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Interplay of collective flow phenomena and velocity correlations of intermediate-mass
fragments in collisions of Au + Au at E=(100—400)A Mev
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Velocity correlations of intermediate mass fragments (IMF), produced in collisions of Au + Au
at 100, 150, 250, and 400' MeV beam energy, are extracted from measurements with the 4' de-
tector system (FOPI) in construction stage I at Schwerionen-Synchrotron (SIS) at the Gesellschaft
fiir Schwerionenforschung (GSI) in Darmstadt. The IMF correlation functions of peripheral and
semicentral events are found to be strongly afFected by the collective sideward motion of nuclear
matter. The sideshow causes an enhancement of correlations at small relative velocities. This en-
hancement results from the mixing of difFerently azimuthally oriented events; it vanishes if the events
are rotated into a unique reaction plane. Selecting violent central collisions, the comparison of the
data with a Coulomb dominated Anal-state interaction model points to a radius of the expanding
and multifragmenting source of B, 13 fm for lOOA MeV which appears shrinking by 20%%up when
increasing the projectile energy to 400 MeV per nucleon. The deduced source radii are found to
depend on the radial explosion energy used in the model. The inclusion of such a collective expan-
sion is necessary for a reasonable description of the experimental single-particle spectra of the IMF.
The unique Coulomb suppression of small relative IMF velocities, found for the given beam energy
range, is attributed to rather constant averaged newt-neighbor distances (dqMp) = 8.6 + 0.2 fm of
the IMF charge centers within the source at breakup time.

PACS number(s): 25.70.Pq

I. INTRODU CTION

Multifragmentation with the disintegration into a sub-
stantial number of intermediate mass fragments (IMF's)
with charges g & 3 is a well-con6rmed decay channel of
highly excited systems formed in violent nucleus-nucleus
collisions [1—6]. Some details of the fragment formation
process may be understood in the framework of statis-
tical models [7—10], where the degree of clusterization
dependent on the internal excitation of the system can

be investigated. On the other hand, complete dynamical
models are more appropriate for the interpretation of col-
lective flow phenomena and cluster production [ll—14].

Recent investigations of such heavy systems as gold on
gold at beam energies above the so-called balance energy
of about 60A MeV [15,16] have shown that the IMF's,
more sensitively than light charged particles, carry spe-
cific information on the collective sideward How of nu-
clear matter at semicentral collisions [17—19] as well as
on the expansion (or even explosion) of the system for
more compact collisions [20—22]. Since collective Row is
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preferentially visible in the IMF momentum space dis-
tributions, this finding can be established by studying
single-particle observables and their dependences on the
nuclear charge or mass under exclusive conditions.

Two-particle IMF observables are of decisive impor-
tance for the understanding of not only the collision
dynamics in momentum space, but also for the space-
time extent of the disassembling excited nuclear matter.
IMF's mainly experience repulsive final-state Coulomb
interaction, which prevents the proximity of such par-
ticles in momentum space. This has important conse-
quences for relative-velocity and relative-angle correla-
tion functions. The study of the degree of suppression
of small relative velocities or relative angles d.elivers in-
formation about the space-time structure of the source
which emits the reaction products.

At beam energies well below 100 MeV per nucleon
such investigations point to source lifetimes in the or-
der of several hundred fm/c [23—26] which is suggested
to be an indication of a sequential decay of a compound-
nucleus-like system. The dominance of a more instan-
taneous multi&agmentation process is predicted by the-
oretical models in reactions of heavy nuclei at energies
E 10GA MeV [7,8]. Indeed, in recent measurements
of central collisions of the system Ar + Au a system-
atic decrease of the multi&agmentation time scale &om
about 100 fm/c to 50 fm/c is found if the beam energy is
increased from 35A to 110A MeV [27]. Multifragment
emission time scales of & 100 fm/c are also found in
Xe (50A MeV) + " Cu and in Kr [(35—75)A MeV] +
Nb collisions, respectively [28,29]. For central Au + Au
collisions at beam energies E & 150A MeV the typical
time scale of the particle emission from an expanding
and multi&agmenting source is estimated to be less than
30 fm/c [30]. It is obvious that the multifragmentation
process can be considered as nearly instantaneous on the
scale of the typical Coulomb interaction time of the frag-
ments i~ „i 10 s =300 fm/c [31]. Thus, the prob-
lem of disentangling time scales vs spatial source scales,
which needs to be tackled in reactions at lower beam
energies, tends to become less significant in central col-
lisions at higher bombarding energies. At high excita-
tion energy this is demonstrated recently in the reaction
o.(3.6A GeV) + Au [32].

Two-body observables are sensitive to collective
modes. In Ref. [33] the authors study the inHuence of
rotational collective motion and sideward How onto az-
imuthal angle correlation functions measured for the sys-
tem Ar+Sc at (35—110)A MeV beam energy. It is sug-
gested that multifragment azimuthal correlations carry
some information on the intermediate-energy reaction
dynamics.

The influence of the transversal collective motion on
correlation functions as well as the sensitivity of the
freeze-out radius information to the radial expansion
have been investigated in Ref. [34], where for the first
time IMF-IMF relative-velocity and azimuthal relative-
angle correlations are studied for central collisions of such
a heavy system as Au + Au at 150A MeV. Here, this
investigation is continued in the sense of a systematic
study of the excitation function of two-particle IMF-IMF

observables over the projectile energy range (100—400)A
MeV. We present experimental two-particle yields and
correlation functions of collisions selected according to
their centrality which are compared with an N-body
Coulomb trajectory model incorporating necessary de-
tails of the expansion scenario. We also attempt to ex-
tract nonspherical breakup geometries by looking for di-
rectional effects, i.e. , differences of the correlation func-
tions parallel and transversal to the sideward flow direc-
tion.

Our paper is organized as follows. In Sec. II the experi-
mental setup is shortly described. Section III presents the
event classification which is used for appropriate impact
parameter sampling. Section IV defines the construction
of two-particle correlation functions which are the rele-
vant observables discussed in the present work. In Sec. V
we show the experimental results of IMF-IMF correlation
functions for the system Au + Au at different beam en-
ergies and for various event samples. An interpretation
of these results by utilizing N-body Coulomb trajectory
calculations is presented in Sec. VI. The inHuence of az-
imuthal anisotropies is discussed in Sec. VII. Finally, the
experimental results and their interpretations are sum-
marized in Sec. VIII.

