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Collective Motion in Selected Central Collisions of Au on Au at 1504 MeV
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Using the FOPI facility at GSI Darmstadt, complete data of Au on Au collisions at 1504 MeV
were collected for charged products (Z = 1-15) at laboratory angles 1° < Oy, < 30°. Central
collisions were selected by applying various criteria. The kinetic energy spectra of fragments from
an isolated midrapidity source are investigated in detail for center-of-mass angles 25° < ©¢ . <
45°. The heavy products (Z >3) are used to determine the collective energy which is found to be
at least 104 MeV.
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The origin of transverse flow observed in collisions of
nuclei at intermediate energies (50-10004 MeV) is at
present a highly debated issue. It may involve differ-
ent phenomena, e.g., (i) the release of compressional en-
ergy [1-3], (ii) momentum dependent forces [4], (iii) in-
medium cross sections [5], and (iv) the thermal pressure
burst [6].

For not too small impact parameters, where the pres-
ence of a reaction plane can be determined experimen-
tally, the flow of matter was observed in plane (“side
splash” (7], directivity [8]) and out of plane (“squeeze
out” [9] ). Mostly light charged particles (p, @) but partly
also clusters (Z > 3) were measured; the latter were
claimed to carry a clearer signal of the collective motion
[10]. The presence of flow was deduced from transverse
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momentum analysis [11] and from the observed azimuthal
distributions.

Little is known about flow for small impact parame-
ters towards the very central collisions (b —0): in such
a situation the reaction plane disappears, the azimuthal
distributions become isotropic, and the normal flow anal-
yses are not applicable any more. However, central col-
lisions are particularly interesting since, for them, stop-
ping, compression, and equilibration are expected to be
largest and all the initial kinetic energy is deposited into
“one source” located at midrapidity [12]: this greatly
simplifies the collision dynamics, reduces surface effects,
and enhances volume effects. For b — 0, pronounced
flow effects were predicted by hydrodynamical calcula-
tions [13] and earlier attempts to explain various data
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[14-16] lead to estimates as high as 40% for the compres-
sional energy at highest density [17].

In this work we extract for the first time directly from
experiment the amount of collective energy present in the
exit channel of central collisions. Using the 47 detector
FOPI [18] a comprehensive measurement was performed
at GSI Darmstadt for the reaction Au on Au at 1504
MeV. The setup consisted of a high granularity time-of-
flight wall (764 scintillators), supplemented with an inner
shell of thin energy-loss detectors (188 elements), cover-
ing laboratory polar angles of 1° < 6}, < 30° over the
full azimuth and allows element identification of charged
particles (Z < 15) with detection thresholds increasing
for Z = 1 to 15 from 14A to 50A MeV, respectively. The
amount of collective energy is extracted from the mean
kinetic energy of the heavy products (3 < Z < 8).

The extraction of a collective flow in central collisions
depends on how well a representative event sample of
central collisions can be selected by applying specific cri-
teria. In a previous Letter [12] we have presented for the
same set of data a new way to isolate an event sample
of 40 mb cross section of central collisions, based on a
combined multiplicity and directivity cut. While proving
the existence of this midrapidity source of clusters this
method is not able to prepare event samples with aver-
age impact parameters below 2 fm. In this Letter we want
to address the expansion dynamics of very central colli-
sions with the need to study the centrality dependence
down to the smallest accessible impact parameters. For
this purpose we use in the following the stopping variable
Eq¢ defined by Erae = >, E1 i/ Y ; Ej,; [the sum runs
over the forward hemisphere of the center-of-mass sys-
tem (c.m.s.) for all products detected in an event]. This
quantity was found to give good selectivity and due to its
exponential distribution allows for a continuous variation
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FIG. 1. Experimental rapidity plot for fragments with
charge 3 < Z < 8 for E;a; > 0.8. Different fragments enter
weighted with their respective element number. The contour
lines represent cuts in invariant cross section (linear scale).
The transverse momentum and rapidity scales are normalized
as follows: p{” = (p./A)/(p5™ /Ape) and y© = (y) /5™, re-
spectively, where p: and y are center-of-mass quantities; the
index pr denotes projectile quantities. The solid lines indicate
the detector boundary angles and the hatched area represents
the energy threshold for Z = 6 products. The dotted circles
denote constant energies per nucleon in the center of mass (1,
9, and 284 MeV, respectively).

down to azimuthally symmetric events [19-22] with van-
ishing directivity, thus giving access to very small impact
parameters.

Cutting at a moderate value of E.,; > 0.8 correspond-
ing to an integrated cross section of 90 mb and hence to a
sharp-cutoff geometrical impact parameter of bge, = 1.8
fm results in the rapidity plot of Fig. 1: it indicates the
presence of a single source centered at midrapidity. We
show in the following that even when including the effects
of the selection criteria and the detection biases the mea-
sured kinetic energy distributions of heavy fragments can
only be explained by introducing a collective flow com-
ponent of at least 104 MeV.

