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Fragment distributions have been measured for Au + Au collisions at E/A = 100 and 1000 MeV. A
high detection efficiency for fragments was obtained by combining the ALADIN spectrometer and the
MSU-Miniball/WU-Miniwall array. At both energies the maximum multiplicity of intermediate mass
fragments (IMF) normalized to the size of the decaying system is about one IMF per 30 nucleons but
the element distributions show significant differences. Within a coalescence picture the suppression of
heavy fragments in central collisions at E/A = 100 MeV may be related to a reduction of the density
in momentum space which is caused by the collective expansion.

PACS numbers: 25.70.Pq, 24.60.Ky, 25.75.+r

In collisions between two heavy nuclei with beam en-
ergies up to about 100 MeV per nucleon the maximum
multiplicity of intermediate mass fragments (IMFs) is ob-
served in central collisions [1]. Beyond E/A = 100 MeV
a steady decline of the mean fragment multiplicity is seen
at small impact parameters [2,3]. The increasing impor-
tance of peripheral collisions for the multifragmentation
channel at higher energies was revealed by the observa-
tion of the "rise and fall of multifragment emission" in Au
induced reactions at E/A = 600 MeV [4,5].

In peripheral collisions the observed radial motion of
fragments with charge Z ~ 8 can be ascribed to the
Coulomb repulsion between the produced particles [6],
and collective expansion velocities of the decaying spec-
tator nuclei are small. Central collisions in symmetric
reactions, on the other hand, exhibit large collective ve-
locities [7—10]. A collective expansion is expected [11—
17] to have a strong influence on the fragment forma-
tion process. In this Letter we explore the influence
of a rapid expansion on fragment formation by compar-
ing the fragment distributions for central Au + Au colli-
sions at E/A = 100 MeV and for peripheral collisions at
E/A = 1000 MeV.

The experiments were performed at the SIS heavy ion
synchrotron of the GSI facility. ' Au targets with an
areal thickness of 5 and 500 mg/cm2 were bombarded

with '97Au ions of E/A = 100 and 1000 MeV, respec-
tively. The experiment at E/A = 1000 MeV was per-
formed with the ALADIN forward spectrometer system
[18] which allowed efficient detection and identification
of projectile fragments with Z ~ 2. At the lower en-
ergy, fragment detection with close to 4~ coverage was
achieved by combining the ALADIN forward spectrome-
ter with the MSU-Miniball/WU-Miniwall array. At po-
lar angles of 145 ~ O~, b ~ 160, charged particles were
detected in 215 plastic-scintillator-CsI(T1) phoswich de-
tectors of the Miniball [19] and Miniwall. The thin
plastic-scintillator foils of the phoswich telescopes al-
lowed identification of the detected fragments by their ele-
ment number for laboratory energies per nucleon between
threshold energies of E,h/A = 1.5 MeV (2.5 MeV) and
punchthrough energies for the Miniball of E„„/A = 80
(200 MeV) for Z = 2 (Z = 10) particles, respectively
[20]. Light particles with Z = 1 were isotopically re-
solved for kinetic energies larger than about 15 MeV and
energies per nucleon below 80 MeV [20].

Particles emitted to angles between the Miniball/wall
and the ALADIN magnet were detected and separated
according to their element number in an 84 element Si-
CsI(T1) hodoscope placed in front of the magnet. Each
of these detector elements consisted of a 300 p, m thick Si
detector and a 6 cm thick CsI(Tl) scintillator.
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FIG. 1. Top part: Mean multiplicity of detected IMFs
with 3 ~ Z ~ 30 produced in Au + Au collisions at
E/A = 100 MeV (left scale) and 1000 MeV (right scale) as
a function of the reconstructed impact parameter b. b = 1

corresponds to an impact parameter of about 15 fm. The
lower part shows the charge distributions observed in the
impact parameter range of maximum mean IMF multiplicity
(indicated by the arrows in the upper part of the figure). The
lines represent an exponential and power-law fit to the Z
distributions.

