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We analyze the largest set of fragment coincidence data at present available, that of the preceding pa-
per. This set contains all projectile fragments 6 <Z <65 produced in 6610 events of Au+Ag and
Au+CR-39. We introduce a classification scheme based on the number of heavy fragments in order to
define multifragmentation, spallation, and fission events. The multiplicity distribution P(m;) is Pois-
sonian, and the mean multiplicity as a function of Z can be described either by a power law or by an ex-
ponential. The slopes are independent of the projectile energy but depend on the target. While all inves-
tigated observables indicate that the multifragmentation in the case of a Ag target is a statistical process,
we observe angular correlations in the case of the CR-39 target which indicate that probably the
geometry and not the excitation energy is essential. Charge correlations are strong and only partially
understood as yet. We find no positive sign for a liquid gas phase transition.

I. INTRODUCTION

In collisions with a proton or a heavy ion a heavy tar-
get nucleus can fragment into one or several nuclei Z > 2,
plus nucleons and a particles. Depending on the number
of light and heavy nuclear fragments, one distinguishes
multifragmentation (no heavy and several light frag-
ments), spallation (one heavy and up to a few light frag-
ments) and fission (two heavy fragments) [1]. The bound-
ary between light and heavy fragments lies around Z =20
(see below). Nuclei with charge Z =1,2 have to be treat-
ed separately because they may come from quite different
sources. Whereas fission and spallation are reasonably
well understood, multifragmentation is to a large extent
unknown land. A detailed investigation of the fragmen-
tation processes requires the coincident measurement of
the fragments formed in a heavy-ion collision. Only few
experiments have been performed so far [2-4], which
measure more than the inclusive mass yield of fragments.
Most of them are emulsion experiments [3,4] with inverse
kinematics. They suffer from the drawbacks of low
statistics and the uncertainty of the target (protons to
silver nuclei). Due to the deceleration of the nuclei in the
emulsion each event takes place at different effective
beam energy and one obtains the whole energy depen-
dence of the process. In view of the very limited number
of events this is unwanted and enforces an averaging over
wide beam energy bins in the analysis. According to
these experiments multifragmentation occurs already at a
beam energy of 20 MeV/nucleon [4-7]. Below 100
MeV/nucleon multifragmentation is a rare process, the
multiplicity of fragments in one event is low, and mul-
tifragmentation seems to occur in central collisions. The
counter experiments [5-7] suffer from experimental
threshold effects that leave most of the fragments (espe-
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cially the heavy remnants) undetected. Thus in addition
to the total mass yield only two fragment coincidences
have been recorded. Emulsion experiments have shown
[4] that in central collisions the number of fragments in-
creases fast with energy (by a factor of 2 between 25
MeV/nucleon and 100 MeV/nucleon). Above 100
MeV/nucleon only two counter experiments have been
reported [2,8-10]. Warwick and Wieman [2] have mea-
sured the @ and Ne induced reaction with an Au target at
several energies between 250 MeV/nucleon and 2.1
GeV/nucleon. This experiment in which the counters
cover only a small fraction of 47 has produced the first
coincidence fragment yields and has established—by
measuring the associated multiplicity of fast particles—
that multifragmentation occurs mainly in central col-
lisions. Furthermore, the double differential cross section
is measured and contradicts the assumption of emission
from an equilibrated source. The plastic ball group
[8-10] has observed multifragmentation in Au+ Au col-
lisions at 200 MeV/nucleon in a 47 device. However,
only the projectilelike fragments with 3 <Z <6 have been
recorded. This experiment has established that frag-
ments show an even stronger flow than protons. Though
rarely, events with up to 12 fragments with 3=<Z <6
have been recorded.

Due to the lack of coincidence data the theoretical in-
vestigations have concentrated on the explanation of the
mass yield curve. For Z <20 this curve is often
parametrized by a power-law dependence o(Z)~Z "7
where the coefficient 7 is around 7~2.3 and almost in-
dependent of projectile, target, and energy. As pointed
out by Fisher [11] and later by Panagiotou [12] this form
of the mass-yield curve as well as the value of 7=2.3 is
expected when the transition between the liquid and gase-
ous phases occurs in nuclear matter. The perspective, to

1065 ©1991 The American Physical Society



1066

study this phase-transition experimentally, has created a
lot of excitement. However, later investigations have
shown that a power-law form of the fragment yields is
also seen in nonthermal processes like the distribution of
the size of astroids [13]. Also a variety of different mod-
els, which assume quite different mechanisms for mul-
tifragmentation, predict this power-law dependence of
the mass yield. Thus it certainly is not an unambiguous
signal for the above-mentioned phase transition.