II. EXPERIMENTAL SETUP

The data are taken by the highly granular outer plastic
wall in a phase I measurement of the 4'-detector system
FOPI at the heavy-ion synchrotron SIS at GSI Darm-
stadt [38]. The octogonally symmetric outer wall, which
consists of 8 radial sectors, covers the polar angles 7 to
30' with 512 scintillator strips, each of them providing
an energy loss and time-of-fight signal. Low detection
thresholds are achieved with the help of a shell of ion-
ization chambers in front of the outer plastic wall which
deliver additional energy loss information. Element iden-
tification is possible for charges Z & 15 with typical de-
tection thresholds of 15A and 50A MeV for Z = 1 and 15,
respectively. A helium-ulled bag reduces energy losses
and interactions of reaction products on their way be-
tween the target and wall. The measured velocities are
corrected for the energy loss in different media passed
by the particles, including the gold targets themselves,
which had thicknesses of 50, 100, 150, and 200 pm cor-
responding to 0.25%, 0.5%, 0.75%, and 1.0% interaction

Recently, differences between longitudinal and transversal
correlation functions have been observed not only for two-
proton correlations in the reactions Ar + Sc at 804 MeV
and Xe + Al at 31A MeV [35] but also for two-fragment
correlations in the reaction Ar + Au at 50A MeV [36]
which seem to confirm the suggestions that two-body IMF
observables may contain signatures of various breakup geome-
tries (e.g. , toroids or disk-shaped nuclear configurations) pre-
dicted in theoretical investigations of the multifragmentation
at intermediate-energy heavy-ion collisions [37].
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probabilities at 100A, 150A, 250A, and 400A MeV beam
energies, respectively. Double counting of one and the
same particle caused by the tiny geometrical overlap of
two strips or a nuclear reaction of the &agment in the
detector material is mainly excluded in the off-line anal-
ysis. Typical relative-velocity resolutions of IMF pairs of
o (~vi —v2~) & 0.005c are estimated [34].

III. EVENT CLASSIFICATION

Events are classified by different binning procedures
[4,39]. We can use the multiplicity of all charged parti-
cles seen in the outer plastic wall. This particle multiplic-
ity (PM) distribution shows a typical flat plateau and a
steep falloff at higher multiplicities. It is divided into five
bins PM1—PM5. The highest-multiplicity bin PM5 starts
at half the plateau value corresponding to an integrated
cross section of about 250 mb and impact parameters
of b/b „& 0.2 in a sharp cutoff approximation. (For
the maximum impact parameter of a Au + Au collision
of two touching spheres one has b „15fm. ) The re-
maining multiplicity range is subdivided into four equally
spaced intervals. [For the integrated (geometrical) cross
sections of the multiplicity bins at various beam energies
see Ref. [40].] We exclusively analyze events which are
preselected with the charged particle multiplicity gates
PM3—PM5 (b/b „&0.5) in order to suppress nontarget
interactions which mainly contribute to the lower multi-
plicities.

The double selection of small values (typically
D (0.15—0.25; cf. Ref. [19])of the transverse momentum
directivity D =

~ g, g7~;~/ P; ~p~;~ [the sums run over all
charged particles with polar angles 1 & Oi b & 30 de-
tected in the forward hemisphere of the center-of-mass
(c.m. ) system] together with the high-multiplicity cut
PM5 can be used to select high-centrality events with
large observed azimuthal symmetry, however, at the cost
of a further reduction of the integrated cross section down
to a value of about 50 mb.

Finally, the ratio of total transverse and longitudinal
c.m. kinetic energies E, i ——g,. E~,/ P,. E~~; is found to
be a much more effective centrality measure (the sums
run again over all charged particles with polar angles
1 & oi b ( 30' detected in the forward c.m. hemisphere)
[19,39]. Already the single cut ERAT5 (for 100A, 150A,
250A 400A MeV defined by Ez'& & 0 76) 0 74) 0 72) 0 70)
respectively) with about the same integrated cross sec-
tion as in PM5 events selects a pronounced IMF source
at midrapidity, in a very similar way as the double cut
PM5 and D & 0.2 does on a much less statistical level.
Recently, most violent collisions with averaged impact
parameters below 1.5 fm have been selected for 150A
MeV applying the strong double event selection crite-
rion E, t ) 0.9 and D & 0.2 [21]. The selection of such
small impact parameters would be particularly interest-
ing since recent calculations [41,42] performed within the
Boltzmann-Uehling-Uhlenbeck (BUU) [43] and quantum-
molecular-dynamics (@MD) approaches [12,13] predict in
this region a transition of the momentum space config-
uration &om prolate to oblate shapes. Experimental in-
vestigations applying new methods of event sampling in

TABLE I. Number of events selected by the criteria
PM3—PM5 and ERAT5 and number of coincident IMF pairs
contained in those event classes for di8'erent projectile ener-
gies.

Projectile energy
E/A [MeV]

100
150
250
400

PM3—PM5
events

1.2 x 10'
2.7 x 10'
1.7 x 10
1.8 x 10

PM3-PM5
IMF pairs
3.4 x 10
8.5 x 10
46x10
2.6 x 10

ERAT5
events

0.8 x 10
15x10
1.8 x 10
15x10

ERAT5
IMF pairs
3.7 x 10
89x10
62x10
30x10

IV. CORRELATION FUNCTION

Let Yq2(vi, v2) be the coincidence yield of IMF pairs
with charges Z1, Z2 and. velocities v1, v2. Then the two-
particle correlation function is defined as [23]

prevents, pairs i2(» 2)~ Y ~v v
+ V1) V2

events, pairs +iz, mix(Vi& 2)

The sum runs over all events and pairs fulfilling certain
selection criteria (see Sec. III). Event mixing, denoted
by the subscript "mix," means to take IMF No. 1 and
IMF No. 2 out of different events. We only mix events
found within the same event class. A is a normalization
factor fixed by the requirement to have the same number
of true and mixed pairs. The correlation function (1) is
either projected onto the relative velocity

V12 V12 = V1 V2

or onto the relative azimuthal angle in the plane perpen-

view of the isolation of those collisions with maximum
stopping and preferential transverse expansion [14] are
under consideration [44].

However, such high-centrality cuts are for practical
reasons of available statistics not useful in view of cor-
relation analyses. Therefore, in the present paper, we
restrict ourselves to ERAT5 events, i.e., to rather cen-
tral collisions, for which typical averaged geometrical im-
pact parameters of (b) 2.2 fm are elucidated [4,40].
(For 150A MeV a slightly different determination of the
averaged impact parameter of the ERAT5 event class,
(b) 2.5 fm, is derived in Ref. [21] where the E, t distri-
bution of impact-parameter-weighted @MD calculations
[12] is investigated. ) It is obvious that even in these
rather central collisions residual azimuthal anisotropies
resulting from the presence of a finite (about 50% of the
maximum value [19,45]) sideward flow are present.

