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Multifragment emission following Pb—Pb and Pb—Plastic collisions at
158 AGeV has been studied with a set of emulsion chambers of the EMU13
CERN experiment. It was found that the probability of nuclear multifrag-
mentation increases with increasing mass of the target nucleus. For Pb—Pb
collisions, multifragmentation events represent more than 30 % of the total
charge changing cross section. On the other hand characteristics of mul-
tifragmentation are found to be independent of the mass of the target. A
comparison is made with the results for Au multifragmentation after the
collisions with emulsion nuclei at lower energies. The results suggest that
above 10 AGeV the features of multifragmentation processes are energy
independent.

PACS numbers: 25.75.+1, 29.40.Rg

1. Introduction

Multifragmentation is a complex nuclear reaction in which an excited nu-
cleus disintegrates into several intermediate mass nuclear fragments. Over
more than a decade, a number of experimental studies as well as theoretical
works has been devoted to the investigation of this process. The expected
association of the multifragmentation to the liquid-gas phase transition in
nuclear matter [1| stimulated this activity. A recent status on multifrag-
mentation can be found in [2|. Many of experimental results supported the
hypothesis of the first order phase transition [3]. Despite this substantial
body of evidence, there is still on going debate on the precise theoretical
explanation of multifragmentation. Some experimental data are well ex-
plained by the statistical description of the process at and after the freeze-
out [4]. Others suggest that intermediate mass fragments are dynamically
produced [5].

(3099)
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Most of available experimental data on multifragmentation were ob-
tained at low energies (below 1 AGeV). In this paper we extend these studies
to the multifragmentation of lead projectiles at an energy of 158 AGeV. The
analyzed data were obtained from the CERN EMU13 experiment in which
emulsion chambers were exposed to the beam of 2°®Pb ions accelerated in
SPS. Emulsion chambers, composed of nuclear target foils and thin emulsion
plates interleaved with spacers, allow for precise measurements of emission
angles and charges of all projectile fragments emitted from Pb-Nucleus in-
teractions. The results on fragment multiplicities, charge distributions and
angular correlations are analyzed for multifragmentation of the Pb projectile
after an interaction with heavy (Pb) and light (Plastic — C5H4O2) targets.
In addition, we also test the validity of Zipf’s law, recently proposed as a
signature of the nuclear liquid-gas phase transition. Data on Au-Emulsion
interactions at lower energies are used to study the energy dependence of
the nuclear multifragmentation.

The paper is organized as follows. In Section 2 a brief description of ex-
perimental details is given. In Section 3 the properties of the Pb(158 AGeV)
multifragmentation are shown for the two collision systems: Pb—Pb and Pb-
Plastic interactions. The comparison between the Pb multifragmentation at
158 AGeV and that of gold nuclei at 10.6 AGeV and below 1 AGeV is pre-
sented in Section 4. A summary of our results and conclusions are given in
Section 5.

2. Experiment

Several lead-emulsion chambers were irradiated by Pb nuclei accelerated
in SPS at CERN to an energy of 158 AGeV. The chambers were composed of
three different modules. The target module consisted of several 100 pm thick
lead foils interleaved by emulsion plates. The angular measurement module
contained emulsion plates and spacers. Each emulsion plate in the target and
angular measurement module consisted of a 200 um thick acrylic base coated
with emulsion layer on each side. Finally, at the downstream end of the
chamber, the charge module is located. Details of emulsion chambers used in
this experiment as well as irradiation conditions can be found elsewhere [6,7].

Scanning for Pb-Pb and Pb-Plastic (acrylic base of emulsion plates)
interactions was done under the microscope in the target module of the
chambers. Details of scanning for Pb interactions have been comprehen-
sively described in [6]. Angular measurements of singly charged particles
and multiply charged projectile fragments, emitted from the interaction ver-
tex within a forward cone of # <10 mrad, were done using a CCD camera
mounted on a microscope and coupled to the computer. This automatic
device assured measurements of track coordinates with the sub-micron pre-
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cision. Charge measurements of multiply charged projectile fragments were
done by d-ray counts in thick emulsion pellicles placed in the bottom module
specially designed for charge measurements. The accuracy of charge deter-
mination was of the order of 10 % for charges greater than about 30 and of
the order of 1-2 charge units for lighter fragments.