Only few of these models are able to predict more than
the mass yield of the fragments. They fall into four
classes: thermal models, percolation and statistical mod-
els, phenomenological models, and molecular dynamics
calculations. The thermal models, either assuming in-
stantaneous [14-17] or sequential decay [18-21] are most-
ly applied to p-induced reactions where all experimental
observables have a form expected from a system in global
equilibrium. They have problems with the experimental
observation that both the double differential cross section
and the isotopic distribution look thermal but the tem-
peratures are quite different, 15 and 3 MeV, respectively.
Percolation models [22-26] treat multifragmentation like
percolation of a lattice and study the mass yield for
different bond-breaking probabilities that may depend on
the location in the lattice to simulate the geometry of the
reaction. The phenomenological models [27-29], restrict-
ed to heavy-ion-induced reactions, yield quite reasonable
triple differential cross sections d3o /dQ dE dZ and are
able to give reasons for the different apparent tempera-
tures mentioned above. Recently it has become possible
to simulate heavy-ion reactions on an event by event
basis. In these so-called quantum molecular dynamical
calculations [30-34] the trajectories of all nucleons are
followed from the initial state prior to the reaction up to
the final state where singles and fragments are recorded
in the detectors. These calculations yield a remarkably
good agreement with experimental multifragmentation
results but are very computer-time consuming. Therefore
the process that causes the fragmentation in these calcu-
lations up to now has only been revealed for asymmetric
collisions at 84 MeV/nucleon [32] and 1 GeV/nucleon
[30]. There are also classical molecular dynamics calcu-
lations [35] and a few hybrid models that try to simulate
the dynamics in the entrance channel either by applying
cascade calculations [36], mean-field calculations [37], or
by assuming a certain momentum distribution [25]. In
these models, at a certain point in time, the fragments are
formed by a more or less phenomenological description
and reflect some of the dynamics of the entrance channel.

The aim of this paper is an analysis of results from an
experiment [38] that has measured all fragments with
6=<Z <65 on an event-by-event basis. The 6610 events
contain data for Au+Ag and Au+CR-39 at 200 to 980
MeV /nucleon, where CR-39 denotes the plastic detector
foil with the composition C;,H;30;. For each reaction
all fragments with 6 <Z <65 are identified and their an-
gles in the plane perpendicular to the beam direction are
measured. The detection efficiency for smaller and larger
fragments is below 1. In this paper we will analyze the
information contained in the distribution of fragment
sizes and in the kinematical variables. In
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Sec. II we will investigate multiplicity distributions and
correlations under different constraints. Section III de-
scribes the charge and the angular correlations and stud-
ies the dependence on total multiplicity, energy, and tar-
get mass. In Sec. IV we discuss the conjecture of a phase
transition and draw our conclusions.

II. MULTIPLICITY DISTRIBUTIONS
AND CORRELATIONS OF LIGHT FRAGMENTS

A. Multifragmentation

What is multifragmentation? There is no commonly
accepted definition for this process. We find it con-
venient to introduce a separation between light (L) and
heavy (H) fragments. The three processes spallation,
fission, and multifragmentation may then be dis-
tinguished by the multiplicity My of heavy fragments,
My =1 for spallation, My =2 for fission, and My =0 for
multifragmentation. Where is the boundary between
heavy and light fragments? To answer this question we
have investigated various observables and their systemat-
ics. The most convincing representation has been a plot
of the charge yield Y(Z) of fragments with a given Z for
events with total multiplicity M =1 (Fig. 1). One clearly
observes two domains where in each an exponential law
holds. The transition appears between Z =15 and 25.
The behavior of the charge yields with total multiplicities
M =2 and M =3 [38] also points to Z =20 as a boundary
separating different reaction mechanisms. In order to
avoid a possible confusion as to the nature of the frag-
ments in the transition region, we will define heavy frag-
ments by Zy =25 and light fragments by Z; <15. As de-
scribed in [38], for reasons of detection efficiency the
charge of the light fragments is limited also from below
by Z; 26. With this definition spallation and fission
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FIG. 1. Experimental charge yield Y(Z) for multiplicity

M =1 events as a function of the charge Z for the Ag target.
The lines are exponential fits in the regions 6=<Z =15 and
30=< Z <65, respectively.
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events are unambiguously characterized by My, =1 and
My =2, respectively. For multifragmentation, My =0,
we select only those events where all fragments are light,
Z =15. Therefore all events containing a fragment with
16 =<Z <24 as the heaviest fragment are excluded from
the analysis presented in this chapter.

We admit that the classification scheme and in particu-
lar the chosen value Z =20 as the boundary between light
and heavy fragments contains a certain degree of arbi-
trariness. Certain conclusions in this chapter may be
influenced by this choice.

B. Poisson test

Multifragmentation seems to be a statistical process, at
least according to the general theoretical belief. How can
this hypothesis be quantified? We call m, the number of
projectile fragments with charge Z observed in one event
and define by P; (mg, ..., ms) the probability distribu-
tion for events with multiplicities mg, . .. ,m ;5. The lim-
ited statistics of our experimental sample does not permit
the determination of the complete function P;. Rather
we investigate certain integrated observables, like mo-
ments of P; or the distribution P(M; ) of light particles.
Be M; the multiplicity of light fragments of an event

15
M, = 3 mgz, (1
Z=6

then the probability distribution P(M; ) can be calculated
from P; to be

PL(mG,...,mz,...,mls)

X8 (2)