Further information on one-body observables and on
various event characterizations can be found in Refs.
[4,19—21,39,40,45,46]. In Table I the number of events
selected by the criteria PM3—PM5 and ERAT5 and the
number of coincident IMF pairs contained in those event
classes are summarized for the four projectile energies
under consideration.
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dicular to the beam direction,

cos
v~lVL2 j

1.5 150 AMeV Au+Au
5 0.075
I
I~ 0.050

D

- 0.025

150 AMeV Au+Au

Besides the above-mentioned global event characteristics
we use gate conditions on the normalized rapidity y~ ~ =
(y/y~, i), or on the angle ( between vi2 and the pair
velocity V&j™:v] + vz

Mutual Coulomb repulsion within an IMF pair is
charge independent as long as the Coulomb repulsion en-
ergy dominates when using the scaled relative velocity
v„g = vi2 j/Zi + Z2 instead of the proper relative veloc-
ity v&2. Indeed, when displaying 1+B vs v, p, instead of
vs vi2, we And that different charge combinations result
in rather similar curves in the region of small relative ve-
locities we focus on (see Fig. 1, discussion below). This
scaling, predicted in Ref. [47] and first verified experi-
mentally in Ref. [48], is used in the following. It allows
for systematical studies of the correlation function even if
rather restrictive event selection criteria are applied and
provides the advantage of better statistics (cf. Table I)
without loss of information.

The statistical errors of the correlation functions are
governed by those of the coincidence yield, since the
mixed yield is generated at least with an order-of-
magnitude higher statistics.

V. RESULTS

A. Response of the apparatus

0
0

~ ~ ~PM3. ..PMS
~ Z, ~3 ~4
a Z, ~5 Zg~5

0.10

0
0.02I

O.o~

o I I

2.5 3
v'Z, +Z,

I

3.5

FIG. 1. The experimental relative-velocity correlation
function as function of the reduced velocity v„& for two dif-
ferent IMF combinations from events characterized by the
charged particle multiplicity bins PM3—PM5 (left panel). To
minimize the inQuence of the directed sideward Bow the events
are rotated into a unique reaction plane before event mixing.
Note that the mixed yield is correspondingly constructed ei-
ther for charge combinations 3-4 or 5-5 from two events both
carrying at least one such combination. The right panel dis-
plays, in dependence on QZi + Zg, the relative velocities vi2
(upper part) and v„q (lower part) for which the IMF correla-
tion functions of various IMF combinations (Zi ——Z2 = 3 to
Zi = 6, Z2 = ?) become R = —0.5. For better optical reso-
lution, the data points of equal charge sums of the IMF pairs
are slightly separated. The dashed lines are linear 6ts to the
data in order to guide the eye. Apparently, the correlation
function vs v, g in the region 1+R ( 0.8 is independent of
the charge combination.

In order to study the inHuence of the experimental
setup on the correlation function we have performed
Monte Carlo simulations [49] with several event gener-
ators and the GEANT package [50]. As in the exper-
imental data, we find an enhanced coincidence yield
due to double counting at very small relative veloci-
ties (v„~ ( 0.005c) mainly caused by scattering in the
scintillator strips. This disturbing yield [about (0.3—
1.1)% of the total relative-velocity yield of IMF pairs
in PM3—PM5 events for E=(100—400)A MeV], which is
stronger for peripheral collisions, is reduced drastically
by excluding, around a given hit, positions on neighbor-
ing strips within an azimuthal segment of EP = +(5'—
7.5 ) for (100—400)A MeV. (The same procedure is ap-
plied to the mixed yield. ) This procedure excludes also
true pairs. About (0.9—2.3)% of the IMF-IMF relative-
velocity yield, depending on beam energy, are therefore
rejected. However, the simulation allows us to determine
a lower relative-velocity limit above which the experimen-
tal correlation function is not systematically afI'ected: For
instance, at 150A (250A) MeV the correlation function
after filtering by the response of the apparatus (the fi-

nite angular, velocity and charge resolutions, the energy
thresholds, and the exact geometry) suffers only minor
distortions for relative velocities v„g/c ) 0.006 (0.010).

B. Experimental data

In Fig. 1 the Li-Be and the B-B relative-velocity cor-
relation functions for IMF pairs from PM3 —PM5 events

are displayed. For v„g/c ( 0.03 the correlation functions
coincide within experimental accuracy. The right panel
gives, as a function of QZi + Z2, the values of the relative
velocities vq2 and v, d for which various IMF correlation
functions (Zi ——Z2 = 3 to Zi ——6, Z2 ——7) reach the
value B = —0.5. A constant value of 0.0134c is ob-
served if the data are plotted as function of the reduced
velocity v„~ (right panel, lower part). This allows for a
suitable accumulation of all IMF pairs into a unique cor-
relation function, whereas the IMF-IMF correlation func-
tion displayed as function of vugg would exhibit a rather
large dispersion of the Coulomb flank, which shows up,
e.g. , in the approximately linear increase of the R = —0.5
point vs the square root of the charge suin (right panel,
upper part).

In Fig. 2 the coincident yields of analyzed pairs in
ERAT5 events are displayed as function of the relative
velocity for 150M and 400A MeV. The width of the rela-
tive velocity distributions is strongly biased by the detec-
tor acceptance. IMF-IMF relative-velocity distributions
generated with a suitable model described below exhibit
up to 30'% lower mean values of v„g after applying the
detector filter with respect to the unfiltered ones. (This
eKect takes its maximum for lithium ions, i.e., the IMF s
which are most extended in velocity space. ) However,
the low-velocity Hanks of the correlation functions with
and without a Alter are found to be nearly identical. This
finding con6rms the expectation that the influence of the
detector acceptance on the correlation function at very
small relative velocities, which carry the information of
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the mutual Coulomb interaction, vanishes.
Figure 3 displays, for di8'erent beam energies, the ex-

perimental correlation function of all IMF pairs in PM3-
PM5 events. We find two diferent shapes of the corre-
lation functions depending on the method of generating
the uncorrelated (mixed) yield Yi2;„. When using the
data directly, we find an enhancement of correlations for
n„~ 0.025c (open symbols). When rotating all events
into a unique reaction plane (determined by the stan-
dard transverse momentum analysis [51], solid symbols)
before event mixing, this enhancement of correlations,
arising from the contributions of difFerently azimuthally

Au+Au

0.10

*f dd *~g***
d** ~ yJO

+ & ---- o "IIfgilgg)444+
o
of

J g Z, .~ R 3, PM3. ..PM5
o ~ 100AMeV

p ~ 150AMeV
I

d a 250AMeV
0 **400 A4IIV

0 I I

0 0.05
Vr ~ a/C

Yield
400 AMeV Au+Au

0

FIG. 3. The experimental relative-velocity correlations of
IMF's produced in semicentral collisions (selected by the
PM3 —PM5 cut) of Au + Au at various beam energies. Open
symbols: without event rotation before mixing. Solid sym-
bols: with regard of the reaction plane, i.e., rotation into a
unique reaction plane before event mixing.