This claim is inspired by the inspection of the invari-
ant kinetic energy spectra in Fig. 2. It directly reveals a
nonthermal component: while the hydrogen spectrum is
compatible with a thermal scenario as obtained by mod-
eling a hot single source of total system mass and total
available energy by an extended FREESCO [23] simulation
including Coulomb interaction [24] (dotted histograms),
this model completely fails to explain the large kinetic
energies of the heavier fragments. This deficiency can
be cured in the framework of a simple blast scenario
[3,14,22,24,25] which divides the energy into a collective
and a thermal component. Assuming for simplicity a lin-
ear and isotropic profile for the collective velocity distri-
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FIG. 2. Invariant kinetic energy distributions [d2M/
(pdE dQ)] in the center of mass, normalized by the number
of events for different elements Z = 1, 3, and 5. The rest
mass of the proton is denoted by mo and the momentum of
the products by p. The experimental data (open triangles),
integrated over the c.m. angular range from 25° to 45°, have
been obtained for E;a; > 0.9. Results from the statistical
model FREESCO [24] are shown by the dotted histograms. The
solid histograms are obtained from a QMD simulation [2]; the
dashed curves are given by a fit making use of an explosion
scenario [22].
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bution [1,3] the optimization of just one parameter, the
average flow velocity, yields the dashed lines in Fig. 2. A
flow value of (18 + 2) A MeV describes the data best, the
indicated uncertainty reflects variations when the fit is
restricted to different polar angle bins.

The conjecture that the spectral shape is dominated
by a radial collective flow component is, however, only
convincing, if the biases of the event selection can be
controlled. The comparison with a simple one-source sce-
nario is only valid for very central collisions (b — 0) which
occur with vanishing probability in nature. Therefore
residual anisotropies with respect to the reaction plane
are unavoidable. On the E;,; scale employed in this Let-
ter, the sideward flow has a maximum at E,,; = 0.5 [(b)
~ 4fm, see Fig. 3(c)] with an average directed transverse
flow energy of 0.8A4 MeV, decreases almost linearly with
E.,: and disappears for E,¢ =~ 1.2 [20,21]. For the con-
sidered c.m. angular range the anisotropies of heavy clus-
ters (6 < Z < 8) which display the sideward flow effects
most strongly [10], are summarized in Fig.3: The his-
tograms in panel (b) give azimuthal distributions with
respect to the reaction plane, calculated by the trans-
verse momentum method [11], for two E,, bins. Panel
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FIG. 3. Panel (a) shows for fragments with charges
6 < Z < 8 the average kinetic energies in the angular range
from 25° to 45°. Filled (open) circles represent data (QMD
simulations [2]) at an azimuthal angle of 90° + 45° with re-
spect to the reaction plane; the upper and lower borders of
the hatched (shaded) area show the corresponding values at
0° £ 45° and 180° =+ 45°, respectively. Panel (b) displays
for two Erat bins, 0.7 < Erat < 0.8 (solid line, diamonds)
and Et > 0.9 (dashed line, circles), the azimuthal distri-
butions with respect to the reaction plane; histograms corre-
spond to data, symbols to QMD simulations. Panel (c) shows
the dependence of the average impact parameter as a function
of Erat (solid line), with an additional directivity cut (dash-
dotted line), and the average E:,, as a function of the impact
parameter (dashed line) within the QMD calculation. Panel
(d) displays the average kinetic energies per nucleon as a func-
tion of the impact parameter and the azimuthal orientation
within the QMD calculation.
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(a) shows the variation of the mean kinetic energies per
nucleon (E)/A with Ei,¢. The dependence of the mean
kinetic energies on the FE;,; selection is comparatively
weak: the (E)/A values decrease by less than 30% in
the E,,; range considered, whereas the anisotropy of the
azimuthal distribution [panel (b)] drops by a factor of 2
when E,,; changes from 0.75 to 1.

These observations can be explained in the framework
of an exploding source with a nonspherical shape caused
by finite values of the impact parameter. The consis-
tency of the picture is supported by the comparison to a
dynamical model calculation that allows us to study the
selection and detection efficiency effects. We refer to the
same QMD calculation [2] that was already used in [12]
to explain the directivity selection. In its version with a
hard equation of state, without momentum dependence,
and with parametrized G-matrix cross sections [26] it is
very successful in the E.,; distribution, the correlation of
directed flow with stopping, and the clusterization [20].
For the observables discussed in Fig. 3 the model almost
quantitatively predicts the azimuthal distributions [open
symbols in Fig. 3(b)] as well as the difference of the mean
kinetic energies for the different orientations with respect
to the reaction plane [open circles and shaded area in Fig.
3(a)]. The explanation of the observed trends is offered
in the lower panels of Fig. 3: the average impact pa-
rameter (b) of the event sample accessible with the E,,;
selection is given by the solid line in panel (¢). While
(b) is monotonically decreasing with increasing E.,;, for
the larger F.,; values the selection efficiency is getting
very small, since the average FE;,; value for central col-
lisions (b —0) in this model is 0.9 [dashed line in panel
(c)]. Following the model predictions the E,,; selection,
even in the tail, is limited to average impact parameters
of (b) > 1.2 fm. Impact parameters of (b) ~ 1fm would
be required, however, in order to observe azimuthal sym-
metry as shown in terms of the average kinetic energy
in panel (d). The experimentally observed mean kinetic
energies displayed in panel (a) are thus still affected by
noncentral reactions, but the trends visible in panels (a)
and (d) indicate that the value for b = 0 is within the
boundaries of the shaded area. The calculation also sug-
gests that an additional directivity cut [dash-dotted line
in panel (c)] would lower the average impact parameter
to values where the azimuthal anisotropy in the mean ki-
netic energy is below 20% and the symmetric component
can be extracted almost directly.