15
M, — 3 mg
Z=6

Figure 2 shows the multiplicity distributions P(M; ) for
the Ag target data. Within error bars and excluding the
value at M; =0 the data are consistent with a Poisson
distribution. The events with M; =0 pose a serious prob-
lem. According to detection efficiencies an event with
M; =0 is one in which the Au nucleus fragments into
“invisible” charges with Z <6 only. The measured num-
ber of these events in our sample is N(M; =0)=637 for
an Ag target. This experimental value, shown in Fig. 2 as
a box, does not obey the Poisson systematics. Rather the
value predicted for M; =0 from the Poissionian that fits
for M; >0 is a factor of about 2 below the data point.
This discrepancy may have at least two explanations: (i)
The multiplicity distribution is not a Poissonian. (ii) The
events with M; =0 are a mixture of multifragmentation
events (with at least one fragment having 3<Z <5 and
presumably obeying Poisson statistics) and events in
which only hydrogen and helium nuclei are produced.
The latter ones cannot obey Poisson statistics for reasons
of charge conservation. In this paper we favor the
second alternative. We determine the fraction of mul-
tifragmentation events contained in M; =0 events by ex-
trapolating the Poisson fit to M, =0. In this way we ob-
tain a value N, (0,0, ..., 0) of events that have no visible
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FIG. 2. Multiplicity distribution of multifragmentation
(M =0) events for the Ag target. The experimental points for
M; >0 (circles) are fitted by a Poissonian with mean value
(M, )=1.18. The situation for M, =0 is discussed in the text.

fragment.
The probability distribution P; is defined by

NL(m6,. .. ,m15)
N b

PL(m6,...,m15)= (3)

where N;(mg,...,m,5) is the number of events with

multiplicities m, for charge Z. The total number N of

events includes the extrapolated value N, (0,0, ...,0).
We define the moments of P; by

(m})= > mZP;(mg,...,mys),
{mg, ..., mys} (4)

n n
(miimp)= 3

ny Ny
mzlmzzPL(m(,, ..
{mé,‘..,mlsi

"m]s)

and introduce the correlation function C(Z,,Z,) via

<mzl‘mzz>_‘<mzl )(mzz)
C(Z,,Z,)= . (5)

\/zmzlﬂmz )

2

Neglecting charge conservation and assuming that the
fragment charges are statistically uncorrelated, we expect

Cc(Z,,Z,)=0, for Z,#Z, . (6)

Charge conservation may safely be neglected for mul-
tifragmentation events since the mean observed charge of
an event is small compared to the projectile charge. The
value of the correlation function for Z,=2Z, depends on
the underlying multiplicity distribution. We find
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(m2)—(my)?

C(Z,2)= (my)

1 (Poissonian)

1+« myz) (Exponential) . M

In order to distinguish between different distributions it is
convenient to extract the quantity

Q(Zl,22):[C(Zl,Zz)—Ezlyzz]/‘\/Zmzl5("’1225 (8)

from the data. The quantity Q(Z,Z) is zero for a Pois-
sonian distribution and equals one for an exponential.
The values of Q(Z,,Z,) derived from the experimental
data for the multifragmentation events with the Ag target
are contained in Table I. They are all considerably small-
er than 1 and within statistics indicate that indeed the
correlation function satisfies

C(Z,,Z,)=8; 7 (Mz=0); ©)

i.e., (i) fragments with different charges Z,7Z, occur un-
correlatedly, and (ii) the multiplicity distribution of frag-
ments with charge Z is a Poissonian.

From Eq. (9) we can give an explicit expression for the

probability distribution P, (mg,...,mz,...,m;5) to
find light fragments with multiplicities m,:
15 <m >mz —( )
PL(mG,...,m15)= H _Z_‘—e "z . (10)
z=¢ Mz

It is a product of Poisson distributions P,(m,) with
mean values {mj ). These mean values {(m,) are pa-
rameters yet to be determined.

If one inserts the expression Eq. (10) into Eq. (2) for
P(M; ), one obtains a Poissonian, since the folding of
Poissonians leads to a Poissonian. This result confirms
the findings of Fig. 2.

C. Multiplicity triggers

We investigate averages of the form {(m ) M, where

the averaging is taken over all multifragmentation events
with a fixed multiplicity M; of light fragments. These
averages can be calculated from the probability distribu-
tion

PL(mG,...,mlS;ML):PL(m6,...,mz,...,mls)
15
Z=6

C. LEWENKOFPF et al.

4
One finds for the Poissonian ansatz Eq. (10)
M,
<mz)ML—'<—A7;->‘(mZ> s
(12)
(m%)ML—(mZ>12u M
E=1—(mg) .
(mzn, (M)

Because of the additional constraint in Eq. (11), the dis-
tribution of the multiplicities m, for given M, is no
more a Poissonian. Yet the mean multiplicity (mz),,

has a very simple relation to the unconditional multiplici-
ty {mz): it grows linearly with M. The data points for
(my) m, are displayed in Fig. 3 as squares. The line is

obtained by a two-parameter fit of the form ae “#Z. The
slopes 1 do not depend on M, . The values a are compa-
tible with M; /(M ); these values are marked by the di-
amonds in each figure. The statistics of the experimental
events do not permit a significant test of the prediction
for the dispersion in Eq. (12).