0

Yield

6 h 4 4 5

0 Q. ) 0.2 0 0.1 0.2 0 0.1 0.2 0.3

Vr~g C

150 AMeV Au+Au

oriented events to the uncorrelated background Yj2
vanishes. In this way we believe we eliminate widely the
effect of the directed sideward flow. (Because of finite-
particle-number eKects the reaction plane determination
is associated with a dispersion of typically 30 —40 for
PM4 events. ) On the other hand, the enhancement could
be used as a measure of the side flow [41]. Since the re-
gion of relative velocities of the enhancement is, however,
biased by the detector acceptance (see below) one has to
ensure that results from model calculations do well in re-
producing the corresponding experimental single-particle
distributions (preferentially in phase space regions which
are unbiased by the apparatus) before studying filtered
two-particle observables.

Figure 4 shows for 150M MeV beam energy the strong

0
200

40

40

150 AMeV Au+Au
dd

Z1, 2
0 d

......a. .......~&~/I)gpSI1IIIIII
o OQ ddddddd

opg
opo

dSP'
g d i PM4, 0.7&y+&1.3

dQ p e PM5, ly( ~1&04
o ~ ERAT5

0.1 0.1 0.2 0
0

I

0.05
Viia/C

0. '1 0

FIG. 2. The coincidence yield Yq2 at E = 150A MeV (lower
panel) and at E = 400A MeV (upper panel) as function of the
relative velocity for difFerent IMF pair combinations Zz Z2.
Error bars: Experimental data of ERAT5 events (bin width
0.002c, every fourth bin displayed only). Thin smooth lines:
Results of the Coulomb simulation code using a radial expan-
sion with the parameter set of Table II (normalized to the
corresponding experimental yields). The overall agreement of
simulations and experimental data for 1004 and 250' MeV
is also good.

FIG. 4. The experimental relative-velocity correlations of
IMF's produced in collisions of Au + Au at 150A MeV for
three difFerent event characterizations. Triangles: IMF pairs
from peripheral collisions characterized by the PM4 selection
and an additional rapidity cut on the bounced projectile spec-
tator 0.7 & y & 1.3. Squares: IMF pairs from the midra-
pidity (~y ~

( 0.4) region of PM5 events. Dots: IMF pairs
characterized by the central cut ERAT5 (E, t ) 0.74). The
solid (open) symbols give the correlation function with (with-
out) taking into account the reaction plane.
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150 AMeV Au+Au

Z1,ghee
dddd ++++4~' ~

yak

1 --- ---4 --- ~&IHhg f)gllllaed O~gg
Ok~Ops

0~ ~
o~ ~
gO

0.41 & E„)& 0,51
O~

y4
~ o ~ 0.74& E.e~

I

0.05

vrouw/&

0.10

FIG. 5. The experimental relative-velocity correlations of
IMF's produced in collisions of Au + Au at 150A MeV for
two different E, t event characterizations. The triangles rep-
resent IMF pairs from semicentral collisions characterized by
a gate on the E, ~ scale where the sideward Bow has a max-
imum (0.41 ( E, , ( 0.51) whereas the dots stand for IMF
pairs characterized by the central cut ERAT5 (E, t, ) 0.74).
The solid (open) symbols give the correlation function with
(without) taking into account the reaction plane.

influence of the projectile bounce-oK which is amplified
with respect to the data displayed in Fig. 3 if one selects
a sharp projectile rapidity gate 0.7 ( y~ ~ & 1.3 on the
IMF s in PM4 events (triangles). In the case of discrimi-
nating against the inHuence of collective sideward motion
by rotating the events into a unique reaction plane before
mixing (solid symbols) the Coulomb suppression appears
stronger for central events selected by ERAT5 (dots). It
is worthwhile noticing that no significant further shift of
the correlation function is found if more restrictive E, q

conditions are applied or if approximately azimuthally
symmetric PM5 and D & 0.2 or ERAT5 and D ( 0.2
events are selected. [Of course, the event rotation does
not make an efFect if subgroups of azimuthally symmet-
ric (i.e., low directivity) events are selected. ] Pairs from
the midrapidity region in PM5 events (squares) show
the same correlation function as pairs from the ERAT5
events.

In Fig. 5 we compare for 150A MeV the ERAT5 cor-
relation function (dots) with that of events with 0.41 (
E, i ( 0.51 (triangles), where the sideward flow has a
maximum [19,21,45]; these event groups correspond to
averaged impact parameters of (6) 4 fm. The difference
in the maximum of positive correlations at v, g 0.025c
of Figs. 4 and 5 (open triangles in both figures) is at-
tributed to the selection of a purer sample of well-aligned
spectators when gating on projectile rapidities in PM4
events in Fig. 4. In addition the detector acceptance
acts diBerently in both cases: Whereas the lower labora-
tory angle limit 0~ b

——7 mainly inBuences the projectile
spectator region, the upper one 0~ b ——30 afFects more
the region near midrapidity [4,19,21,38]. In fact, when
selecting more azimuthally symmetric IMF samples the
enhancement at v„g 0.025c gradually vanishes (Fig. 5).

Figure 6 shows the experimental azimuthal relative-
angle correlation functions of IMF pairs in the forward
c.m. hemisphere for semicentral events (selection crite-

PM3...PMS ERAT5
8- ~tg)

1.D —-- -- - ---)I I------I[I)- -q ~+~ I I ~+~ e 1.D~ ~ ~ ~ 4 ()
g ~ d I

LL ~
e ~ ~+ ~ 100 AMeV '*i ~ 250 AMeV

~ 150 AMeV + 400 AMeV
I i

90 90
0.5

180'0'

FIG. 6. The experimental azimuthal relative-angle correla-
tion functions of IMF pairs in the forward c.m. hemisphere
at various beam energies. Left panel: semicentral events
(PM3—PM5). Right panel: central events (ERAT5).

rion PM3—PM5, left panel) and for central events (se-
lected by the ERAT5 cut, right panel) at various beam
energies. We find a suppression of correlations at small
relative angles due to the mutual Coulomb forces which
compete with positive correlations as consequence of the
collective sideward motion of bouncing nuclear matter.
When increasing the projectile energy, the inHuence of
the collective motion increases, and the Coulomb hole
becomes less obvious. Thus, the net correlation functions
at 400' MeV show only a small residue of the Coulomb
interaction. For the ERAT5 event selection, which still
exhibits about 50% Gf the maximum sideward flow (cf.
Ref. [45]), this competition leads to a nearly flat curve.

