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Flow and multifragmentation of 24Mg127Al at intermediate energies
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An elaborated investigation was done into the reaction mechanism of heavy ion collisions at intermediate
energies of small nuclear systems. Experimental data measured with the Huygens detectors and isospin quan-
tum molecular dynamics~IQMD! simulations of24Mg127Al at 45 and 95A MeV were analyzed with respect
to the impact-parameter selection, the in-plane flow and the IMF production at midrapidity. It was found that
only the midcentral impact-parameter class could be identified effectively. The event-plane reconstruction and
flow measurements were studied with IQMD and a GEANT detector simulation. This showed that the
azimuthal-correlation method gives the best reconstruction. The experimentally measured in-plane flow was
consistent with the balancing energy derived from literature of 114610A MeV. The azimuthal correlations and
polar-angle distributions of IMF’s emitted at midrapidity were used to distinguish between a dynamic scenario,
i.e., IQMD, and a statistical scenario described by a simple decaying-source model. The IQMD simulations
were in good agreement with the experimental data while a single decaying-source simulation fails to describe
the data which shows that multifragmentation in these small systems is consistent with a dynamic process.

PACS number~s!: 25.70.Pq, 24.10.Lx, 24.10.Pa
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I. INTRODUCTION

An elaborate investigation was performed into the re
tion dynamics of heavy ion collisions at intermediate en
gies of small nuclear systems. Experimental data and iso
quantum molecular dynamics~IQMD! simulations@1,2# of
24Mg127Al at 45 and 95A MeV provide insight into pro-
cesses taking place, when the bulk of the nuclear materi
small compared to the surface.

The experiments described in this paper were perform
at the GANIL heavy-ion beam facility in Caen~France!. GA-
NIL provided 24Mg beams which were directed onto an al
minum target foil. The measurements of the24Mg127Al col-
lisions were performed using the Huygens detectors@3,4#.
This detector array was conceived and built at the dep
ment of subatomic physics at Utrecht University. The Hu
gens detector array is a 4p detector, which allows for an
event by eventanalysis of the reaction. The array was used
conjunction with a forward time-of-flight wall, the MUR@5#,
covering the phase space between 3° and 30° polar an
The Huygens detectors consist of a central time projec
chamber~TPC! surrounded by a plastic scintillator barr
(11°<u lab<78°) and a CsI~Tl! wall ~the CIW! at backward
angles (121°<u lab<177°). Due to experimental difficulties
the CIW could only be used as a multiplicity counter. In t
midrapidity region, particles are detected in the TPC, wh
is highly symmetric in the azimuthal anglef with an average
accuracy of 3.1° inf @4#. The polar angle resolution (u lab) is
better than 1° at 78° and better than 0.25° at 11°. The T
was operated at a gas pressure of 150 mbar~CF4! leading to
energy thresholds from 5A MeV for protons to 7A MeV for
boron. Particle identification was obtained using theE vs dE
technique, withE measured in the plastics anddE measured
in the gas chamber. Particles in the forward region are id
tified using the timing of the MUR and the energy depositi
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of these particles in the forward plastic scintillators of t
TPC. In the MUR the polar-angle resolution is 22.5° and
resolution of the azimuthal angle is approximately 5°. P
ticles with an azimuthal angle between 3° and 10° are o
identified in the MUR and therefore have a threshold of a
proximately 20A MeV.

For the analysis in total 43106 events were used o
45A MeV and 83106 events of 95A MeV. For the IQMD
simulations the number of events are 600 000 for 45A MeV
and 800 000 for 95A MeV. The main problem in studying
the collisions of these small nuclear systems is the low m
tiplicity. The impact-parameter selection procedure is
rectly related to this multiplicity, therefore, IQMD and
GEANT detector simulation were used to study the accur
of this selection procedure. This is described in Sec. II. T
simulations were also used to study the event-plane rec
struction efficiency and the resulting flow measureme
Four different event-plane reconstruction methods w
compared and the best method was used for the analys
the experimental data. This study and the flow measurem
are described in Sec. III. In Sec. IV the IMF’s emitted
midrapidity are studied. The azimuthal correlations and po
angle distributions are used to show that the multifragm
tation process in these small nuclear systems is consiste
described by a dynamic process.