The upper part of Fig. 1 shows the mean observed num-
ber of IMFs (3 ~ ZiMF ~ 30) as a function of the reduced
impact parameter b. The impact parameter scale was de-
rived from the multiplicity of light particles at E/A =
100 MeV [3] and Zq, „„d at E/A = 1000 MeV [21]. At
E/A = 100 MeV a maximum mean fragment multiplic-
ity of (NiMF) = 10 is detected in central collisions [3].
The majority of the fragments originate from the interac-
tion region. At E/A = 1000 MeV, the maximum mean
multiplicity of (NiMF) = 5 is seen in peripheral colli-
sions. In this case, the projectile spectator is the domi-
nant source of the IMFs. Correcting these numbers for
the detection efficiency [22], we find that in both cases
the maximum IMF multiplicity normalized to the size
of the decaying system is close to one IMF per 30 nu-
cleons. (Adopting a participant-spectator geometry [23],
the decaying system is composed of 2 X 160 participat-
ing nucleons in central collisions with impact parameters
b ~ 4.5 fm at E/A = 100 MeV and of approximately 150
spectator nucleons in peripheral events with b = 10 fm at
E/A = 1000 MeV. )

The element distribution of fragments produced in col-
lisions corresponding to the maximum mean IMF mul-
tiplicity are compared in the lower part of Fig. 1. The
selection criteria imposed on the impact parameter are in-
dicated by the arrows in the upper part of Fig. 1. Consis-
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FIG. 2. Mean kinetic energy per nucleon with respect to the
center of mass of the decaying system as a function of the
fragment charge for peripheral Au + Au collisions at E/A =
1000 MeV (dots) and central reactions at E/A = 100 MeV
(squares). The open squares show the difference [29] between
the total mean kinetic energy (filled squares) and the flow
energy given in Ref. [10].

tent with previous investigations of Au + Au collisions
[2] an exponential charge distribution is observed in cen-
tral reactions. Although the size of the fragmenting sys-
tem is smaller at E/A = 1000 MeV, more heavy clusters
are produced in peripheral multifragmentation, and the Z
distribution shows a power-law behavior. In the follow-
ing, we will relate this striking difference to the difference
in the collective expansion velocity.

Generally, the fragment momenta p may be decom-
posed into a random, "thermal" part p, h,„,~, a collective
Bow contribution pt-~, , and a momentum provided by the
Coulomb repulsion pc„„~, h. In the discussion below we
assume a random component which is independent of the
position r" with respect to the center of the decaying sys-
tem and an ordered velocity which is proportional to ~i".

~

[24,25]. In this case, cross terms between the collective
and random component vanish on the average, and the
total mean kinetic energy (E) may be written as

(E) = (Ethermai) + (EF)

where (EF) reflects the sum of the initial expansive flow
and the Coulomb induced motion [26].

The filled squares in Fig. 2 show the mean kinetic
energies per nucleon of fragments at E/A = 100 MeV as
a function of the fragment charge for central collisions
selected by b ~ 0.33 (see Fig. 1). In order to minimize
the infIuence of an additional collective How a1ong the
beam axis caused by noncentral collisions [10,27,28],
these data were obtained from fragments emitted to
c.m. angles of 0, = 90' ~ 10 . Subtracting the mean
radial liow energies (EF /A) [29] from the observed
mean kinetic energies yields the values for the remaining
random kinetic energies per nucleon shown by the open
squares in Fig. 2.

39



VOLUME 74, NUMBER 1 PHYSICAL REVIEW LETTERS 2 JANUARY 1995

The dots in Fig. 2 show the average kinetic energies
of fragments produced in peripheral collisions at E/A =
1000 MeV. These energies were obtained by converting
the widths of the position distributions perpendicular to
the bending plane into an energy by assuming an isotropic
decay in the projectile frame [5]. Since this procedure
neglects any possible collective transverse motion of the
decaying projectile fragments, the given values represent
upper limits for the mean kinetic energies.

Consistent with a recent analysis of Au induced col-
lisions at about 1 GeV per nucleon [30] mean collective
bounce-off momenta observed at b = 10 fm vary between
approximately 32 MeV/c per particle in Au + Au colli-
sions at E/A = 400 MeV [31]and 25 MeV/c per nucleon
in Au + Pb collisions at E/A = 600 MeV [6] and indi-
cate collective transverse energies of 1 —2 MeV per nu-

cleon. Coulomb repulsion from a system of 150 nucleons
at a density of p = (0.1 —0.5)po will lead to an ordered
radial motion in the order of 1.7—3 MeV per nucleon.
Subtracting these values from the mean energy gives ther-
mal energies which are compatible with those extracted
for E/A = 100 MeV. However, the two systems differ
substantially with regard to the magnitude of collective
expansion velocities.