In the following only those collisions are considered
which may be described by a single central source (not
necessarily spherically symmetric but at least located
at midrapidity). Experimental two-dimensional distri-
butions of the (I orentz-invariant) cross section in the
transverse momentum versus rapidity plane show such
a single-source behavior if either the PM5 and D & 0.2
or the ERAT5 event selection criteria are applied to the
FOPI data [19,21,39]. Moreover, previous BUU calcu-
lations [41] predict a continuous transition from a one-
source to a two-source behavior in the range of impact pa-
rameters of 6=3—6 fm. Therefore, we believe that events,
selected by the ERAT5 criterion, which give still sufB-
cient statistics for performing IMF-IMF correlation anal-
ysis (cf. Table I), are well suited to be described within
a single-source model (see Sec. VI).

Figure 7 shows the relative-velocity correlation func-
tion for ERAT5 events at various beam energies. In the
case of event rotation into a unique reaction plane (right
panel) the correlation function shows a steeper slope for
the lower projectile energies and a Hatter one for the
higher ones. Without regard to the reaction plane (left
panel) we find a reverse trend: The Coulomb hole seems
to fill up more for the higher beam energies due to the
residual influence of the collective sideward motion, an
observation which is much more apparent in Figs. 3 and
6.
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FIG. 7. The relative-velocity correlation function for
ERATG events at various beam energies. Right panel: The
events are rotated into a unique reaction plane before mixing.
Left panel: without event rotation before mixing.

the outer wall are used to fix the input charge and mul-
tiplicity distributions. The yields of Z =1, 2 particles,
which do not follow exactly the exponential behavior,
are scaled up with suitable factors Ai 3, A2 2 which
are adjusted so that the corresponding particle multiplic-
ities reproduce the experimental ones after applying the
experimental filter. A homogeneous density distribution
of the source is reached by putting the particles into the
volume successively with decreasing charge. Initially, the
particles have a Maxwellian velocity distribution charac-
terized by a temperature parameter T.

We distinguish a simple spherical model and an
anisotropic model. Our main results are interpreted
within the spherical model: The source volume is a
sphere of radius B,. A collective radial expansion, with
a linear velocity profile

v"(r) = (r/B, )v,„,x (4)

Finally, longitudinal and. transversal correlation func-
tions (i.e. , pairs with ( = 0'—30' / 150'—180' and

70' —110') of events selected either by the PM3-
PM5 or by the ERAT5 criterion show strong splittings
(comparable to those displayed in Figs. 3 and 4) which,
however, vanish when rotating all events into a unique
reaction plane. (E/A) xx

2 5
(5)

(with v,„,x as an adjustable parameter), is superimposed
on the random thermal initial motion. The velocity of the
radial expansion profile is related to a mean fIow energy
by

VI. INTERP RETATIONS

In order to understand these experimental results and
their global dependences we have performed simulations,
the results of which have been passed through the de-
tector filter. In the following we show that for central
events (characterized here by ERAT5) the parameters of
the sixnulation are widely constrained by single-particle
experimental data.

A. Coulomb explosion model

The present interpretation is based on Monte Carlo
calculations using an N-body Coulomb trajectory model
[34,52]. At the beginning it generates charged clusters
with a given charge distribution dK/dZ with P; Z,
2ZA„, which are randomly distributed in a suitable source
volume (see below), avoiding overlaps within a sphere
of radius 1.2A / fm. We use A = 2Z which is well
founded by the experiment: Recently, isotopic ratios of
light charged particles produced in central Au + Au col-
lisions selected by the ERAT5 condition have been deter-
mined [53]. The averaged mass-to-charge ratio of Z = 1
particles, which is expected to exhibit the strongest de-
viation &oxn the ratio 2, is (A/Z) = 1.89 (1.90, 1.88)
for 100A (150A, 250A) MeV projectile energy. The IMF
charge distribution in the present experiments is found
to fall off exponentially like dN/dZ Aze (Az = 1
for Z & 3) for central events [46]. The slope parame-
ter xx. and the averaged multiplicities (PM) and (MxMF)
of charged. particles and IMF's, respectively, detected in

with m~ being the nucleon mass. After Coulomb evo-
lution the particle ensemble is Lorentz boosted in longi-
tudinal direction to account for the c.m. motion. Typi-
cally, 5 x 10 events corresponding to some 10 IMF pairs
within the outer wall acceptance have been generated
for each parameter set (cf. Table I for the experimental
statistics).

The reproduction of the single-particle distributions is
a fundamental prerequisite for a reliable interpretation of
the correlation functions. Therefore, using the Coulomb
trajectory model, the single-particle energy spectra have
been fitted by varying the collective radial Bow energy
(E/A)xx while the temperature paraxneter T is con-
strained by energy conservation. At a given projectile
energy the available c.m. energy is assumed to share into
an averaged binding energy of fragments (E/A)b;„s, an
initial radial explosion energy (E/A)xx, the Coulomb
expansion energy (E/A)c „x, and the random therxnal
motion (E/A)th„~. A balance equation

Ec.m. @bind + Etherm + Eflow + @Coul

interrelates theses quantities. For instance, at 150A
Me V projectile energy the available c.m. energy is
(E/A), 37 MeV. We estimate the binding energy
of (E/A)b;„g 4—5 MeV from averaging the known bind-
ing energies with the weight of the various fragments.
The Coulomb expansion energy (E/A)c „~ depends on
R, . For our optimum parameters below described it is
about 4—5 MeV. The mean collective radial flow energy
(E/A)s of Table II only contains the contribution from
the self-similar expansion pro61e (4) and not the addi-
tional energy contribution from the Coulomb expansion.
So we have essentially two free parameters (E/A)s and
B,. The former one we fix by reproducing the experi-
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TABLE II. Input parameters of the Coulomb simulation code (spherical model).

Projectile
energy

E/A [MeV]
100
150
250
400

Charge distribution
steepness

0.5
0.7
0.9
1.1

Temperature
parameter
T [MeV]

15
25
35
55

Mean radial
How energy

(E/A) s [MeV]
9
12
25
40

mental single-particle energy spectra, the latter one by
fitting the two-particle correlation function. According
to such a procedure we find an initial radial explosion
energy (E/A)s 12 MeV. The remaining energy of
the random thermal motion (E/A)th„~ =

z ~&)
together

with the averaged mass number (including the neutrons)
(A) = 2.2 determines then the value of the temperature
parameter to T = 25 MeV as given in Table II which is
no longer a free parameter. We have performed a large
number of simulations along this line to pin down these
input parameters for all bombarding energies considered.
These values are summarized in Table II.