II. IMPACT-PARAMETER SELECTION

The physics of heavy-ion collisions is strongly dete
mined by the amount of overlap between the two nuclei. T
quantity is described by the impact parameterb, which is
defined as the distance between the centers of the colli
nuclei. Several methods have been proposed to measub.
These methods are generally based on the sum over
body observables in an event, such as transverse mome
uptu, detected energyEdet or charged particle multiplicityNc
©2000 The American Physical Society11-1
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~see@6,7# and references therein!. Simulations with IQMD
combined with the GEANT detector simulation do not sho
large differences in the accuracy with whichb can be deter-
mined from uptu, Edet or Nc . For our data the charged pa
ticle multiplicity was used for the impact parameter determ
nation. It is assumed thatNc depends monotonically on th
impact parameter@7,8#:

b̂~Nc
m!5

b

bmax
5S E

Nc
m

`

P~Nc!dNcD 1/2

, ~1!

with b̂ the impact parameter as a fraction of the maxim
impact parameterbmax, Nc

m is the charged particle multiplic
ity for which the impact parameter is to be determined, a
P(Nc) is the measured probability distribution ofNc . It is
assumed that the two nuclei are classical spheres, withbmax
the sum of the radii~for 24Mg127Al, bmax56.6 fm!. Figure 1
shows P(Nc) in the Huygens detectors for the 45 an
95 A MeV data. In the 95A MeV data the very low multi-
plicities are suppressed by the trigger condition. This data
was not taken with a minimum-bias trigger, but with th
requirement that either in the forward scintillators or in t
sideward scintillators two or more hits were registered. T
45A MeV data was taken with a minimum bias trigger, i.e.
single hit in one of the plastic scintillators (u lab.10°) and
shows the distribution expected in heavy-ion collisions
structureless plateau and a~near! exponential slope at highe
multiplicities. Because of the small number of participati
nucleons the exponential decrease starts at low multiplicit
To compensate for the trigger effects, the structureless
teau in P(Nc) for both distributions was extended to lo
multiplicities. With this assumption, different impac
parameter classes can be defined using Eq.~1!. Three differ-
ent classes are defined, peripheral forb̂.0.7, midcentral for
0.35,b̂,0.7, and central forb̂,0.35. For the measure
multiplicity distribution this results in a definition for mid
central events for 45A MeV of 2,Nc,6. For 95A MeV
midcentral is defined by 3,Nc,7. Higher multiplicities are
central and lower multiplicities are peripheral. Because
the low multiplicity (Nc<3), peripheral events are not use
in the analysis.

FIG. 1. The measured charged particle multiplicity,P(Nc) in
the Huygens detectors for 45 and 95A MeV beam energy.
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A similar analysis for the impact parameter can be p
formed on IQMD data, which is processed by the GEAN
detector simulation. It should be noted that IQMD under
timates fragment formation, while proton and neutron yie
are overestimated. This effect leads to an increased m
plicity for all impact parameter classes. Nevertheless,
analysis can give an indication of the accuracy of the defi
tion of the impact-parameter classes. In Fig. 2 the imp
parameter is plotted of an IQMD simulation with GEAN
for the three classes at 95A MeV beam energy. The result
are similar for 45A MeV. The yield of the distributions are
with a minimum-bias trigger. The mean value and the rms
the peripheral, midcentral, and central events are
61.4 fm, 4.061.5 fm, and 3.361.5 fm, respectively. The
shapes of the distributions show the~in!accuracy by which
the impact parameter can be determined. Therefore, th
classes should merely be seen as an indication for the
lected impact-parameter range. It should be noted that
selecting from these distributions events with a number
IMF’s, a new implicit impact-parameter selection is mad
which will result in an even more similar event selection f
the impact-parameter classes.

For the analysis only the event class midcentral is us
Figure 2 shows that the central class is heavily polluted
midcentral events. Therefore, it is not possible to draw c
clusions about very central collisions. The peripheral eve
are, like the midcentral events, reasonably well defin
However, due to the small charged-particle multiplicity, it
not possible to do a useful analysis on these events.

