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Rise and Fall of Multifragment Emission
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We have studied multifragment decays of Au projectiles after collisions with C, Al, and Cu targets at
a bombarding energy of 600 MeV/nucleon. We find that with increasing violence of the collision, mea-
sured via the multiplicity of light particles, the mean multiplicity of intermediate-mass fragments origi-
nating from the projectile first increases to a maximum (MlMi=)=3 and then decreases again. Calcula-
tions using the Boltzmann-Uehling-Uhlenbeck model suggest that the fragmentation is governed by the
energy Ed„~deposited into the projectile spectator and that (M[MF) reaches its maximum around Ep, p=g
MeV/nucleon.

PACS numbers: 25.70.Np

When a nucleus is excited to and beyond its total bind-
ing energy, it is predicted to decay into several inter-
mediate-mass fragments (IMFs). Competing models em-
body different decay mechanisms and experiments have
yet to discriminate between several theoretical scenarios.
These range from the near simultaneous emission of frag-
ments due to large fluctuations in regions of mechanical
instability [1,2], to statistical multifragmentation models
[3,4], and sequential decay processes where equilibrium is
reestablished after each binary decay [5,6].

In order to constrain and confront these models, it is
important to know under what conditions fragments are
emitted. Is there an excitation energy at which mul-
tifragment emission begins to be a dominant process, and
what happens if the excitation is increased further?
Eventually the energy will be so large that the system will
disassemble into nucleons and light fragments such as a
particles. Hence one expects a rise and fall of multifrag-
ment emission with excitation energy.

One of the early results on multifragmentation came
from the inclusive charge distribution of fragments emit-
ted from proton-induced reactions [7]. The observation
of a minimum of the z parameter (tT —Z ') was inter-
preted as evidence for a liquid-gas phase transition. This
interpretation is disputed [8,9] partly because the mea-
surement is an average over all impact parameters. It is
important to extend these studies by selecting the impact
parameter of the collision and measuring the multiplicity
of the fragments as well as their charge distribution.

We use asymmetric nuclear collisions at relativistic en-
ergies to excite a large nucleus [10]. A schematic reac-
tion mechanism is that the initial nucleon-nucleon col-
lisions form a fireball and that some of these nucleons
traverse through the larger nucleus. As these undergo

secondary collisions they excite the large nucleus. In the
second stage of the reaction, this excited "spectator" nu-
cleus decays into a variety of exit channels, some of
which will be multifragment states. Previous experimen-
tal results are consistent with this reaction mechanism,
and show that fragments are emitted nearly isotropically
from an excited source that moves with a velocity near
that of the initial velocity of the larger nucleus [11,12].

We report on semiexclusive data of fragments emitted
in Au reactions on three light targets, C, Al, and Cu at a
beam energy of 600 MeV/nucleon. The experiment was
performed with the ALADIN forward spectrometer [13]
at GSI, Darmstadt, with the beam accelerated by the SIS
synchrotron. The inverse kinematics have the effect that
the fragments from the Au projectile are focused into the
forward direction. The beam rate was approximately
2000 particles during a 500-ms spill and the targets were
200 to 500 mg/cm thick. A 64-element Si-CsI array
measured the multiplicity of light charged particles
(Mc, t) with a solid angle coverage of approximately 50%
between 0 =7 and 25 and 15% between 0 =25 and
40 .

The ALADIN magnet was operated at a bending
power of 1.4 Tm and the acceptance for beam-velocity
N =Z fragments was ~ 4.7 in the horizontal and
~ 4.2 in the vertical direction. The TP-MUSIC detec-
tor [13] was used in this analysis to calibrate the charge
measured in the TOF wall. The TOF wall consisted of
two layers, each of forty vertical scintillator strips that
are 1.1 m long and 2.5 cm wide. The distance from the
target was approximately 6 m. The two TOF layers were
displaced from each other in the bending plane by one-
half of a strip s width. This leaves no inactive area be-
tween the strips. The TOF wall is used in this work to
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TABLE l. Summary of experimental results for Au 600-MeV/nucleon collisions on C, Al,
and Cu targets. For each target, the average maximum charge in each event, the r parameter
from the charge distributions, and the mean multiplicity of intermediate-mass fragments are
given for peripheral (top row), mid-central, and central (bottom row) collisions. The uncertain-
ties for (Mi&r) correspond to the statistical and systematic errors, respectively. The first
column gives the multiplicity cuts used in the CsI array, and the second column is the estimated
mean and the half width at half maximum of the impact-parameter selection for each class of
reaction.