D. The Z dependence of { m )

In this section we discuss the Z dependence of {m ),
the only open parameters in P;, Eq. (10). Figures 4 and 5
show (m ) as a function of Z for 6<Z <15. Figure 4
shows the dependence of {(m ) vs Z for the fragmenta-
tion of Au on Ag for various energy bins for the projec-
tile. The solid lines are one-parameter fits of the form
e ““Z, The values of u are independent of energy within
the error bars. A two-parameter fit of the form ae ~#%
does not yield a better reduced y? value, therefore we
conclude a =1. While in Fig. 4 In{m ) is displayed vs
Z, we show in Fig. 5In{m ) vs InZ. A straight line in a
semilogarithmic representation indicates an exponential
behavior {mj)=ae "%, whereas a power-law behavior
(mz)=bZ " leads to a straight line in a double loga-
rithmic representation. Due to the limited size of the Z
interval we find it impossible to distinguish among the
two functional forms. However, we would like to men-
tion that a power-law fit of the data requires two adjust-
able parameters (b,7), while our exponential fit
{mg ) =e " requires just one.

We summarize our observations: (i) The multiplicity
m of fragment Z obeys a Poisson distribution with mean
value {m ). (ii) The Z dependence of {m ) can equally
well be described by a power law and an exponential be-
havior {m,)=e "#%. (iii) The slope parameter p is in-
dependent of energy (above 200 MeV/nucleon), but de-

TABLE I. The correlation matrix Q(Z;,Z,) multiplied by 100 [Eq. (8)] binned in intervals of two charges for M;=0. On the
left-hand side we display the matrix, on the right-hand side the error 04(Z,,Z,).

z, 4
6 8 10 12 14 6 8 10 12 14
6 —8.5 6 14.5
8 —5.2 13.9 8 9.8 30.6
Z, 10 —14.9 —1.2 —11.8 z, 10 11.4 15.6 55.7
12 —4.9 1.0 38.6 30.5 12 13.6 17.5 26.4 80.4
14 17.4 —21.0 —51.8 2.9 —32.6 14 18.4 17.4 16.2 28.0 118.4
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FIG. 3. Experimental mean multiplicity {m;) vs Z of light
fragments for the Ag target separated for different total multi-
plicities of light fragments (M} ). The solid lines are two param-
eter fits a exp( —uZ) (excluding the point for Z=12 in M; =1).
The diamonds refer to the prediction of Eq. (12).

pends on the target (p©=0.23+0.02 for Ag and
©=0.17x0.01 for CR-39).

The exponents p and 7 of the exponential and power-
law distributions can be related to each other by requir-
ing the two functions to be equal in value and first deriva-
tive at one value Z of Z. Equating the logarithmic
derivatives leads to 7=2 u. If we choose the normaliza-
tion point at Z=10 in the middle of the interval con-
sidered, we obtain 7=2.3 for the empirical value of
©n=0.23 for the Ag target and 7=1.6 for CR-39. We
want to give an argument which leads to an exponential
behavior of (my). It is based on the principle of
minimal information (Aichelin et al. [28]) applied to the
Poisson distributions. We define the information I of the
probability distribution P,(m ) by

15
I=— '3 3 P,(mz)nPy(my), (13)

Z=6 m,

where P;(m) is a Poissonian with mean value {(m,).
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FIG. 4. Experimental mean multiplicity of light fragments
for the Ag target separated in different energy bins. The solid
lines are one-parameter fits exp( —uZ).

Fragment Charge Z

FIG. 5. Experimental mean multiplicity of light fragments
for the Ag target separated in M; =0 and My =1 and for the
CR-39 target M;=0. The solid curves are one-parameter fits
exp(—puZ) and the dashed lines are two-parameter power-law
fits.

One ohtaine
15

I=3 (-} {mz)(1—In{my))
z=6
+ > P(mz)in(mg!) . (14)
mz
We neglect the last term since it is zero for m;=0,1
and of order {m )?/2. Therefore the argument is re-
stricted to small values of {m ). In this case Poissonian
and exponential distributions are very similar. If we min-
imize the information under the constraint that the frag-
menting system should have a certain charge (u being the
corresponding Lagrange multiplier) we require

8 15
— | I—pu (mz)Z |=0, (15)
8(’"2) 22=6 z
which leads to
(my)=e HZ (16)

This is exactly the result of the experimental distribution.
This result is interesting. It does not only lead to an ex-
ponential dependence (which is usual in these sort of ar-
guments) but also to the coefficient 1 in front of the ex-
ponential. Despite its apparent success we are not sure
how meaningful it is, i.e., to which degree dynamical
effects influence the shape of the distribution.

E. Associated spallation

We have also investigated the distribution of light frag-
ments (6 =Z < 15) that are in coincidence with one heavy
fragment. We call the process underlying these events as-
sociated spallation, i.e., multifragmentation associated
with spallation. We introduce the probability distribu-
tions of light fragments P, (mg, ..., m;5) and P(M,) in
analogy to Egs. (2) and (3) above. The multiplicity distri-
bution P(M; ) of light fragments in spallation events is
shown in Fig. 6. The values for M; >0 are fitted by a
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M; >0 are given by the circles, the histogram is a Poissonian fit
with (M, )=0.62. The situation at M; =0 is discussed in the
text.