III. COLLECTIVE MOTION

The collective motion of matter in nuclear collisions
deemed to be one of the primary observables to extract
formation on the equation of state. The attractive mean-fi
potential and the repulsive nucleon-nucleon interaction ca
a sideward flow of fragments within the reaction plane. T
magnitude of thisdirected in-plane flowis sensitive to the
compressibility of nuclear matter. In the intermediate-ene
region, the interest has been focused in particular on
balancing energyEbal, the beam energy where the two forc

FIG. 2. Impact-parameter distribution for24Mg127Al at
95A MeV for different impact-parameter classes generated
IQMD and filtered by GEANT.
1-2
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FLOW AND MULTIFRAGMENTATION OF 24Mg . . . PHYSICAL REVIEW C 61 024611
cancel. Although the magnitude of the directed in-plane fl
was found to depend on the mass of the emitted fragm
Ebal is the same for all fragments@9#. Furthermore, both ex
periment and simulation show thatEbal is proportional to
A21/3, whereA is the combined mass of the colliding syste
@10,11#. For the study of the directed in-plane flow, the r
action plane itself has to be reconstructed. Methods to
form this reconstruction have an intrinsic error, which is
versely correlated to the number of fragments in an ev
For the small system described here, IQMD and the GEA
detector-simulation program were used to study the accu
of the event-plane reconstruction.

A. Event-plane reconstruction

The event plane, in experimental data, needs to be re
structed from the observables. In simulated events, this v
able is known and the effectiveness of the event-plane re
struction can be studied. Three methods can be use
perform the reconstruction, the kinetic flow-tensor meth
@12#, the transverse-momentum analysis@13#, and the
azimuthal-correlation method@14#.1 In this section the differ-
ent methods are described briefly and the results are c
pared. The comparison is done using IQMD events for
24Mg127Al system at 45 and 95A MeV before and after the
simulation of the detector response.

The kinetic flow-tensor method constructs, for the det
mination of the reaction plane, the kinetic sphericity ten
F:

Fi j 5 (
n51

N

vnpinpj n , ~2!

with i, j running from 1 to 3,N is the number of particles in
an event,vn is a weight factor for each particle andpin is the
i th component of the momentum of particlen. For the
weight factor usually 1/2mn is taken, withmn the mass of the
particle, this method will be referred to as standard tra
verse momenta~STM! method. For this study the metho
was also tested with a weight factor of 1, which will b
called ST1. In heavy-ion collisionsF defines a volume in
space, which in general is shaped like acigar. Because the
tensor is symmetric, diagonalization ofF yields three real
eigenvaluesf i , which are ordered such thatf 3& f 2, f 1 . The
eigenvector associated with the largest eigenvaluee1 , de-
fines the largest component of the collective flow. This co
ponent, the directed in-plane flow, spans the reaction p
with the beam direction and thus defines the reaction pla

In the transverse-momentum analysis~TMA ! only the di-
rection of the particles perpendicular to the beam axis
considered. The reaction plane is fixed by the beam direc
and theQ vector, which is defined by

1Unfortunately the expression ‘‘azimuthal correlation method’’
used in the litterature both for a way to reconstruct the event p
@14# and for a method to study the reaction dynamics~our Sec. IV!.
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with the sum over all particles in an event,pn
' is the momen-

tum component perpendicular to the beam axis, andvn is the
weight factor which is11 for particles withYn.0 and21
for Yn,0. This method assumes that the flow in the forwa
region is associated, via momentum conservation, with fl
in the opposite direction in the backward region. The weig
factor assures that both directions are summed with the s
sign.

STM, ST1, and TMA all explicitly use and require th
directed in-plane flow for the reconstruction of the reacti
plane. The azimuthal-correlation method~ACM! does not
use this feature but merely requires that the particles
preferably emitted within~close to! the reaction plane. This
method again only uses the momenta of the particles per
dicular to the reaction plane. The azimuthal angle of
event plane is reconstructed using a test reaction plane.
deviation D2 of all momenta relative to this test plane
defined in terms of the slopea of the projection of the tes
plane in thex-y plane:

D25 (
n51

N

pxn
2 1pyn

2 2
~pxn1pyn!2

11a2 , ~4!

with the sum being over all particles in an event andpx ,py
being the components of the momenta perpendicular to
beam. The real reaction plane is found by minimizingD2:

dD2

da
50. ~5!