B. Comparison with single-particle data

Figure 8 compares the dependence of the experimental
averaged kinetic energies per nucleon on the charge num-
ber Z with the corresponding results of Coulomb simula-
tions using the input parameters of Table II with (solid
line) and without (dashed line) radial expansion. The
kinetic energies are integrated over the c.m. polar angle

range 25' ( 0, & 45 which is essentially unbiased by
the detector cuts. Applying an additional low-directivity
cut D ( 0.2, which singles out highly azimuthally sym-
metric events, does not change the mean kinetic energies
by more than 5%. Thus, the full azimuthal integration
of the slightly anisotropic ERAT5 events gives practically
the same result as for azimuthally isotropic subevents.

Figure 9 displays the corresponding IMF kinetic en-
ergy distributions. Also for the other beam energies we
do well reproduce the experimental single-particle spec-
tra with the parameters of Table II. Without Bow it is
impossible to describe the mean values and the shape of
the spectra (cf. also Refs. [20—22]). It should be noted
that a reduction (increase) of at most 10% of the radial
flow energy and a corresponding increase (reduction) of
the random thermal energy does not change the quality of
the reproduction of the experimental single-particle spec-
tra noticeably. Also a reasonable variation of the radius
parameter R, (cf. Sec. VI C) does not affect the single-
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FIG. 8. The mean kinetic energies per nucleon for vari-
ous clusters. Squares: experimental data from ERAT5 events
integrated over the full azimuthal angle and ever the c.m.
polar angle range 25 ( 0 . ( 45'. Curves: Coulomb sim-
ulation results (filtered through the same phase space region)
using the parameters of Table II with (solid line) and without
(dashed line) radial expansion. The lines are fits (pi/Z+ ps)
to the simulatien results.

FIG. 9. Experimental invariant kinetic energy distributions
(d M/pdEdO, normalized by the number of events, integrated
over the full azimuthal angle and over the c.m. polar angle
range 25' & 0, . & 45') of IMF's with Z=3—6 from central
Au + Au collisions at 150A MeV characterized by the ERAT5
event selection (dots) compared to the results of Coulomb tra-
jectory simulations using the corresponding parameters given
in Table II with (solid lines) and without (dashed lines) radial
expansion.
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particle spectra essentially. With the energy parameters
fixed in this way also the experimental relative-velocity
distributions of different IMF combinations, displayed in
Fig. 2, are well reproduced.

C. Comparison with two-body data

Before comparing with the experimental correlation
functions we consider the behavior of the simulated cor-
relation function with respect to the charge scaling. We
find a good reproduction of the scaling with v„g within
our K-body Coulomb trajectory calculations (not dis-
played since when plotting the correlation functions of
different IMF charge combinations the curves lie indeed
on top of each other). This observation is somewhat
unexpected (but in line with the experimental data dis-
played in Fig. 1) since the scaling was originally predicted
for a dominating two-body Coulomb interaction [47].

Figure 10 demonstrates the importance of the radial
expansion. Without flow the simulated correlation func-
tions would fit the experimental ones only if one intro-
duces stronger Coulomb suppressions by using source
radii which are much smaller (about a factor of 2) than
the optimum ones given in Table III. Thus, the radial
explosion increases the width of the Coulomb hole at
small relative velocities (while the random thermal mo-
tion acts oppositely). The flow is, however, uniquely de-
termined by the above single-particle observables. It is
worth noticing that the radial flow causes a correlation of
configuration space and momentum space distributions.

We have studied the sensitivity of the results on the
temperature parameter: A change of the random thermal
motion leads only to minor distortions of the correlation
function even when varying the temperature parameter
T by a factor of 2 [34,52]. This is due to the fact that the
energy distributions of the IMF's are mainly governed by
the radial explosion component whereas the thermal part

TABLE III. Source radii and next-neighbor IMF distances
resulting from the fit of the correlation functions generated
with Coulomb trajectory simulations (spherical model) to the
corresponding experimental data.

Projectile
energy

E/A [MeV]
100
150
250
400

Sharp sphere
radius

R. [fm]
13 3+"—0.4
12.0+"—0.5
11 0+~ 6

—0.8
10.5+i o

Next-neighbor
IMF distance
(dqMp) [fm]
8.57 + 0.3
8.55 + 0.4
8.62 + 0.6
8.63 + 0.8

1.5
Au+ Au

decreases with I/A (cf. Figs. 8 and 9).
In order to demonstrate the dependence of the correla-

tion function on the source extension in Fig. 11 the results
of simulations using the parameters of Table II but three
different source radii (R, = 10, 16, 30 frn) are overlayed
onto the experimental correlation functions of IMF pairs
from ERAT5 events for the projectile energies E=(100—
400)A MeV (cf. right panel of Fig. 7). With increasing
beam energy the separation of the curves B, = 10 fm
and B, = 30 fm increases. This finding is attributed
to the fact that the number of IMF's within the source
is smaller and the flow energy becomes higher at higher
projectile energies. Relying on a constant source radius
of R, = 30 fm the mean relative distance of the clusters
within the source is greater for the higher beam ener-
gies and consequently the relative Coulomb suppression
is smaller. The inHuence of the radial How is small for
large radii since it acts preferentially on the correlation
function if the distances between the clusters are compa-
rable to their extensions. (This proximity effect is veri-
fied within an additional Coulomb trajectory calculation

a aaaL4IES ~ ~-
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Z)~R3
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FIG. 10. The relative-velocity correlation function at
E = 150% MeV for IMF pairs from ERAT5 events (dots).
The events are rotated into a unique reaction plane before
mixing. The solid (dashed) line corresponds to simulations
using the corresponding parameters of Table II with (with-
out) taking into account the radial expansion.

FIG. 11. The relative-velocity correlation function of IMF
pairs from ERAT5 events (dots) of the reaction Au + Au at
various beam energies. The events are rotated into a unique
reaction plane before mixing. The solid, dashed, and dotted
lines correspond to simulations using the parameters of Ta-
ble II, but the radius parameters R, = 10, 16, and 30 fm,
respectively.
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which treats the clusters as point charges. ) However, in
case of the smaller radius A, = 10 fm the common ac-
tion of the radial How and the finite size of the clusters
leads to an additional suppression of small relative angles
and velocities. Thus, at small source radii the lower clus-
ter multiplicities and the higher radial How values found
for higher beam energies lead to very similar correlation
curves as obtained for the lower beam energies where the
opposite case holds. In consequence, the 10 fm and 30 fm
curves of Fig. 11 are stronger separated at higher ener-
gies.

In order to find the optimum source radius (which is
now the only remaining free parameter for fitting the
Coulomb flank of the correlation function) we perform

minimizations of the simulated correlation functions
with respect to the experimental data for IMF pairs &om
central (ERAT5) events. For the optimum values of R,
our model describes the experimental data very well. %le
find A, 13 fm at 100A MeV and a slight shrinking of
about 20%%uo of the source radius when going to 400A MeV
beam energy. The optimum source radii are given in Ta-
ble III. The errors appended to the radius values not only
contain the statistical errors involved in the minimization
but also systematical uncertainties arising &om reason-
able variations of the radial flow energy (cf. Sec. VI 8).