Poissionian distribution as for Fig. 1. The extrapolated
value for M; =0 coincides (probably accidentally) with
the experimental point, though the latter one is biased by
detection efficiencies (fragments with Z > 65 are only par-
tially recorded). The missing events would contribute
significantly at M; =0 in Fig. 6. The correlation matrix
Q(Z,,Z,) defined in Eq. (8) is also calculated for these
events. Table II shows the result. For reasons of statis-
tics events for five values of Z have been always com-
bined. For Z, <16 and Z, <16 we find the pattern al-
ready familiar from the multifragmentation events
M, =0: statistical independence for Z,7#Z, and a Pois-
sionian for Z,=Z,. The remaining part Z,>20 of the
table is also interesting: There is a positive correlation of
light fragments with heavy fragments with 20=Z, <40
and a negative one for Z, >40. Thus, associated spalla-
tion occurs preferentially for medium heavy fragments.
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Figure 5(b) shows the dependence of {m,) on Z for
the associated spallation. Exponential and power-law
dependences give both fair representations. We observe a
steeper slope (1 =0.32) as compared to £ =0.23 for the
My =0 events, in agreement with first findings of the
detector experiments at SIS [39]. In the terminology of
phase transitions introduced by Campi [40] multifrag-
mentation events correspond to supercritical phenomena
and associated spallation to critical phenomena. The
functional dependence {m ) vs Z differs in the two event
classes [Figs. 5(a) and 5(b)], but the limited range of Z
values makes it impossible to identify the predicted shape
change from an exponential to a power-law behavior. We
come back to phase transitions in Sec. III D.

We are aware of only one other set of complete events
at this energy: Waddington and Freier [3] have analyzed
about 400 events recorded in an emulsion stack exposed
to the 990 MeV/nucleon Au beam at the Bevalac. The
target nuclei in emulsion are predominantly H, C, N, and
O but also Ag and Br nuclei are present. It has not been
possible to decide which target nucleus is hit in a single
event. The light and heavy emulsion nuclei are similar to
those contained in the CR-39 and the Ag targets, respec-
tively. Since fission events have been removed by Wad-
dington and Freier and the acceptance is different in both
experiments a direct comparison between both sets of
data is not possible. We have selected those events in
which a total charge Z,,, between 30 and 50 is observed
or would have been observed if the acceptance of the
Siegen experiment is applied to the Waddington and
Freier data. Under this condition the average multiplici-
ty of fragments with charge Z measured in both experi-
ments agrees within the error bars for 6 < Z < 30.

III. CORRELATIONS IN FRAGMENT
SIZES AND ANGLES

Multifragmentation of heavy targets has been observed
at energies as low as 20 MeV/nucleon [4]. The threshold
for multifragmentation is therefore much lower than the
lowest beam energy (~200 MeV/nucleon) in our experi-
ment. One may conjecture that well above threshold the
beam energy dependence of multifragmentation is weak.
This is not the case as a crude inspection of Fig. 7 shows.

TABLE II. The correlation matrix Q(Z,,Z,) multiplied by 100 [Eq. (8)] binned in intervals of five charges for M;=1. On the
left-hand side we display the matrix, on the right-hand side the error 0,(Z,,Z,).

Z, Z,
6 11 16 6 11 16
6 7.9 6 22.4

11 —8.0 1.7 11 15.5 97.0

16 30.8 19.0 —2.1 16 222 33.1 142.5

21 109.2 93.6 117.6 21 25.4 36.7 44.7
zZ, 26 94.5 101.1 48.9 z, 26 27.3 42.5 39.7

31 76.9 138.0 —21.7 31 27.5 51.0 29.5

36 29.5 —2.5 —30.9 36 22.2 29.5 27.6

41 —30.7 3.0 —36.7 41 14.2 29.2 25.2

46 —24.1 —53.4 —47.4 46 14.8 18.5 22.5

51 —49.1 —67.4 —91.4 51 11.5 15.1 8.6
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FIG. 7. Energy dependence of different processes. In the top row we display the fraction of multiplicity f3,(3,,, fir =1) for events
with multiplicity M =1 to M =4 as a function of the beam energy and separated for both targets. The bottom row displays the frac-
tion of (M =1, 6<Z <20) and of (M =1, 45 <Z < 65) events separately for both targets.

In the top row of this figure the fraction f,,;, defined as
the relative yield (3 ,, fay =1) of those events in which M
fragments are detected, is plotted as a function of the
beam energy for both targets. Above a beam energy of
500 MeV/nucleon, events in which only one fragment is
detected are most frequent, while below 500
MeV/nucleon two fragment events are dominant. The
relative fraction of the events with a multiplicity M >2
seems to decrease with energy. This is opposite to the in-
tuitive conjecture that with increasing energy multifrag-
mentation events become more frequent. Less than 1%
of events have a multiplicity larger than 4, though charge
conservation would permit up to 13 fragments with
Z > 6. This shows that at high energy and for heavy pro-
jectiles a breakup into medium (6=Z <16) mass frag-
ments only, similar to the observation at low energies and
for light projectiles (Ne+X—5a+X), does not take
place. This is also in agreement with the observation in
detector experiments [3] at the Bevalac that the mass dis-
tribution of the fragments in multifragmentation reac-
tions falls off rapidly with increasing mass. Hence frag-
ments with Z > 6 are rare.

