum transferred to the fragment-
ing system and of the excitation energy on the excita-
tion energy on the impact parameter of the collision is
shown in Fig. 17 for the three systems (at roughly the
threshold for multifragmentation for Ar + Baand p +Pb
and at 2 GeV for p + Pb). Two features are worth not-
ing. First, the angular momentum transfer is much
larger in the heavy-ion case than in the two other cases
and is the smallest in the antiproton case. Second, the
impact parameter dependence of the excitation energy
is quite large in the heavy-ion case and rather small in
the antiproton case. Therefore, the latter appears very

CUGNON

GeV 5+Pb(b=0)
Zr W{ramv'
1F E*
1]
T 1 i 1 ¢ ¢
0 1 2 3 4 5
Ep, GeV

Fig. 13. Same as Fig. 12 for antiproton annihilation at small
impact parameter. The squares correspond to annihilaton at
rest.
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Fig. 15. Evolution of the effective exponent with the inci-
dent energy in three systems (see text).

promising, since even without an impact parameter
selection, it does not mix very different events. It is
rather clear that this property comes from the isotropic
emission of the pions in the annihilation.

3.3. Summary of the Comparison

The table gives an overview of the respective advan-
tages and merits of the three systemns under consideration
for studying multifragmentation. Before discussing this
point in more detail, it should be stressed that the com-
parison relies on the INC + percolation model adopted
here. The first line gives just the incident energy corre-
sponding to the onset of multifragmentation. The second
line deals with the momentum transfer to the frag-
menting system. In most of the current detectors, it is

PHYSICS OF ATOMIC NUCLEI  Vol. 57

No. 9 19%4




NUCLEAR MULTIFRAGMENTATION 1643

preferable to have neither a momentum transfer too
high nor a too low; what is most important is that we are
able to detect and identify all of the (charged) particles
issued from the multifragmentation. If these particles
are too slow, they are below the kinematical cuts.
If they are too fast, they may accumulate in the forward
direction. The third line corresponds to the angular
momentum of the fragmenting system. The difficulty
here lies in the fact that the fragmentation may be very
dependent upon the rotation of the system, as is the case
for fission (which may be considered, after all, as the
simplest form of fragmentation). Furthermore, if the
angular momentum changes very much with the impact
parameter, it is necessary to have a good Impact param-
eter selector; otherwise, we mix different events with
fragmenting systems with different properties.

The fourth line refers to the definition of the frag-
menting system. As was already explained, it is better
to have at the end of the fast process a fragmenting sys-
tem of properties that do not fluctuate too much, and
that is homogeneous and thermalized to the greatest
extent possible. Of course, it would be of interest to
study the fragmentation of excited unthermalized sys-
tems. But, mixing systems with different characteristics
would make the analysis much more difficult. Further-
more, if at the end of the fast hard process, the system
1s composed of several subsystems of different charac-
teristics (as is the case for heavy ions, see Fig. 7) and of
different fragmentation properties, the analysis is ren-
dered still more difficult, unless we can isolate the
decay products of one of the subsystems. The situation
is even worse if the system is a collection of many sub-
systems of smoothly varying characteristics. This pos-
sibility is shown in the next line of the table. Finally, the
last line refers to a feature that we did not discuss here,
namely, the possible compression of the fragmenting
system. Antiproton annihilation yields a fragmenting
system that is roughly at normal density [26], and
therefore appears, from this point of view, as a comple-
mentary tool for studying multifragmentation.

4. CONCLUSION AND PROSPECTS

We have discussed the possibility of studying
nuclear multifragmentation by means of antiproton
annihilation on nuclei.

We want first to summarize the unanswered ques-
tions in multifragmentation in light of the previous
studies with heavy ions. There is some hint that multi-
fragmentation would correspond to a critical phenome-
non. However, this has yet to be firmly established.
The next unanswered question involves the physical
cause of multifragmentation and what is (are) the physical
parameter(s) that control(s) the appearance of multi-
fragmentation. The best candidate up to now is the
spinodal decomposition, which may generate critical
behavior for a wide range of the density and tempera-
ture (or entropy) of the fragmenting system. Progress in
the understanding of these questions demands both the-
oretical and experimental efforts. From the theory side,
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Fig. 16. Momentum of the remnant in central proton—
nucleus and antiproton—nucleus interactions.
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Fig. 17. Angular momentum / (left scale) and excitation
energy £* (right scale) of the remnant in the three indicated
systems.
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Comparison between different probes
13 Heavy ions P
Ecriy 1-2GeV |~200 MeV/A| =5 GeV
Momentum transfer ~Small Large ~Small
Angular momentum Small Large ~Small
transfer
Definition of the frag- Good | ~Bad Bad
menting system
Good
Degree of Good | ~Bad Bad
thermaliation/homogen
ization
Good
Compression No Yes No
Yes

the dynamic (i.e., time-dependent) critical behavior
should be studied in detail in order to sort out the rele-
vant external parameters. From the experimental side,
the most obvious effort should deal with detailed study
of the fluctuations. This, of course, requires the use of
good 41 detectors.

Let us stress that the interest of multifragmentation
(besides the practical interest of knowing how a
nucleus breaks into pieces) lies in a possibly new type
of critical behavior, which might be linked to a rapid
expansion of the system, a feature that, as far as we
know, has no counterpart in ordinary systems. It would
be deceptive if the muitifragmentation was explained
by statistical models that include only simple properties
of nuclei.

In Section 3, we investigated the advantages of
antiprotons over the conventional tools of protons and
heavy-ion beams in studying multifragmentation,
namely, protons and heavy-ion beams. In summary, we
can say that antiproton annihilation requires less inci-
dent energy, giving rise to a better homogenization and
randomization of the fragmenting system. Further-
more, angular-momentum transfer is small and the
impact parameter dependence is rather weak. All of
these features lead to the expectation of a “well-pre-
pared” fragmenting system, which should facilitate the
analysis; whereas in the proton and heavy-ion cases the
mixing of events of different fragmenting systems is, as
expected, more important.
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