3. Target dependence of the multifragmentation of Pb projectile

Multifragmentation process is characterized by break-up of a heavy nu-
cleus into many relatively light fragments. Due to the complexity of multi-
fragmentation process there is no commonly accepted definition of an event
being representative for multifragmentation. In the following we used si-
multaneously two criteria in order to select multifragmentation events. The
number, Ny, of fragments heavier than helium must be greater than two,
and the charge Z; of the heaviest fragment must not exceed half the value
of Zy, where Zj, is the sum of all charges of multiply charged fragments. The
latter requirement assures that there is no leading, i.e. distinctly heavier,
fragment among all multifragmentation products [8].
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Fig.1. Correlations between Z1/(Zy, — Z1) and Z; for Pb-Pb (a) and Pb-Plastic
(b) interactions with Ny > 3. Points below the horizontal lines represent our
selection of multifragmentation events.
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In Fig. 1 the correlation between the charge Z; of the heaviest fragment
and the ratio Z;/(Z, — Z;) is shown for all Pb interactions with Ny > 3 on
Pb (Fig. 1(a)) and Plastic (Fig. 1(b)) targets. Interactions without a leading
fragment (multifragmentation events) are below the horizontal line. One can
see that the definition of multifragmentation events used by us is equivalent
to selecting events with more than two fragments heavier than helium and
with the charge of the heaviest fragment (Z;) not exceeding about 30. The
ratio of multifragmentation events to all events with Ny > 3 equals (76%7) %
and (70+6) % for Pb-Pb and Pb-Plastic interactions respectively. It should
be emphasized that these samples of multifragmentation events are free of
scanning biases, on the contrary to the inclusive samples of Pb—Pb and Pb-
Plastic interactions where the scanning biases are significant [6], especially
for peripheral collisions.

From the samples of measured Pb—Pb and Pb—Plastic collisions we have
selected correspondingly 114 and 129 multifragmentation events. The ex-
perimentally measured cross section, op¢, for multifragmentation of Pb on
Pb and Plastic target are correspondingly 2.4+0.2 b and 0.40+0.03 b. The
ratios, ome/oto, of the multifragmentation cross sections to the calculated
total nuclear charge changing cross section [9] are 0.35£0.03 and 0.15+0.01
for Pb and Plastic target, respectively. Thus, the multifragmentation pro-
cesses are more frequent in collisions with heavy target nuclei as compared
to the collisions with light targets. Processes of electromagnetic dissociation
may be at least partially responsible for this difference [6].

In Table I mean values of some quantities measured in multifragmenta-
tion events for Pb—Pb and Pb—Plastic interactions are listed. One can see
that average characteristics of multifragmentation events are independent of
the mass of the target nucleus.

TABLE 1

Mean numbers of helium, (NV,), and heavier fragments, (Ny), the average charge
(Z) of fragments heavier than helium, average charge (Z;) of the heaviest fragment
and the average charge (Z;) bound in multiply charged fragments are listed for the
two samples of multifragmentation events.

Pb-Pb Pb-Plastic

(No) | 58402  6.3+02
Ng) | 38+01  39+0.1
(Zy | 79403  7.7+03
(Z)) | 141406 14.6+0.7
(Z,) | 41.94+1.1  44.3+1.2
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Fig. 2. Distributions of Z;, for multifragmentation Pb-Pb events (full squares) and
Pb-Plastic events (open squares).

The distributions of the total charge Z;, bound in multiply charged frag-
ments in multifragmentation events are depicted in Fig. 2. The distribu-
tions do not significantly differ from each other, although we observe that
for the light target the Z; distribution extends to more peripheral collisions
(large Zp) as compared to the lead target. Both distributions are peaked in
the vicinity of half the charge of the projectile nucleus. These distributions,
however, differ appreciably from the Z;, distribution measured for inclusive
sample of Pb—PDb interactions (see [6]), which is practically constant over the
entire range of Z; values. Assuming, that Z; is related to the energy trans-
ferred to the spectator remnant of the projectile, i.e. large energy transfer
corresponds to the small value of 7, and vice versa, one can argue that the
multifragmentation of Pb nucleus predominantly occurs in collisions with a
moderate energy transfer.