For both targets Ag and CR-39 the events with M =1
become more important with increasing energy (cf. the
top row of Fig. 7). The reason for this increase is
different for both targets, as can be seen from the bottom
figures which show the relative yield of M =1, 6<Z <20
and M =1, 45<Z <65 events. At small energies a CR-
39 target is unable to “‘destroy” the projectile gold nu-
cleus to such a degree that only one light fragment
202> Z = 6 is left over. This is a rare process even at high

energies. The fraction of M =1 events with the fragment
in 45<Z <65 is dominant (~80%) at low energies and
decreases steadily with energy. As a consequence the
number of events with 20=<Z <45 increases. Thus for
CR-39 target the increase of M =1 events with increasing
energy goes along with an increase of multifragmentation
events in which the projectile nucleus is broken into
many small pieces out of which only 1 is in the range be-
tween 5<Z <20 and it goes along with an increase of
spallation events where only a light remnant is observed.
In the case of the silver target the fraction of events with
Z <20 and with 45 <Z <65 stays rather constant. Thus
the total increase is not due to a specific process.

We can conclude that the CR-39 target is too small in
size to cause the large gold nucleus to disintegrate into
small fragments (all besides one with Z =<5). Indepen-
dent of energy this is a rare process. The larger Ag nu-
cleus causes more violent collisions, and it can cause
complete fragmentation into clusters Z =5 and one Z
with 6 <Z <20 even at low energies.

A. Associated multifragmentation,
spallation, and fission events

We now proceed to investigate the events with M =2
and M =3. Events with M >3 are too rare to allow for
an analysis. In Figs. 8 and 9 we present a matrix of the
changes measured in coincidence. The size of the box is
proportional to the number of events. On the left and
right sides we have the events with CR-39 and Ag tar-
gets, respectively. For the M =2 events we present the
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matrix of both measured charges, for the M =3 events we
display the sum of the smaller charges versus the largest
charge. These correlations depend on the beam energy as
well as on the target. We present therefore the data sepa-
rately for both targets and separated into two energy bins
(E <500 MeV/nucleon and E > 500 MeV /nucleon).

1. Associated spallation

Spallation events (My=1) may have two origins: Ei-
ther in peripheral reactions the small geometrical overlap
of projectile and target forms a fireball which is the
source of emission of singles and light fragments whereas
the cold remnants gain little excitation energy by return-
ing to a spherical shape. Or in almost central collisions
the small target nucleus is stopped inside the heavy pro-
jectile followed by the equilibration of the whole system.
This combined system is the source of emission of singles
and light fragments. Finally, after the system has cooled
down one heavy remnant is left. If at least one fragment
with Z = 6 is formed, we call the process associated spal-
lation. The present data support the second conjecture.
However, for an unambiguous identification of the pro-
cess a measurement of p, of fragments and singles is
necessary. Spallation is the dominant reaction mecha-
nism for the interaction of the projectile with the CR-39
target. It shows a strong energy dependence (see Fig. 8).
At low energies the remnant remains always large and
hence the excitation energy of the emitting system is
small. At high beam energies spallation events smoothly
join the multifragmentation events and there is no gap in
the mass yield. Spallation is also present in the M =3
events but only significant at low energies. However, it is
not understood why events in which only light fragments
are observed are contained in M =3 events at low energy
but not in the M =2 events. The average mass of the
largest remnant is considerably smaller for M =3 events
as compared to the M =2 events. The total observed
charge is roughly the same. At higher energies spallation
events are virtually absent in the M =3 events. In reac-
tions of the projectile with the Ag target associated spal-
lation is a rare process. In M =3 events it is not seen at
all, for M =2 we find few events which show this signa-
ture. The energy dependence seems to be weak. Both re-
sults and their difference to that with the CR-39 target
are quite unexpected: Peripheral events should be similar
for both targets because the slightly different curvature of
the surface is unlikely to influence the process substan-
tially. Since we see large differences for both targets we
must exclude associated spallation as a peripheral pro-
cess. Assuming that associated spallation is a thermal
process, a similar excitation energy of the combined sys-
tem should yield similar fragment distributions for both
targets. The difference in the excitation energy should
not be essential in view of the fact that for both targets
the excitation energy is large as compared to the total
binding energy.

One may therefore conjecture that central collisions
are governed by geometry and not by the excitation ener-
gy.

2. Multifragmentation

Multifragmentation of the gold nucleus in reactions
with the CR-39 target has an unexpectedly strong energy
dependence. Below E =500 MeV/nucleon multifragmen-
tation is a very rare process in the M =2 events. It be-
comes only important at higher energies. Only the M =3
events are mostly multifragmentation. Independent of
the multiplicity the total observed charge in multifrag-
mentation events is low, i.e., below 40. Thus multifrag-
mentation occurs in central events where in addition
many protons, a’s, or small fragments are produced. A
surprising observation is that multifragmentation events
in CR-39 at low energies ( < 500 MeV/nucleon) are dom-
inated by large multiplicities M;. Thus it is obviously
difficult to disintegrate the Au nucleus to such a degree
that only one or two small fragments are left. This can
hardly be attributed to insufficient excitation energy;
rather, it also points towards the dominating influence of
the geometry. For reactions with the silver target mul-
tifragmentation is the dominant reaction mechanism in-
dependent of the energy and of the multiplicity. The to-
tal observed charge is smaller as compared to the CR-39
target and less than half of the charge of the gold nu-
cleus. Thus many light particles are produced in the
same event.