To avoid a strong autocorrelation between the angle of
particle and the angle of the reaction plane, the reconst
tion of the reaction plane should be performed for each p
ticle individually, without using the information of the par
ticle of interest. The result of this is that for each eventN
different reaction planes are defined. To compensate for
momentum of the particle of interest, which is not incorp
rated in the analysis, all particles are boosted by a weigh
velocity vb , related to the momentum of this particle,ppoi
@15#:

vb5
ppoi

msys2mpoi
, ~6!

with msys being the mass of the complete system andmpoi
being the mass of the particle of interest.

All four described methods, STM, ST1, TMA, and ACM
have been used to reconstruct the event plane on simu
data of midcentral events. Figure 3 shows the results of
study. The plot on the left shows the distributions for t
difference between the reconstructed reaction plane and
real reaction plane for TMA and ACM of24Mg127Al at
45A MeV for IQMD data. All distributions show this shap
and only differ in the width of the distribution. Table I, i
conjunction with Fig. 3 gives the rms values of the differe
distributions. For all simulated data sets ACM gives the b
e
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E. P. PRENDERGASTet al. PHYSICAL REVIEW C 61 024611
results, although the differences, particularly after the de
tor simulations, are quite small. ACM has been used to
construct the reaction plane of the measured data. The in
ence of the beam energy and the detector on the distribut
will be discussed shortly.

In the comparison above only the smallest angle betw
the calculated reaction plane and the real reaction plane
used. In fact this quantity is what can be measured exp
mentally. However, to do a flow analysis it is also necess
to determine the orientation of the reaction plane, i
whether the projectile passes the target on the left or on
right-hand side. This cannot be done unambiguously. It
however, possible to align the reaction plane for all eve
from the angle of the directed flow. Since it is expected t
for 24Mg127Al both at 45 and 95A MeV the system experi-
ences a negative flow, the flow is defined as being nega
If the calculated flow in an event is found to be positive, t
reaction plane is rotated by 180°.

In Fig. 4~a! the results of the event-plane analysis w
ACM for IQMD data are shown for midcentral events. F
this study all fragments with 1<Z<8 were used. The
45A MeV data shows a slightly better determination of t

FIG. 3. On the left: the distributions for the difference in az
muthal angle between the reconstructed reaction plane and the
reaction plane using the transverse-momentum analysis and
azimuthal-correlation method at 45A MeV for IQMD data. On the
right: rms of the distributions of the difference between the rec
structed event-plane and the real event plane for the four desc
methods, the sphericity flow-tensor method with the mass~STM!
and with 1 ~ST1! in the weight factor, the transverse-momentu
analysis~TMA !, and the azimuthal-correlation method~ACM!. The
last row indicates the error in the values of that column. The me
ods were tested at 45 and 95A MeV before and after the detecto
simulation, denoted, respectively, withI andG. All results are for
midcentral events.

TABLE I. The rms ofDf distributions.

I45 I95 G45 G95

STM 41.5 45.1 46.2 48.4
ST1 41.5 44.4 46.8 48.5
TMA 43.0 44.8 46.7 48.4
ACM 39.8 43.8 45.8 48.2
Error 0.1 0.1 0.3 0.1
02461
c-
-
u-
ns

n
as
ri-
y
.,
e

s,
ts
t

e.

reaction plane than the 95A MeV data. At 95A MeV the
number of light fragments is substantially higher than
45A MeV. These fragments are in general emitted more i
tropically than larger fragments, which makes it more dif
cult to determine the reaction plane. Figure 4~b! shows the
results for midcentral events after the IQMD events are p
cessed by the detector simulation. The reaction-plane de
mination after the detector simulation is considerably le
accurate than before this simulation. This is mainly due
the reduction of the acceptance in the backward hemisp
and close to the beam. Again the 45A MeV data shows a
slightly better determination than the 95A MeV data. Most
importantly, however, from Fig. 4~b! it can be concluded tha
it is possible to determine the reaction plane with the exp
mental data from the Huygens detectors.

B. Directed in-plane flow

After the study of the reaction-plane reconstruction, t
information can be used to calculate the directed in-pla
flow. The influence of the inaccuracy of the reaction plane
the flow must be looked at carefully to justify conclusio
from the experimental data. The flow analysis will be used
show a difference in magnitude between the directed
plane flow at 45 and 95A MeV. With only these two data
points it is not possible to extractEbal. However, this quan-
tity has already been measured for the system20Ne127Al
and has a value of 111610A MeV @10#. Assuming thatEbal
depends on the mass of the system withA21/3, Ebal for
24Mg127Al would be 114610A MeV. It will be shown that
our measurements are in agreement with this value.