3.1. Multiplicity distributions of helium and heavier fragments

Helium fragments are observed in different fragmentation processes.
They are also present in multifragmentation events. In Fig. 3 we show the
integral multiplicity distributions of helium fragments in multifragmenta-
tion of Pb projectile in collisions with Pb and Plastic targets. It can be seen
that large multiplicities of helium fragments are more probable in Pb mul-
tifragmentation on lighter target than in Pb—Pb multifragmentation events.
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Fig. 3. Integral frequency distributions of the number of helium fragments. Symbol
descriptions are the same as in Fig. 2.
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Fig.4. Multiplicity distributions of Ny fragments. Lines show Poisson fits to
Pb-Pb (solid line) and Pb-Plastic (dashed line) data. Symbols are the same as in
previous figures.
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In Fig. 4 the multiplicity distributions of fragments heavier than helium
are shown. The distributions for Pb and Plastic targets coincide and they
are well described by the Poisson distribution (x?/ndf is 0.14 and 1.60 for
Pb and Plastic targets, respectively). It should be noted that the Poissonian
distribution of fragments favors the statistical nature of multifragmentation
process.

3.2. Charge distribution of fragments with Z> 3

In Fig. 5 we plot the charge distributions of fragments with Z > 3 for
Pb—Pb and Pb-Plastic interactions. The distributions are fitted by the
exponential dependence (Fig. 5(a)), P(Z) ~ exp(—uZ) with the fitted value
of = 0.1940.01 (x?/ndf = 1.6) for Pb-Pb and p = 0.20 +0.02 (x?/ndf =
3.0) for Pb-Plastic multifragmentation events. Within the statistical errors
the two distributions coincide.
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Fig.5. Charge distributions of fragments with Z > 3. The lines are exponential
(a), and power law (b) fits to the data.

It has been customary to fit the charge distributions of these fragments
with the power law, P(Z) ~ Z 7 (see e.g. [10]). This follows from the
anticipated power law dependence of charge distribution of fragments with
7 > 3, with 7 &~ 2.3, in the case of a liquid-gas phase transition in the excited
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nuclear matter [11]. On the other hand a recent analysis [12] of the critical
exponents, performed within a framework of statistical multifragmentation
model, predicts smaller values for the 7 exponent. It is argued [12] that
7 values falling into a narrow range 1.799 < 7 < 1.846 should indicate
that the critical point of the liquid-gas phase transition has been reached.
Our data, when fitted by the power law (see Fig. 5(b)), give low values for
the 7 coefficients, namely 1.73 £ 0.08 and 1.72 + 0.07, respectively, for Pb—
Pb and Pb—Plastic data samples. However, the quality of the fits is poor
(x2/ndf = 3.0 for Pb-Pb and x?/ndf = 2.6 for Pb—Plastic).

To summarize, our data do not allow distinguishing between exponential
and power law description of fragment charge distributions. Neither of these
functional forms can well describe the data.

3.8. Azimuthal correlations between fragments with Z > 3

The azimuthal angle (@) correlations are sensitive to the accuracy of the
beam axis determination. In this study of multifragmentation process we
are mainly focused on the properties of intermediate mass fragments (Ny).
Therefore, for every event we define the beam axis i.e. the center of the
plane (z,y) perpendicular to the beam direction as charge weighted center
of the measured coordinates of all N; fragments. The azimuthal angles of
fragments are then recalculated with respect to this beam axis.
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Fig. 6. Distributions of relative azimuthal angles between Ny fragments emitted in
multifragmentation Pb—Pb (full squares, solid line) and Pb—Plastic (open squares,
dashed line) events. Lines show linear fits to the data points.
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In Fig. 6, the distributions of the relative azimuthal angles, A¢, between
fragments heavier than helium in multifragmentation of Pb on Pb and Plas-
tic targets are shown. Both distributions are similar and differ from the
isotropic ones. The yield of large values of A is greater than the yield of
small ones. The azimuthal asymmetry coefficient, A, defined as:

T Nappng - [ N(apag
A= _ : , (1)
OfN(Ago)dAcp

equals 0.31540.015 for Pb—Pb and 0.30540.014 for Pb—Plastic interactions.
This shows that fragments are more often back-to-back emitted which may
indicate that they are produced from a single source. Coulomb repulsion for
high-Z fragments contributes also to this effect.