3. Fission

We observe fission events for the reaction with the
CR-39 target, but only very few for reactions with the Ag
target. In view of the fact that fission is a peripheral pro-
cess we do not understand this observation. One may
conjecture that fission events are caused by the H nuclei
contained in CR-39 in nonperipheral collisions. Howev-
er, this idea contradicts the experimental observation of
Warwick and Wiemann [2] who observed fission of the
gold nucleus in peripheral reactions of Ne+Au. There
are also almost no events where the total observed charge
is between 10 and 20 units smaller than the charge of the
Au nucleus. Thus fission does not occur if many small
particles are simultaneously emitted, i.e., the fission frag-
ments are always cold. Furthermore the fission frag-
ments do not fission anymore. This would show up in the
M =3 correlation plot.

B. Correlations between the emission angles

In this section we discuss the correlation between the
emission angles in the plane perpendicular to the beam
(Figs. 10 and 11) for the different processes. In Fig. 10 we
display the distribution of relative angles between the two
fragments for M =2 events. Isotropic emission would
yield a constant distribution. We see that only multifrag-
mentation events show isotropy. Spallation events favor
back-to-back emission (what one expects from momen-
tum conservation). Fission fragments peak clearly at
A¢p=180".

The emission pattern of the M =3 events is displayed
in Fig. 11 where the distribution of the largest relative
angle between the fragments is shown. For comparison
we also show the distribution expected for an isotropic
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for both targets.

emission of the three fragments. For reactions with the
CR-39 target the emission of the fragments is not ran-
dom. Thus for the light target emission is not purely sta-
tistical. Emission with A¢_ .. ~180° is favored and the
emission with 220°<Ad¢.,, <360°, i.e., where the frag-
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FIG. 11. Angular correlation between the fragments in M =3
events. We display the fraction of events as a function of the
largest relative angle in the plane perpendicular to the beam
direction. For comparison we display also the distribution ex-
pected from random emission.

ments are emitted into the same hemisphere, is
suppressed. One may interpret this observation as a ran-
dom component superimposed by a mechanism that
favors emission with A¢,,,~180°. This would be under-
standable if Coulomb forces play a more important role
for the CR-39 target as compared to the Ag target. In
view of the similarity of the observed charges (see Fig. 9)
this could only be due to a different reaction mechanism
that may be caused by geometry.

We also analyzed the angle between the major eigen-
value of the momentum tensor in the c.m. system (defined
by the observed fragments) and the direction of the
center of mass, but did not find any correlation. Also the
energy spectra display no features that cannot be recon-
ciled with the assumption that the relative motion of the
fragments is caused by their mutual Coulomb repulsion.

C. Multiplicity as a function of the observed charge

We display in Fig. 12 the yield of events for a given
multiplicity M as a function of total observed charge.
Fission events have been excluded by requiring that the
difference between both charges have to be 15 if one is
around Z /2. For M =1 events the distribution rises
exponentially with increasing fragment charge (except for
very large Z where the detection efficiency breaks down).
This form is typically observed for spallation products.
Assuming an average energy of 15 MeV/nucleon per
emitted nucleon, even for Z =40 fragments the initial ex-
citation energy is much less than the total available ener-
gy. This points towards more peripheral reactions.

For large Z,, the events with M >1 are negligible.
The M =2 events become important only if the total
charge is around 60, i.e., in events in which a consider-
able amount of energy is transferred. One may conjec-
ture that the process that yields one large Z, M =2 events
is similar to M =1 events. If in thermal models frag-
ments compete with a, p, and n during the evaporation of
the projectile remnant, the relative ratio of M =2 and
M =1 events is proportional to the emission probability
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FIG. 12. Number of events as a function of the total ob-
served charge separated for the different fragment multiplicities.
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of fragments as compared to singles. At large Z,,, M =2
events are rare. This means that only at high excitation
energies the probability of evaporation of fragments be-
comes significant. It would be interesting to see whether
this energy dependence is in agreement with the standard
evaporation or the microcanonical phase-space codes
[16]. This tendency that high multiplicity events become
rare for large Z,, continues to the M =3 events being
only important for Z,, $50. Also in these events there is
always one fragment much larger than the others.

D. Is there evidence for a phase transition?

Half a decade ago, Panagiotou et al. [12] conjectured
that the form of the yield of light fragments is a direct
signature for a phase transition from a liquid to a gaseous
phase. Since nonthermal models like the percolation
[18-21,28] of a lattice also give the same form of the
mass-yield curve, the power-law dependence may be con-
sidered as a necessary but not a sufficient proof for this
transition.