C

Al

Cu

1-5
6-10
~11
1-8

9-16
~17
1-9

10-21
~ 22

(b) (fm)

7.5 ~ 1.5
5.5~2
3.5+ 2

8 + 1.5
5 +2
3 + 1.5

9 ~ 1.5
6 +2
3 + 1.5

(z...)
56+ 2
38+ 1

25+ 1

53+ 2
26+ 1

12+ 0.5
53+ 2
20+-1
6+ 0.5

2.8 + 0.2
2.2 + 0. 1

2.0 + 0. 1

2.6 + 0. 1

2.0 ~ 0. 1

2. 1 + 0. 1

2.6+ 0. 1

2.0 ~ 0. 1

2.6 ~ 0. 1

(M[M&)

0.93 ~ 0.03+ 0.09
2.31 ~ 0.06 ~ 0.21
3.39 ~ 0.11+0.37

1.13 ~ 0.03+ 0.10
3.00+ 0.05 ~ 0.26
3.30+.0.08 ~ 0.17

1.14+ 0.04 ~ 0.10
2.96 ~ 0.07 ~ 0.20
1.97 ~ 0.07+ 0.09

determine the charge and multiplicity of nuclear frag-
ments with Z~ 2. Unit charge resolution was obtained
for Z &9, increasing to a charge resolution of ~1.5 at
Z =79.

The TOF strips near 0' provided an interaction trigger,
and oA-line the events have been placed into three groups
according to M&, t. This multiplicity is expected to be a
measure of the size of the fireball formed in the initial
stage of the reaction and hence a measure of the impact
parameter. The borders of the three groups have been set
(see Table I) such that the peripheral (lowest multiplici-

ty), mid-central, and central groups have 50%, 35%, and

15% of the events, respectively. The average Mp, i is es-
timated to be 40% of the true charged-particle multiplici-

ty in this angular range. This ine%ciency is approximate-
ly independent of the target and impact parameter be-
cause the measured angular distribution within the array
is qualitatively similar for all impact groups. The multi-

plicity cuts retain an average correspondence with the im-

pact parameter because they have been chosen such that
the widths of these cuts are at least as large as the es-
timated fluctuations. For the highest-multiplicity group
on each target, this has been achieved by setting the cut
well before the tail of the distribution. Additional sup-

port for the usefulness of Mg, i as an impact-parameter
filter comes from the correlation of Mg, i with other ob-
servables that are related to the impact parameter, e.g. ,
the largest fragment in the event. These correlations, as
well as theoretical predictions of the measured multiplici-

ty, are discussed in Ref. [14].
In Fig. 1 we present the charge distributions for the

targets C, Al, and Cu. These distributions have been
corrected for the loss of e%ciency due to our finite cover-
age, with the correction being of the order 5% for Z =3
fragments and less than 2% for Z & 6. The inefficiency
has been evaluated separately for each target and
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FIG. 1. The measured charge distributions from Z=3 for
Au 600-MeV/nucleon collisions on C, Al, and Cu targets. The
solid square data points are for peripheral collisions, the open
squares for rnid-central collisions, and the solid circles for cen-
tral collisions. The lines are from the power-law fit and are
plotted for 3 (Z ( 15.

impact-parameter group [14]. The absolute normaliza-
tion was determined by counting bear@ particles at the
target; this normalization has an accuracy of 15%. For
all targets, there is a strong reduction of yield of frag-
ments with Z & 30 with increasing M~, i, i.e., as one goes
from peripheral to central reactions. For fragments with
Z & 30, the distribution is steep in peripheral reactions,
which is characteristic of light-fragment evaporation
from a heavy system. On the C target, the Z & 30 distri-
bution is considerably broader for both mid-central and
central collisions, i.e., the relative probability for emitting
heavier fragments is greater. For reactions on Al, the
mid-central distribution is similar to the distribution for
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central reactions on the C target. On the Cu target, the
mid-central collisions produce a broad distribution, while
the central reactions produce predominantly lighter frag-
ments. These distributions were fitted with a power law
(a —Z ') for Z = 3, 5 ~ Z ~ 15, and the extracted r
parameters are listed in Table I.

We define an IMF as a fragment with 3 ~ Z ~ 30. In
Fig. 2 we plot the correlation between the multiplicity of
IMFs and M&, &. For the C target, the IMF multiplicity
increases with the violence of the collision and reaches a
mean multiplicity of 3 to 4 for the most central collisions.
The reactions on Al behave similarly in that three to four
IMFs are emitted; however, this occurs over a broader
range of Mg, t. For the Cu target, the region of three to
four IMFs is reached for lower relative Mg, ~. With more
violent collisions, the multiplicity of IMFs reduces to 1 or
2. For each impact-parameter group, we have evaluated
the mean IMF multiplicity and applied a (3-5)% correc-
tion for the finite coverage. This correction has been
evaluated separately for each impact-parameter group.
The double-hit probability is of the order of 10% which
leads to some misidentification of fragments. This has
been included in the systematic error of the IMF multi-
plicity. We have summarized our results in Table I,
where we have also included the estimated range of im-

pact parameters for each group [14].
For the most central collisions on Cu, a decrease in the