3.4. Application of Zipf’s law to nuclear multifragmentation

Zipt’s law [13]| has been known as a statistical phenomenon, related to
the critical behavior, which appears in the field of linguistics and also in
other fields of sciences. Recently, the Zipf law has been applied [14, 15]
to the charge distribution of fragments produced in nuclear fragmentation
processes. It states that the relation between the fragment sizes and their
ranks is described by (Z,) = ¢/n, where ¢ is a constant and (Z,) is the
average charge of fragments of rank n in the charge list arranged in the
order of decreasing size. To test the validity of the Zipf law, we average
the charges for each rank and examine the goodness of the relation between
(Z,) and n with the fit (Z,) ~n~*. When X is close to one, the Zipf law is
satisfied. In the theoretical calculations [14] it was shown that at the critical
point of a liquid-gas phase transition the Zipf law should be valid (A = 1). In
Fig. 7 we present the average charge of fragments with Z > 3 as a function of
its rank. The fitted values of A are 0.88+0.03 (x2/ndf = 2.6) and 0.96+0.04
(x%/ndf = 2.1) for Pb and Plastic targets, respectively. These values are
not very different from A = 1. We can conclude that our multifragmentation
data are approximately consistent with the Zipf law.
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Fig. 7. Mean values of the charge of the fragment as a function of its rank. Lines
show power law fits to the data points. Symbol and line descriptions are the same
as used before.

4. Energy dependence of multifragmentation
of heavy nuclear projectiles

In the previous section we have shown that the analyzed characteristics
of the multifragmentation of the Pb projectile are essentially independent of
the mass of the target nucleus. We disregard small differences observed in Z;
distributions and in the multiplicity distributions of helium fragments. This
allows us to investigate the energy dependence of parameters characterizing
multifragmentation process by comparing Pb data at 158 AGeV with the
multifragmentation of Au projectiles at 10.6 AGeV [8,10] and below 1 AGeV
[10,16] interacting with the emulsion target. The average primary energy
for the latter sample is 0.64 AGeV. For this comparison the Pb—Pb and Pb—
Plastic data samples were pooled together, and for each data set the same
criteria for selecting multifragmentation events were applied (as described
in Section 3.).

In Table IT we present the mean values of the same parameters as in
Table I but for three different projectile energies. It can be seen that, while
the properties of the two high energy samples do not differ, low energy data
show significantly larger multiplicities of helium fragments and also larger
7, Zy and Z, average values.
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TABLE II

The same parameters as in Table I for the three different energies of the projectile
nuclei.

Pb(158 AGeV) Au(10.6 AGeV) Au(0.64 AGeV)
(N,) 6.1+0.2 6.5+0.2 8.0+0.3
(Ny) 3.9+0.1 3.9+0.1 42+0.1
(Z) 8.1+0.2 7.6 +0.2 8.6+0.3
(Z)) | 14.6+04 13.7+ 0.4 16.4+0.8
(Zp) 43.7+£0.8 423+0.7 52.0+£1.2

The distributions of Z;,/Z,, where Z), is the charge of the primary nucleus,
for the three different primary energies are depicted in Fig. 8. For 10.6 AGeV
and 158 AGeV the distributions cover the same range of Z;/Z, values, with
the mean values around half the charge of the primary. However, for 0.64
AGeV the distribution is shifted towards larger values of Z;/Z,. This means
that, at this low energy, there is more multifragmentation events with less
energy transfer to the spectator remnant than at higher energies. In another
words multifragmentation at low primary energies occurs in more peripheral
collisions than at high energies.
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Fig.8. Distributions of Z;/Z, for multifragmentation of Pb projectile at 158
AGeV (circles), Au projectile at 10.6 AGeV (squares) and Au projectile at (E) =
0.64 AGeV (stars). Curves are added to guide the eye.
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It was observed [10] that the mean multiplicity of helium fragments from
Au projectiles in multifragmentation events depends on primary energy be-
ing shifted to lower values at 10.6 AGeV in comparison with 0.64 AGeV
data sample. Note that in [10] slightly different criteria for selecting multi-
fragmentation events were applied. In order to check whether the observed
energy dependence holds for still higher energies, we compared the multi-
plicity distributions of helium fragments in multifragmentation events for
the three data sets, selected with the same criteria used in this paper. This
comparison is presented in Fig. 9. One can see that the scaling of multiplic-
ity distribution of helium fragments from the multifragmentation of heavy
nuclei (Au, Pb) holds for energies above 10.6 AGeV.

P(2N,)

Fig.9. Integral frequency distributions of helium fragments. See Fig. 8 for symbol
explanations.

The Poissonian multiplicity distribution of fragments with Z > 3 was
also observed for multifragmentation of Au projectiles in interactions with
nuclear emulsion [10]. In Fig. 10 we compare our present data at 158 AGeV
with those for Au multifragmentation at 10.6 AGeV and 0.64 AGeV . The
higher energy data are well described by the Poisson distribution (x?/ndf =
0.76 and 1.41 for 10.6 AGeV and 158 AGeV, respectively) whereas the quality
of the Poissonian fit (x?/ndf = 2.94) is worse for the lowest energy data.