D. Discussion

Recently, correlation functions involving light compos-
ite particles (mainly n particles) have been studied also
for ERAT5-selected central collisions of Au + Au at 150A
and 400A MeV in Ref. [54]. The observed correlation
functions exhibit resonance structures arising from ex-
cited states of heavier fragments. The comparison of the
experimental correlation functions with theoretical ones,
calculated for Gaussian sources p(r) = po exp( —r2/R&)
with negligible lifetimes [55], gives very similar results
as reported in the present IMF-IMF correlation analy-
sis. The transformation of the fitted Gaussian source
radii R~ to sharp sphere radii using R, = (5/2) i~2R~
(which can be justified by equating the rms radii of
the two density distributions) results in the values of
R, =- 13.5 + 0.8 (11.1 6 0.8) fm which have to be com-
pared with the data of 150A (400A) MeV projectile en-

ergy given in Table III. There are negligible differences in
the absolute values, and the common finding of these two
methodically independent investigations is the reduction
of the source radius of central collisions when increasing
the projectile energy.

Within the Coulomb trajectory code it is possible to
calculate also the next-neighbor distances of the IMF
charge centers within the source at freeze-out. This
can be done directly, thus avoiding the approximation

diMp = 1/piMp, ——(volume/(M&Mp)) which holds for
large particle numbers only. The corresponding values

(diMp) (averaged over the event ensemble) are given in
the right column of Table III. We find a rather constant
value of (diNip) = 8.6 + 0.2 fm over the whole projectile
energy range. This interesting finding is understandable
if one simultaneously considers the optimum source ra-

dius and the mean IMF number in the source (the latter
number is determined before filtering the simulation re-
sults as about 14, 10, 8, and 5 for 1004, 150', 2504, and
400A MeV beam energy, respectively) since both quan-
tities decrease for increasing beam energy (Table III; cf.
also Ref. [5]). Following Ref. [34] the initial relative dis-
tance given above can be transformed to a scaled relative
velocity (v„s) = ( ~'&

—~)i~2 = 0.0134c (e stands for
the elementary charge). This number compares well with
the 50%%uo crossing point of the correlation function given
in Fig. 1 (right panel).

We have investigated also the influence of the number
of charged particles contained in the source. There is only
a very slight change of the IMF-IMF correlation func-
tion if—in the extreme case the particle number is re-
stricted to the IMF's alone and the light species are com-
pletely taken out. Thus, the surrounding charge cloud of
the light charged particles does not significantly disturb
the mutual Coulomb interaction of the IMF's whose dis-
tance is responsible for the almost constant Coulomb hole
in the relative-velocity correlation function at different
beam energies. This result is in agreement with find-
ings of Ref. [41] where for 150A MeV the authors, within
a hybrid model, take over only (50—75)% of the total
nucleon number from the BUU approach to the Copen-
hagen statistical niultifragmentation model [8] which is
able to generate and deexcite composite particles and fol-
low their Coulomb trajectories.

For 1504 MeV also the expansion of a spherical shell
(outer radius R, =16 fm and the same volume and the
same input parameters as given in Table II for the sphere)
is studied. The correlation function shows only minor
differences with respect to our standard model of the ra-
dially exploding sphere. Since for the spherical shell with
spherical initial explosion pattern the kinetic energy dis-
tributions are nearly the same as for the spherical expan-
sion curves (solid lines) given in Fig. 9 (except for a yield
suppression for heavier clusters with charges Z & 5 at
very small energies E, /mac & 0.1) one would expect
the same also for the correlation function. This observa-
tion supports the demand of a careful description of the
experimental single-particle spectra before studying the
two-particle observables.

VII. DISCUSSION OF ANISOTB. OPIES

The previous discussion applies for the set of az-
imuthally isotropic events as selected by the PM5 and
D & 0.2 or ERAT5 and D & 0.2 criteria. However,
since the ERAT5 event class shows a nonvanishing az-
imuthal anisotropy (cf. Figs. 6 and 7) arising from the
sideward Qow it is worth showing that a model relying on
an anisotropic source with anisotropic expansion pattern
does not change the above results significantly within
present accuracy. For 1504 MeV we run the anisotropic
model with the same parameters as given in Table II for
the isotropic model but modeling the source in the fol-
lowing way.

Now the source volume is a cylinder of radius B~ and
length 2I. We set B~ ——L = 10 fm which gives the
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same averaged IMF next-neighbor distance and nearly
the same volume as a sphere with the optimum radius
B, = 12 fm given in Table III. Initially, an anisotropic
linear expansion profile

'U(r) = (&4/R L)Ui surf + (+II /L)Ull surf (7)

is superimposed on the random thermal initial motion.
The mean liow energy (here divided into the eigenvalues
which apply to the local coordinate system of the cylin-
der)

77l~ (I 2 1 2 1
/ )s:,y, s =

I i surf & i surf & IIsurr I ( )

with (E/A)" ~, = (2, 2, 8) MeV gives the same total en-
ergy residing in the system as for the spherical case (cf.
Table II). Then the expanding source is tilted by the Bow
angle Os = 50 (the angle between the source symme-
try axis and the beam direction). The reaction plane is
randomized afterwards. Flow values similar to ours have
been predicted independently within a BUU approach
for the impact parameter range under consideration [41].
However, the rather large liow angle (compared with typ-
ically 30' —40 determined in the LBL/GSI plastic ball ex-
periments [56] and also within BUU calculations [41,57])
is supposed to be a consequence of the specific bias of the
ERAT5 event selection criterion which —together with the
FOPI stage I acceptance —may favor such prolate event
configurations w'hich are more rotated off the beam axis.
Note also that the present source parametrization applies
prior to Coulomb evolution which tends to cause more
isotropy in the final state. Thus our modeling should
be understood as an explorative case to study the effect
of anisotropies on two-body observables. Our parame-
ters are fixed by comparing the simulation output with
various experimental findings.

In Fig. 12 the distribution of the IMF azimuthal an-
gles relative to the reaction plane (left panel) and the az-
imuthal relative-angle correlation function (right panel)
of IMF pairs are given for the forward c.m. hemisphere at
150M MeV Au + Au. A rather perfect agreement of the
simulation results with the experimental data is obtained
for these two azimuthal observables.