It is known that although IQMD shows directed in-plan
flow, and also the disappearance of flow, the value ofEbal in
IQMD is in general much larger than the experimenta
measured value@16–18#. The simulations presented in th
section support this for the system24Mg127Al.

To calculate the magnitude of the directed in-plane flo
the flow parameterF is defined as@19#

F5
d^px* &

d~Y/Yproj!
, ~7!

with px* the component perpendicular to the beam of
projection of the momentum on the reaction plane a
Y/Yproj the rapidity in the center of momentum frame no
malized to the projectile rapidity. The valueF has to be
calculated around midrapidity, usually between21/2Yproj
and 1/2Yproj , although this domain may vary in the regio
wherepx* vs Y can be fitted with a straight line. Figure
shows the results of the flow calculations on simula
events in the midcentral impact-parameter class. In~a! and
~b! the momentum projections of IQMD events on the re
reaction plane are shown with filled circles. These grap
show the real directed in-plane flow. The fits are also dra
in the figure, for 45A MeV the flow is 256.561.1A MeV
and for 95A MeV it is 241.261.4A MeV. These values in-
dicate thatEbal in IQMD is much greater than the 11
610A MeV from literature. In~a! and ~b! also the momen-
tum projections are shown for the same events, with the
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FLOW AND MULTIFRAGMENTATION OF 24Mg . . . PHYSICAL REVIEW C 61 024611
constructed reaction plane~open circles!. The uncertainty in
the reaction-plane reconstruction reduces the measured
by about a factor of 3, but retains the ratio between 45
95 A MeV. The values for the fit for these distributions a
219.960.6A MeV for 45A MeV and212.962.1A MeV for
95A MeV. ~c! and~d! show the momentum projections aft
the IQMD events have been processed by the detector s
lation. Again these are projections on the reconstructed e
plane. The values for the flow are for 45A MeV– 12
63A MeV and for 95A MeV– 7.662.1A MeV. Also after
the detector simulation the ratio between the data sets
retained~within the error!. Figure 5~c! and 5~d! show that
directed in-plane flow can be determined with the Huyge
detectors using the procedures described above.

Figure 6 gives the results of the directed in-plane fl
measurements of the Huygens data of midcentral events
the left-hand side the results of the momentum projection
the reconstructed reaction plane is shown for all IMF
Similar to the IQMD data after the GEANT simulations, th
measurements show a positive offset of^px* &, which is due
to the acceptance of the Huygens detectors. The simulat
have shown that, despite this offset, the flow valueF can still
be used to measure directed in-plane flow. Clearly the flow
substantially reduced at 95A MeV as compared to 45A MeV.
The flow analysis was also performed for the differentZ
classes individually, the results of which are presented
Table II, and on the right-hand side of Fig. 6. Heavy fra
ments show a larger flow than light fragments, but they
result in a similarEbal, as is readily reported in literatur
~e.g., @9#!. The errors in the results include the statistic
error and the systematic error due to the selection of the
area. The most important systematic error which is not ta
into account, is the error in the event-plane reconstructio
small flow angles, as is the case at 95A MeV. Because the
directed in-plane flow is used to reconstruct the react
plane, the accuracy of the reconstruction depends on
magnitude of the flow. It is not possible to study this wi
IQMD, because the directed in-plane flow at 95A MeV is
still too large compared to the experimental results. The
curacy of the event-plane reconstruction could be calcula
by splitting the event into two subevents and then calcula
the event plane for both subevents. However, the multiplic

FIG. 4. The angle difference between the real reaction plane
the reaction plane determined with ACM for midcentral events.
the left-hand side the results for IQMD data, on the right-hand s
the results after the GEANT program was used to simulate
detector effects on the IQMD data.
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in our data set is too small for such an analysis. This eff
is, therefore, not be corrected for. In general a linear fit
used to determineEbal from the measured flow values~e.g.,
@9,10#!. Figure 7 shows the measured flow values~open
circles! for 24Mg127Al and the value derived from@10#
~filled circle!. The measured data points are in agreem
with this value forEbal of 114610A MeV.