Nevertheless the hope of finding other observables that
can be linked to the phase transition was not given up.
Campi suggests [40] plotting the logarithm of the largest
charge, In(Z,, ), versus the logarithm of the second mo-
ment

of the remaining clusters (averaged over all events with
the same Z,,). He studies the dependence of these ob-
servables in a percolation approach for an infinite three-
dimensional lattice. He finds two branches, one for the
subcritical and one for the supercritical events. Both
branches meet at the point that should be populated by
critical events. The predicted form of the curve
Z .x=f(InS,)) is also found when the events recorded
by Waddington and Freier [3] are displayed. The events
that fall on the critical point should then be created in a
phase transition. Gross et al. [16] find the same curve in
calculations based on a microscopic statistical model.

The present data are displayed in the variables Z,, vs
InS,, Fig. 13. The top row displays Z ., as a function of
(InS,). As in the percolation of an infinite three-
dimensional lattice there are two branches, the subcritical
for Z ., %50 and the supercritical for Z_,, $20. Both
branches meet at Z , =45. The form of the curve is
quite independent of whether fission events are included
or excluded. Do these data present evidence for critical
phenomena?

Before we start the discussion we recall that we deal
with a finite system of Z=79. Due to charge conserva-
tion the maximal value of S, for a given Z _,, is rather
limited and depicted as open triangles in the upper most
graph of Fig. 13. It is very instructive to plot the distri-
bution in the Z ,, —S, plane instead of displaying the
average (InS,). This is done in the middle and the bot-
tom figures for CR-39 and Ag targets, respectively. In
both cases all possible combinations of InZ_,, and InS,
occur. The curves are limited by the boundaries due to

> z}/ 3 z

(InS, )= <ln
Zi#Zmax Zi;ézmax

charge conservation and by the threshold Z >6. Thus,
in the nuclear case the form of the function
Z,x=/f((InS,)) is to a large degree determined by
charge conservation. We clearly see the fission fragments
at InZ,,, ~InS,~3.8, i.e., at the critical Z_,,. We ob-
serve few events between 2.5<InS, <3.2. The popula-
tion of the bin 1.5 <InS, <2.5 is almost independent of
Z

max*

Although one should be careful when comparing the
data with the results of the calculation by Jagaman et al.
[17] because they refer to a proton-induced reaction
(p+Au), it is certainly worth pointing out two important
differences between our data and these calculations. First
we do not observe a significant contribution of events in
which one of the fission fragments fissions again. This
effective three-body breakup would yield 33_,Z;=Z,,
and should show up at InS,~=2.4, and Z,, =40. Second
we do not observe fission events with Z, +Z, <Z, ,—10
which appear at the same value of InS, and slightly lower
Z ,.x- Thus the experiment does not show fission-type
events in reactions with large energy transfer, as already
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FIG. 13. The largest observed fragment Z ,, as a function of
the reduced second moment of the charges of the other ob-
served fragments. In the top row we display the dependence of
the average second moment on Z_,, as well as the limits of the
distribution due to charge conservation. The middle and bot-
tom rows display the whole distribution for both targets. The
size of the boxes corresponds to the number of events.
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mentioned.

The different branches of the curve Z,,, vs {InS,)
may be associated with the phenomenological
classifications of fragmentation events. The supercritical
branch contains the pure multifragmentation events
(My=0, Z_,, <20). Spallation occurs for Z_, *20. In
the study of multiplicity correlations we have observed
events with one or several light fragments and one heavy
one, predominantly for 205 Z_,, $40. This process had
been termed “associated spallation.” Events Z_,, =40
are in anticorrelation to light fragments, see Table II.
The latter events lie on the subcritical branch of the
curve InZ,,, vs {(InS,). The critical zone is populated
by the events termed “associated spallation.”

IV. SUMMARY AND CONCLUSIONS

We have analyzed the largest set of fragment coin-
cidence data available at present. This set contains 6610
fragmentation events of a Au projectile nucleus on a Ag
or mixed target CR-39. The multiplicity distributions of
light particles 6 <Z <15 show a Poissonian behavior.
For the Ag target the angular correlation (in the plane
perpendicular to the beam direction) is in agreement with
random emission. These two results favor the interpreta-
tion that multifragmentation is a statistical process, at
least for the Ag target. The shape of the mean multiplici-
ty {my) vs Z is compatible with an exponential or a
power law. If one wuses an exponential shape,
(my)=aexp(—uZ), one finds a =1.

A number of correlations of fragment sizes and their
energy dependences have been established. It is not pos-
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sible to cast them into simple quantitative relations.
They are displayed in figures; many observations remain
unexplained. We find unexpectedly strong energy depen-
dences. The differences for the two targets, Ag and CR-
39 are sizable. However, one should be careful with the
results of CR-39, since it is a mixed target. It is for this
reason that we have limited the quantitative analysis in
Sec. II to the Ag target only.

We have looked into the question of a liquid-gas phase
transition. If it is present at all, it is expected to be
washed out considerably since we deal with a finite sys-
tem. The relation Z,_,, vs {InS,) proposed by Campi
has been seen in the data, but we argue that it is mainly
determined by charge conservation. We see a continuous
transition from the supercritical branch (multifragmenta-
tion) into the “‘critical” region (associated spallation) and
out on the subcritical branch (spallation with very few
light fragments) (see Figs 8 and 9). Although the mean
multiplicity {m) of light particles does indeed display
some changes in the shape when going into the region of
“critical” events, we are not able to identify them as posi-
tive signs for a phase transition.
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