Figure 13 shows the relative-velocity IMF correlation
function at E = 1504 MeV with and without the rotation
of the events into a unique reaction plane before mixing.
Indeed, a perfect description of both correlation functions
is possible with the parameters of the anisotropic model
given above.
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Figure 14 displays, analogously to Fig. 8, the depen-
dence of the mean kinetic energy per nucleon (E/A) vs
the &agment charge Z now for three bins of the azimuthal
angle relative to the reaction plane ]P —P,y i

(cf. Fig. 12,
left panel). A quite good reproduction of the experimen-
tal behavior is achieved. These findings show that the
essential anisotropies are correctly uncovered by such a
model.

Using this anisotropic model we try to find out whether
one can determine the different spatial source extensions
of nonspherical breakup configurations when viewing the
expanding source &om different orientations (cf. Refs.
[35,37]). For this goal we model the source as a strongly
elongated cylinder also in coordinate space (R~ ——8.3 fm,

150 AMeV Au+Au
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FIG. 12. Experimental IMF distribution of the azimuthal
angle relative to the reaction plane (left panel, no exclusion of
autocorrelations) and experimental azimuthal relative-angle
correlation function (right panel) of IMF pairs in ERAT5
events in the forward c.m. hemisphere for 1504 MeV Au
+ Au (solid dots). The open squares give the corresponding
result of a Coulomb simulation using an anisotropically ex-
panding Sow ellipsoid (R/A)" „=(2, 2, 8) MeV tilted by a
Qow angle Hg ——50 and the remaining parameters of Table
II.

Recently, similar large How angles have been predicted
within transport model simulations [58] for the system Au
+ Au at 4004 MeV when selecting impact parameters of
5/b „(0.2.

FIG. 13. The relative-velocity correlation function at
E = 150A MeV for IMF pairs from ERAT5 events. The dots
(squares) give the resulting correlation function if the events
are (are not) rotated into a unique reaction plane before mix-
ing. The solid and dashed lines are the corresponding results
of a Coulomb simulation using an anisotropically expanding
Sow ellipsoid (R/A)" „=(2, 2, 8) MeV tilted by a flow angle
Ofl

——50' and the remaining parameters of Table II.
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FIG. 14. The mean kinetic energies per nucleon for vari-
ous clusters and three bins of the azimuthal angle relative to
the reaction plane ~P

—P,~~ (cf. Fig. 12, left panel). Solid
symbols: experimental data from ERAT5 events integrated
over the c.m. polar angle range 25' ( 0, ( 45'. Curves:
Coulomb simulation results (filtered through the same phase
space region) using the anisotropic model. The lines are fits
(t i/Z+ Cq) to the simulation results.

I = 16.6 fm with the same volume as a sphere of radius
R, =12 fm) and the anisotropic flow given above. When
dividing the IMF azimuthal angle relative to the reaction
plane (cf. Fig. 12, left panel) into three bins (each 60'
wide; in the present investigation, smaller bins are not
suitable due to statistical reasons) we generate difFerent
correlation functions (both for the experimental data of
ERAT5 events and the Coulomb trajectory simulations).
Taking into account the bias of the detector acceptance,
the correlation function of IMF pairs emitted into the
main Bow direction should be sensitive to the long-shaped
axis of the source; the correlation function of pairs &om
the opposite side would measure the smaller extension.

However, no relevant differences have been observed
either in experiment or in simulations when viewing the
source &om different orientations relative to the reaction
plane (a finding which is also supported by the observa-
tion of no differences between longitudinal and transver-
sal correlation functions). Either this means that the
binning is too coarse or the Coulomb dominated correla-
tion function is hardly sensitive within present statistics
to the real source extension but predominantly to the in-
terparticle distance. The latter explanation is supported
by the observation of constant next-neighbor distances of
the IMF's within the multi&agmenting spherical source
at breakup time (see above).

Though the reproduction of the selected experimental
observables with the anisotropic How model seems to be
almost perfect it should be considered as an extreme ex-
ample rather than a final Gt of How patterns since a part
of the phase space is not covered by the detector.

VIII. SUMMARY

In summary we present small-angle and small-relative-
velocity correlations of IMF's produced in central col-
lisions of Au + Au at (100—400)A MeV. The data are
compatible with a fast (instantaneous) multi&agmenta-
tion picture of a radially expanding source created in
central collisions.

The importance of both radial explosion and collec-
tive sideward motion of nuclear matter for the data in-
terpretation is shown. Whereas the inBuence of the in-
plane Row can be eliminated by rotating the events into
a unique reaction plane, the radial expansion of com-
pressed nuclear matter found for violent collisions above
100A MeV projectile energy has to be taken into consid-
eration in models dedicated to the determination of the
source extension at breakup time. The fiow decisively
afFects the output of optimization procedures (i.e. , the
source radius).

Taking into account the radial How energies, which
essentially govern the IMF kinetic energy spectra, the
comparison of IMF relative-velocity correlation functions
generated with a Coulomb dominated final-state inter-
action model delivers a source radius which amounts
to 13 fm for 1004 MeV beam energy and shrinks by
about 20Fo for 400A MeV. However, the averaged dis-
tance between the IMF charge centers in the source at
breakup time is found to be nearly constant ((diMF) =
8.6+ 0.2 fm) over the entire projectile energy range.

The slight reduction of the apparent source size with
increasing beam energy may at least partially be at-
tributed to the effect of sequential decay of the emitted
fragments. At the temperatures involved here (cf. Table
II) a quite substantial part of the IMF's is supposed to
be emitted in particle unbound states and may decay on
a much longer time scale than the typical Coulomb inter-
action time (see Sec. I). The number of fragments that
decay completely into light particles should increase with
increasing temperature. This will decrease the observed
IMF multiplicity. Assuming a constant averaged next-
neighbor distance of the fragments at freeze-out time and
correcting for this loss of IMF's would lead to a slightly
larger source extension in the initial state.

In any case, our data interpretation indicates a strong
expansion effect. The extracted source radii are larger
than a 2AA„system at nuclear saturation density. The
slight reduction of the source extension with increas-
ing projectile energy is in line with the results of var-
ious heavy-ion reactions at beam energies below 1004
MeV, where a reduction of the space-time extent with
increasing energy has been found. (This effect is gen-
erally understood as a decrease in the mean fragment
emission times, while the source size might increase due
to a greater degree of expansion. )

The almost unique Coulomb suppression at small rel-
ative velocities of the correlation function found over the
entire projectile energy range studied supports the sug-
gestion that the Coulomb dominated IMF-IMF correla-
tion functions are less sensitive to the source extension
but to the distances between the IMF's within the source,
which easily can be handled within the framework of the
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present model.
Further detailed investigations of different geometrical

freeze-out shapes, directional efFects, and How patterns
as well as higher-order reduced-velocity correlation func-
tions (a technique which is proposed to carry enhanced
signatures of the reaction dynamics of multifragmenta-
tion [59]) are under consideration.
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