Concluding, we can say that the multiplicity distributions of helium and
heavier fragments from the multifragmentation processes of heavy nuclei
(Au, Pb) are the same for 10.6 AGeV and 158 AGeV primary energy, but
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Fig.10. Poisson fits to the multiplicity distributions of Ny fragments for multi-
fragmentation of Pb at 158 AGeV (circles, solid line), Au at 10.6 AGeV (squares,
dashed line), and Au at 0.64 AGeV (stars, dotted line).

differ from those observed below 1 AGeV. The yield of large helium fragment
multiplicities at 0.64 AGeV primary energy is greater than that at higher
energies. The same tendency we observe for fragments with Z > 3.

The charge distribution of fragments heavier than helium for the three
data samples are the same, within statistical errors, and their description
by either exponential or power law fit is equally poor.

In Fig. 11 we present the results of the analysis of the Zipf law for
the charged fragments heavier than helium emitted in multifragmentation
processes of Au or Pb projectile at different primary energies. The values of
A exponents from fits (Z,) ~ n~* are: 0.9240.03 (x2/ndf = 4.0), 0.90+£0.02
(x?/ndf = 0.4) and 0.96 4 0.04 (x2/ndf = 0.7) for primary energies of 158,
10.6 and 0.64 AGeV, respectively. Within the statistical errors the values of
the X coefficient are the same in the studied energy interval (< 1-158) AGeV,
and do not differ significantly from unity.

We also checked the energy dependence of the azimuthal correlations
between fragments heavier than helium using the Au—FEm data at 10.6 AGeV
and Pb—(Pb + Plastic) data at 158 AGeV. The results are presented in
Fig. 12. The distributions are identical and deviate from uniformity.
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Fig.11. Power law fits to the dependence of the mean charge of the fragment on
its rank. Symbol and line descriptions are the same as in Fig. 10.
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Fig.12. Distributions of relative azimuthal angles between Ny fragments for Pb
multifragmentation at 158 AGeV (circles, solid line) and Au multifragmentation at
10.6 AGeV (squares, dashed line). Lines show linear fits to the data points.



Multifragmentation of Lead Nuclei at 158 AGeV 3113

5. Summary and conclusions

We investigated the multifragmentation process of Pb projectile nuclei
at 158 AGeV in collisions with Pb and Plastic targets. We found that the
multifragmentation of Pb nucleus is more frequent in collisions with heavy
target nuclei. On the other hand, the quantities describing the multifrag-
mentation process, like the multiplicity of fragments with Z > 3 and their
charge characteristics, do not depend on the mass of the target. Small differ-
ences are only observed in the yields of helium fragments, which are larger
in collisions with Plastic target than in Pb-Pb multifragmentation events.
The Z; distribution measured for the Plastic target exhibits a tail extending
to large 7 values which is not seen for Pb—Pb events.

The distribution of the charge bound in multiply charged fragments in-
dicates that at 158 AGeV the multifragmentation process frequently occurs
in collisions with a moderate energy transfer to the spectator remnant. The
multiplicity distributions of fragments are well described by the Poisson dis-
tribution, pointing to the statistical character of multifragmentation process.
The distributions of the relative azimuthal angles between the fragments are
asymmetric. The fact that fragments are more frequently emitted back-to-
back in the plane perpendicular to the beam axis may indicate that they
originate from a common source.

We also tested the Zipf law, which, according to the theoretical calcu-
lations, should be valid when applied to fragments in multifragmentation
events. Our data are roughly consistent with the Zipf law. This may be
interpreted as an evidence for the existence of the critical temperature as-
sociated with a liquid-gas phase transition.

Energy dependence of the multifragmentation process was also studied
by analyzing fragmentation of gold projectiles at 10.6 and below 1 AGeV
after collisions with the emulsion target and our combined data sample of
Pb—(Pb + Plastic) interactions at 158 AGeV. In general the process of nu-
clear multifragmentation at 158 AGeV does not differ from that at 10.6 AGeV.
However, at much lower energies the differences are observed. Below 1
AGeV, the process predominately takes place in more peripheral collisions
than at higher energies and the yields of helium and heavier fragments are
larger. Charge distributions as well as the relation between size of the frag-
ments and their rank do not exhibit significant energy dependence over the
full investigated energy range.

This work was partially supported by the Polish State Committee for
Scientific Research (KBN) Grant 2P03B05417.
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