A difference in collective velocities will lead to a differ-
ent mass distribution, e.g. , if the fragments are formed by
a coalescence mechanism [32]. In order to provide simple
analytic relations, we consider a self-similar How profile
superimposed on a spherical, homogeneous, thermally de-
caying system. For simplicity, the density in momentum
space is assumed to be proportional to p, 3„where p, ,
denotes the rms —momentum of the nucleons at freeze-
out. The probability that a fragment of mass number A is
formed in collisions which exhibit a flow is then reduced
by the factor

In order to compare systems of different mass A&,
we furthermore apply a correction due to the variation
of accessible volume with fragment mass as outlined in
Ref. [33] and obtain a total reduction factor

f(A, ,(E/A)„../T) =
[1+ 3(&E/A& ~ /T)(A /A )'~ ']-'"~'-

(5)

which depends only on the total mass of the system, A~,
and the ratio (E/A) ft /T.

The observed ratio between the two distributions shown
in Fig. 1—normalized at Z = 3—is given in Fig. 3 by
the dots. The lines in Fig. 3 show the ratio

f(A$ = 150, 0)
f(A = 320, (E/A), .„/T)

which compares a system of 150 nucleons having no
initial liow (representative for the situation at E/A =
1000 MeV) and a system composed of 320 nucleons
with a liow ((E/A)rt, „/T) (representing central Au + Au
collisions at E/A = 100 MeV). In order to link the
calculations to the observed ratios the curves have been
normalized at AF = 6 and plotted assuming A = 2Z.

Our schematic coalescence model demonstrates that
fragment formation may not only depend on the (local)
temperature and density, but that it can be strongly
affected by nonuniform collective velocity components.
Thus, in the presence of a rapid collective expansion,
static statistical models must be modified to incorporate
such effects. The calculations indicate that the formation

20

[ thermal/g( thermal)2 + ( flow)2]3A (2)

in comparison to a situation without flow but the same
freeze-out temperature. The thermal momentum width of
the nucleons at freeze-out may be expressed in terms of
the breakup temperature T as

therma 1 Q3 T (3)
where mo denotes the nucleon mass. For a self-similar
expansion the flow contribution across the volume which
fuses into a fragment is independent of the location of the
fragment and is given by

II

E
0 10

R
p,'", = ((E/A)rt, ) 2mo.

Rs
(4) 2 4 6 8 10 'l2 14 16

Here, (E/A)rt„„ is the mean flow energy per nucleon, R$
is the radius of the source, and RF denotes the radius
of the spherical coalescence volume of the fragment.
For a homogeneous system the ratio RF/R$ is given by
(AF/A$)'~~, where A$ stands for the total mass of the
system and AF is the fragment mass.

FIG. 3. Suppression of heavy IMI s due to an expansive How.
The dots represent the ratio between the charge distributions
measured at E/A = 1000 MeV and 100 MeV (cf. bottom part
of Fig. 1). The full lines are results of a simple (analytic)
coalescence model which considers the reduction of the density
in momentum space due to a radial How.
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probability of heavy fragments is especially sensitive to
the underlying How dynamics. A satisfactory description
of the measured intensity ratios of these heavy fragments
is obtained for a value (E/A)fi, „/T = 0.5 —0.6. This ratio
is consistent [29] with the results of the liow analysis for
light fragments Z ( 6 reported in Ref. [10].

In summary, increasing the incident energy from 100
to 1000 MeV per nucleon for the symmetric system
Au + Au, the peak of the fragment multiplicity was found
to shift from central to peripheral collisions. At the same
time the source from which the majority of fragments
originated changed from the interaction region to the two
spectator nuclei. Despite this difference the number of
IMFs normalized to the size of the decaying system is
nearly the same in both reactions and amounts to about
one IMF per 30 nucleons. The element distributions,
on the other hand, are significantly different and change
from an exponential shape at 100 MeV per nucleon to
a power-law behavior at 1000 MeV per nucleon. This
dissimilarity could be related to the density in momentum
space, which is reduced for central collisions at E/A =
100 MeV because of the high value of expansive flow.
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