The summary of these trends for the highest E,; bin
is shown in Fig.4 in terms of the mean kinetic energy
(E)/A as a function of the fragment charge Z. The
data, given by the solid line (Eyay > 0.9 with 0 = 45
mb) and the filled circles (Eae > 0.9 and D < 0.2 with
o = 15 mb) are compared to the QMD predictions apply-
ing the same cuts (dashed line and open circles). The
model slightly underpredicts the experimental values by
5A to 2A MeV for fragments between Z =3 and Z = T.
Comparison to the dotted curve representing the “ther-
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FIG. 4. Experimental results for the Z dependence of
(Ekin)/A are compared with the results from the QMD calcu-
lations [2] for E:ax > 0.9 alone and an additional directivity
cut. As a reference FREESCO results for a thermal scenario
[24] and central QMD results are also shown.

mal 4+ Coulomb” scenario [24] allows the conclusion that
for clusters with Z > 2 at least (10+1)A MeV are car-
ried away by an azimuthally symmetric low component.
This value is obtained as an average for 6 < Z < 8 by
extrapolating the selected data sample to fully central
events on the bases of the difference between QMD pre-
dictions for central (b < 0.8 fm, dashed-dotted line) and
E;q¢ selected collisions. When the FREESCO predictions
are subtracted from these exptrapolated energy values,
the remaining energy amounts to ~30% of the available
energy in the c.m.s. The flow energies deduced by this
method for lighter fragments are even higher, e.g., for
Z = 3 one obtains 184 MeV. Some limitations of the
current analysis should be mentioned, however: (a) the
estimate of the flow energy is only valid for the angular
range examined. It is very possible as the model cal-
culation predicts that the flow energies are even larger
at the larger polar angles. (b) The mass dependence of
the flow pattern is not taken into account. Other analy-
ses focusing more on the transverse part of the collective
flow are currently underway to examine the phase space
configuration of the expanding system [27).

In summary, during the final stage of the interaction,
in central collisions of Au on Au at 1504 MeV, a sur-
prisingly large fraction of the initial kinetic energy, i.e.,
more than 104 MeV (>30%), is found in the collective
motion of the outstreaming matter. The kinetic energy
per particle is at least an order of magnitude larger than
the maximal directed transverse energy deduced from the
sidewards flow and is most directly visible in the kinetic
energy spectra of clusters. Coulomb repulsion and ther-
mal motion represent a minor part in the energy balance.
The small thermal energy implied as a leftover from the
collective part helps us to understand the observed rel-

atively large cluster yield but it is still too high when
compared to global equilibrium statistical model predic-
tions obtained by fitting the yield distribution [20,28].
The observed large flow component raises serious doubts
whether these global thermodynamical concepts can sup-
ply the framework for even the relatively simple case of
central collisions. These data should represent a valuable
test bench of elaborated dynamical models, e.g., [2], [4],
(6], and [29].
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FIG. 1. Experimental rapidity plot for fragments with
charge 3 € Z < 8 for Era > 0.8. Different fragments enter
weighted with their respective element number. The contour
lines represent cuts in invariant cross section (linear scale).
The transverse momentum and rapidity scales are normalized
as follows: p{” = (pe/A)/(P5™ /Ap:) and Y@ = (y) /5™, re-
spectively, where p; and y are center-of-mass quantities; the
index pr denotes projectile quantities. The solid lines indicate
the detector boundary angles and the hatched area represents
the energy threshold for Z = 6 products. The dotted circles
denote constant energies per nucleon in the center of mass (1,
9, and 28A MeV, respectively).
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FIG. 3. Panel (a) shows for fragments with charges
6 < Z < 8 the average kinetic energies in the angular range
from 25° to 45°. Filled (open) circles represent data (QMD
simulations [2]) at an azimuthal angle of 90° + 45° with re-
spect to the reaction plane; the upper and lower borders of
the hatched (shaded) area show the corresponding values at
0° + 45° and 180° + 45°, respectively. Panel (b) displays
for two Era: bins, 0.7 < Fiax < 0.8 (solid line, diamonds)
and Ers¢ > 0.9 (dashed line, circles), the azimuthal distri-
butions with respect to the reaction plane; histograms corre-
spond to data, symbols to QMD simulations. Panel (c) shows
the dependence of the average impact parameter as a function
of E:at (solid line), with an additional directivity cut (dash-
dotted line), and the average E;a¢ as a function of the impact
parameter (dashed line) within the QMD calculation. Panel
(d) displays the average kinetic energies per nucleon as a func-
tion of the impact parameter and the azimuthal orientation
within the QMD calculation.



