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Abstract

Fragment distributions have been measured for Au+Au collisions at E/A =
100 MeV and 1000 MeV. A high detection efficiency for fragments in nearly

47 geometry was obtained by combining the ALADIN forward spectrometer



system and the MSU-MINIBALL/WU-MINIWALL array. At both energies the
maximum multiplicity of intermediate mass fragments 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 velocity component.
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In collisions between two heavy nuclei with beam energies up to about 100 MeV per
nucleon the maximum multiplicity of intermediate mass fragments (IMFs) is observed in
central collisions [1]. Beyond E/A =100 MeV a steady decline of the mean fragment mul-
tiplicity is seen at small impact parameters [2,3]. The increasing importance of peripheral
collisions for the multifragmentation channel at higher energies was revealed by the obser-
vation 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 expan-
ston velocities of the decaying spectator nuclei are small. Central collisions in symmetric
reactions, on the other hand, exhibit large collective velocities [7-10]. A collective expansion
is expected [11-17] to have a strong influence on the fragment formation process. In this
letter we explore the influence of a rapid expansion on fragment formation by comparing the
fragment distributions for central Au+Au collisions 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/cm? were bombarded with Ay jons
of E/A=100 and 1000 MeV, respectively. The experiment at E/A=1000 MeV was performed
with the ALADIN forward spectrometer system [18] which allowed efficient detection and
identification of projectile fragments with Z>2. At the lower energy, fragment detection
with close to 47 coverage was achieved by combining the ALADIN forward spectrometer
with the MSU-MINIBALL/WU-MINIWALL array. At polar angles of 14.5° < O <160°,
charged particles were detected in 215 plastic-scintillator-CsI(T1) phoswich detectors of the
MINIBALL [19] and MINIWALL. The thin plastic-scintillator foils of the phoswich telescopes
allowed identification of the detected fragments by their element number for laboratory
energles per nucleon between threshold energies of Es /A~ 1.5 MeV (2.5 MeV) and punch-
through 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 resolved for kinetic energies
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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 a 84 element Si-CsI(T1) ho-
doscope placed in front of the magnet. Each of these detector elements consisted of a 300um
thick Si-detector and a 6 cm thick CsI(Tl)-scintillator.

The upper part of Fig. 1 shows the mean observed number of IMFs (3 <Z;ur < 30) as a
function of the reduced impact parameter b. The impact parameter scale was derived from
the multiplicity of light particles at E/A= 100 MeV [3] and Zound at E/A=1000 MeV [21].
At E/A =100 MeV a maximum mean fragment multiplicity of (Nivr) = 10 is detected in
central collisions [3]. The majority of the fragments originate from the interaction region. At
E/A = 1000 MeV, the maximum mean multiplicity of (Nypr) & 5 is seen in peripheral col-
lisions. In this case, the projectile spectator is the dominant 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 (2x 160 participating nucleons in
central collisions with impact parameters b < 4.5 fm at E/A=100 MeV; approximately 150
spectator-nucleons in peripheral events with bx 10 {m at E/A=1000 MeV) is close to one
IMF per 30 nucleons.

The element distribution of fragments produced in collisions corresponding to the maxi-
mum mean IMF multiplicity are compared in the lower part of Fig. 1. The selection criteria
imposed on the impact parameter are indicated by the arrows in the upper part of Fig.
1. Consistent with previous investigations of Au+Au collisions [2] an exponential charge
distribution is observed in central reactions. Although the size of the fragmenting system is
smaller at E/A=1000 MeV, more heavy clusters are produced in peripheral multifragmen-
tation and the Z-distribution shows a power-law behaviour. In the following, we will relate
{his striking difference to the difference in the collective expansion velocity.

Generaily, the fragment momenta g’ may be decomposed into a random, 'thermal’ part
Pihermat, & collective flow contribution Pflow and a momentum provided by the Coulomb

repulsion Peoutoms- In the discussion below we assume a random component which is inde-
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pendent of the position 7 with respect to the center of the decaying system and an ordered
velocity which is proportional to |7] [23,24]. In this case, cross-terms between the collective
and random component vanish on the average and the total mean kinetic energy (F) may

be written as

(E) = (Ethermat) + (Er) (1)

where (Er) reflects the sum of the initial expansive flow and the Coulomb induced motion
[25].

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 influence of an additional collective flow along
the beam axis caused by non-central collisions [27,28,10], these data were obtained from
fragments emitted to cm-angles of ©.,,=90°+10°. Subtracting the mean radial flow energies
(Er/A) given in ref. [10] 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.

The dots in Fig. 2 show the average kinetic energies of fragments produced in peripheral
collisions at E/A = 100*0 MeV. These energies were obtained by converting the widths of
the position distributions perpendicular to the bending plane into an energy by as‘suming
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.

Coulomb repulsion from a system of 150 nucleons at a density of p = 0.1 - 0.5-pp will
lead to an ordered radial motion in the order of 1.7 - 3 MeV per nucleon. Subtracting
this value from the mean energy gives thermal 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 different mass distribution, e.g. if the

fragments are formed by a coalescence mechanism [26]. In order to provide simple analytic
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relations, we consider a self similar flow profile superimposed on a spherical, homogeneous,
thermally decaying system. For simplicity, the density in momentum space is assumed to be
proportional to p52,, where prms 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

3-A
{ps:f;mﬂw (pthermat )2 + (pF120)? @)

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 break-up

temperature T as

thermal _ 3m0T, (3)

prms

where mg 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

Pims = \/(<E/A)ﬂow) : (%)2 - 2me. (4)

Here, (E/A) fiow is the mean flow energy per nucleon, Rg is the radius of the source and Rp
denotes the radius of the spherical coalescence volume of the fragment. For a homogeneous
system the ratio Rp/Rs is given by (Ap/A5)1/3 where Ag stands for the total mass of the
system and Ap is the fragment mass.

In order to compare systems of different mass Ag, we furthermore apply a correction due

to the variation of accessible volume with fragment mass as outlined in ref. [29] and obtain

1/3\ 3
A
(-()7)
34]2
(E/A) ptow [ ap )
(143290 (22)

which depends only on the total mass of the system, As, and the ratio (EJA) fiow [T .

a total reduction factor

f(A57 (E/A>ﬂow/T) =
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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(AS = 130, 0)

Ar) = Sy =520 (BJA) 7T (6)

which compares a system of 150 nucleons having no initial flow (representative for the situa-
tion at E/A=1000 MeV) and a system composed of 320 nucleons with a flow (E/A) fiow/T)
(representing central Au+Au collisions at E/A = 100 MeV). In order to link the calcula-
tions to the observed ratios the curves have been normalized at ArF=6 and plotted assuming
A=2-7.

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 nonuni-
form 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 probability of heavy fragments is especially sensitive to the un-
derlying flow dynamics. A satisfactory description of the measured intensity ratios of these
heavy fragments is obtained for a value (E/A) 100 /T=0.5-0.6. This ratio is in qualitative
agreement with the results of the flow analyéis 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 IMF's 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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FIG. 1. Top Part: Mean multiplicity of detected IMFs with 3<Z<30 produced in Au+Au
collisions at E/A=100 (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.
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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

between the total mean kinetic energy (filled squares) and the flow energy given in ref. (10].
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FIG. 3. Suppression of heavy IMFs due to an expansive flow. The dots represent the ratio
between the charge distributions measured at E/A=1000 MeV and 100 MeV (c.f. 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 flow.
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