IV. IMF’s AT MIDRAPIDITY

The origin of IMF emission in heavy-ion reactions is
heavily debated subject in the field of intermediate-ene
heavy-ion physics@20–31#. The nature of the production
process will depend on the mass and energy of the collid
systems. In this section measurements of the azimuthal
relations and polar-angle distributions are described for
24Mg127Al system at 45 and 95A MeV. As shown before,
the latter energy is close to the balancing energy of appr
mately 110A MeV @10#. Here it will be shown that the com
bination of these two methods shows that IMF production
these small systems is consistently described by a dyna
process.

A. Azimuthal correlations

Azimuthal correlations are considered to be a power
tool to probe the dynamics of heavy-ion reactions, free fr
uncertainties in the reconstruction of the reaction pla
@19,32–34#. In this method the angular correlations of fra
ments emitted in the midrapidity region of the reaction a

nd
n
e
e

FIG. 5. Average in-plane transverse momentum as a functio
the rapidity normalized to the projectile rapidity. The figures on t
left are for 45A MeV data, on the right for 95A MeV. All data is
midcentral.~a! and ~b! are the results for IQMD events with th
projection on the real reaction plane~filled circles! and on the re-
constructed reaction plane with the ACM~open circles!. ~c! and~d!
show the results after the IQMD events are processed by the d
tor simulation, with the reconstructed reaction plane. The lines
fits of a straight line and are used to calculate the flow~see text!.
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E. P. PRENDERGASTet al. PHYSICAL REVIEW C 61 024611
studied. The azimuthal-correlation method does not req
an event by eventreconstruction of the reaction plane an
minimizes other systematic uncertainties associated with
tector acceptance and efficiency. Azimuthal correlatio
have been used to study many of the features of heavy
collisions, such as directed and rotational flow@19,33,35–
37#, balancing energy@32#, and impact parameter@38#.

The azimuthal-correlation method uses the angular dif
ence in the azimuthDf of different fragments to study th
reaction dynamics. It makes use of the azimuthal-correla
function, which is defined as the ratio of the azimuthal an
differences of correlated fragments,Ncor(Df) and the angle
differences of uncorrelated fragments,Nuncor(Df):

C~Df!5
Ncor~Df!

Nuncor~Df!
. ~8!

The correlated angles are from fragments within one ev
Uncorrelated fragments are generated by mixing tracks f
different events. Events are mixed which are of the sa
impact-parameter class and have the same fragment m
plicity. These generated mixed events are corrected for
detector granularity, so two tracks are not identified by
same detector module. Real events are also corrected fo
to ensure that events are processed similarly in the two~cor-
rected and uncorrected! correlations. From this point on th
term ‘‘mixed events’’ will be used to indicate events consi
ing of uncorrelated fragments.

If particles are emitted independently, the azimuth
correlation function is described by the autocorrelation fu
tion of the single-particle distribution:

C~Df!5E
0

2p

P~f!P~f1Df!df, ~9!

FIG. 6. On the left, as in Fig. 5 for measured data. The result
the fit are shown in Table II on the right. Also the results for t
different Z classes are shown.

TABLE II. Flow values ofA MeV/c.

45A MeV 95A MeV

All IMF’s 212.9~1.1! 23.2~1.2!
Z52 210.4~1.5! 23.3~1.4!

Z53 – 4 219.9~1.7! 24.7~2.5!
Z55 – 8 233~4! 26.3~3.7!
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with P(f) being the distribution of independently emitte
fragments. Empirically it has been shown that the fragm
distribution is described by a second-order Legendre poly
mial @38,39#:

P~f!}11a1 cos~f!1a2 cos~2f!. ~10!

The valuea1 can be related to thein plane flow and the
valuea2 is attributed to other directed motion, eithersqueeze
out, if a2,0 or rotational effects ifa2.0. If Eq. ~10! is
substituted in Eq.~9!, the azimuthal-correlation function ca
be calculated for independently emitted fragments:

C~Df!}l1 cos~Df!1l2 cos~2Df!, ~11!

where the relationship betweenai andl i is given by

l i5
1

2
ai

2, ~12!

which again associates the first term in Eq.~11! with directed
flow and the second term with other collective motion, us
ally rotational effects, as derived in@36#.