multiplicity of IMFs can result from charge conservation.
The formation of the fireball removes charge from the
projectile, an efrect which increases with centrality. The
size of the projectile spectator can be estimated from
M&, &, the geometrical coverage of the CsI array, and the
relative contribution of target and projectile nucleons to
the fireball. For mid-impact collisions on copper (Z,~„)—58 ~ 5, and for central collisions (Z,~„)—40 ~ 7.
Statistical-model calculations [4] predict that the de-
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crease in IMF multiplicity is 0.025 times the decrease of
the initial charge of a decaying nucleus for a fixed excita-
tion energy per nucleon. Hence the expected IMF multi-
plicity decrease, due to charge conservation, of d(M«F)= —0.5+ 0.3 can only partially explain the observed fall
of (MtMF) (Fig. 2 and Table I). Given our current er-
rors, it is, however, important to confirm this result with
experiments that can measure the size of the spectator
more accurately.

The results in Table I can be directly compared to
dynamical models that produce fragments, such as quan-
tum molecular dynamics [9]. To facilitate comparisons
with fragmentation models that do not include the reac-
tion dynamics, and to help interpret these experimental
observations, we have performed a series of calculations
with a Boltzmann-Uehling-Uhlenbeck (BUU) model
[15]. We have used the model to calculate the energy de-
posited into the projectile during the initial stage of the
reaction. Similar approaches have been used in Refs.
[16] and [17].

A projectile spectator is defined as all the nucleons
within a sphere in coordinate space, where the position
and size of the sphere is calculated from the distribution
of projectile nucleons that have yet to undergo a
nucleon-nucleon collision. The deposited energy is calcu-
lated from the momentum and potential energy of the nu-
cleons within this sphere minus an estimate of the
ground-state energy. The deposited energy per nucleon
varies by less than 10% between 60 and 100 fm/c after
the onset of the reaction. By 60 fm/c most of the
firebal-like nucleons have left the reaction zone. An
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FIG. 2. The measured correlation of the multiplicity of
IMFs at forward angles with Mg, ]. The results are for 600
MeV/nucleon Au on C, Al, and Cu and the contours are drawn
using a linear scale.
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FIG. 3. The average maximum charge in each event, the
fitted T: parameter from the charge distribution, and the mean
IMF multiplicity plotted vs the calculated deposited energy per
nucleon. The squares, circles, and stars represent collisions on
the C, Al, and Cu targets, respectively. Each point within a tar-
get group corresponds to peripheral, mid-central, and central
collisions with the deposited energy increasing with centrality.
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average deposited energy was calculated during this time
interval (60-100 fm/c) for all targets and impact param-
eters. For central, mid-central, and peripheral reactions
a further average is taken over the impact-parameter
ranges in Table I. The number of nucleons within the
sphere decreases from approximately 180 for peripheral
collisions to 100 for central collisions on Cu. The error
for the deposited energy has been estimated by changing
the radius of the spectator sphere by 10%, using different
intervals when averaging over both time and impact pa-
rameter, and by noting that the energy nonconservation
of the model during 100 fm/c is less than 0.2
MeV/nucleon.

In Fig. 3 we plot the maximum charge in an event, the
fitted z parameter from the charge distribution, and the
mean IMF multiplicity versus the calculated deposited
energy per nucleon. For systems at low energy there is a
heavy residue, a steep charge distribution, i.e., large T: pa-
rameter, and small IMF multiplicity. As the energy in-
creases, the number of emitted IMFs increases, the
charge distribution broadens, and the maximum charge
in an event decreases. At still higher energies, the max-
imum charge in the event becomes quite small and the
multiplicity of IMFs decreases. In their place lighter
fragments are produced as deduced from an increase in

Again, part of these changes at high deposited energy
can be attributed to the decreasing size of the projectile
spectator.

The universal behavior of the experimental results over
the full range of the calculated deposited energy suggests
that this energy might be a significant parameter that
drives the decay of the projectile nucleus. The deposited
energy is model dependent, but this dependence is expect-
ed to affect the scale of the deposited energy, and should
not change the ordering of targets and impact parame-
ters. For reactions leading to excitations of up to —3
MeV/nucleon, the role of the deposited energy in govern-
ing fragment emission has been experimentally estab-
lished [181.

In summary, we have experimentally determined a set
of optimum conditions for the multifragment decay of a
large nucleus. For asymmetric reactions at 600 MeV/
nucleon, multifragment emission is the dominant decay

channel for the most violent collisions on a light target
and for mid-central collisions on a heavy target. In peri-
pheral collisions, a heavy residue and lighter fragments
are observed. In central collisions on heavy targets, only
light fragments are produced. It is now a challenge to
confront the various models of multifragmentation with
these systematics.

The authors thank W. Bauer for the use of the BUU
code and useful discussions. We acknowledge discussions
with R. J. Lenk.

Note added. —After submitting this Letter, we became
aware of recent work that examines the rise of multifrag-
ment emission in Xe+Au collisions at 50 MeV/nucleon
[19].
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