The azimuthal-correlation function will be used in o
analysis to exclude the scenario of independently emi
fragments from a midrapidity source described above. F
thermore, the polar-angle distributions will be studied to d
tinguish between fragments emitted from a single decay
source and a dynamic production process described
IQMD. The analysis is restricted to the midrapidity regio
and the midcentral impact-parameter class. The periph
class has a multiplicity which is too low to justify any con
clusions and are excluded from the analysis. Central ev
show essentially the same azimuthal correlations as mid
tral events. Small differences in these correlations canno
seen independently from the overall higher multiplicity
selected fragments. Because the number of fragments is
to select the centrality of the events, no conclusions can
drawn from this difference.

B. Results

In Fig. 8 the azimuthal correlations for the experimen
data at midrapidity with impact-parameter class midcen

f
FIG. 7. Measured directed in-plane flow data~open circles!

compared to the value derived from literature~filled circle!. The
line connects the two measured data points and serves to guid
eye.
1-6
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are shown. The analysis is restricted to particles which
identified in the Huygens setup between 10° and 78° p
angle, in the laboratory system. All figures are normaliz
with respect to the integrated surface of the distributio
The top six figures are for the 45A MeV data, the bottom six
are for the 95A MeV data. On the left-hand side the corr
lated azimuthal correlations are shown with filled circles a
the azimuthal correlations of mixed events are shown w
open circles. On the right the ratio of the two@see Eq.~8!#
shows the azimuthal-correlation function with filled squar
The fragments which are selected in the different figures
indicated in the top-left corner. The azimuthal-correlati
functions at the two energies are for eachZ class quite simi-
lar, however, it was shown in Sec. III B that the direct
in-plane flow at 45A MeV is substantially larger than a
95A MeV. From this it can be concluded that the azimuth
correlations are insensitive to directed in-plane flow.

Clearly, all correlations show an enhancement at 18
which increases with fragment mass. Only theZ52 data at
45A MeV shows a small increase at 0°. A description of t
correlations with Eq.~11! will yield a negative value forl1 ,
using Eq.~12! this will lead to an imaginary value fora1 .
This clearly shows that these correlations cannot be
plained by independently emitted fragments.

Two models have been used to investigate the reac
mechanism for24Mg127Al at 45 and 95A MeV. First, the
IQMD model gives a dynamic picture of the heavy-ion co
lision, without the inclusion of an equilibrated system
midrapidity. Second, because the maximum at 180° in
azimuthal distribution function could also be due to~trivial!
momentum conservation of a single decaying sou
@34,40,41#, a simple single static-source model was used
describe the measured correlations.

In Fig. 9 the azimuthal correlations of the experimen
data are compared to the IQMD results. Comparison of
azimuthal distribution functions of IQMD events before a
after the detector simulations showed no difference. To
hance the statistics, the azimuthal correlations of IQM
without the GEANT detector simulation are shown. Only t
Z52 results are different for IQMD and the experimen
data. This is due to a different production process forZ52
than the IMF’s, which is not incorporated in IQMD. A
other correlations of the experimental data and IQMD are
good agreement.

To describe the decaying midrapidity source, a sim
participant-spectator scenario was assumed. Events
generated using a model describing a single static sourc
midrapidity undergoing prompt multifragmentation@42#. In
this model the Coulomb interaction is neglected and the m
tifragmentation process is governed by phase space.
source size, the excitation energy, and the decay mode
input parameters. The excitation energy for the source
taken to be the average center-of-mass energy per nuc
i.e., 11 and 23A MeV for beam energies of 45 an
95 A MeV, respectively. The correlations from this mod
were also processed by the GEANT detector simulation.
source size was used as a parameter to fit the azimuthal
relations of the static-source model to the data. This fit w
performed for each fragment-class individually and has
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accuracy of approximately 10%. In Fig. 10 the resulting a
muthal correlations~open crosses! are compared to the dat
~filled squares!. The source sizes do not depend on the be
energy. They do, however, depend on the mass of the e
ted IMF’s. For theZ52 data the mass of the source is 3
amu, forZ53 – 4 the mass is 36 amu and forZ55 – 8 the
mass is 40 amu. The decay mode has very little influence
the correlations. Simulations forZ53 – 4 decaying in one
Z53, one Z54 and several small fragments show ess
tially the same azimuthal correlations as a three-particle
cay mode. The calculated correlations are in agreement
the experimental data, although the leveling of the exp
mental data~and the IQMD data! at small angles is not re
produced. Therefore, this source model and IQMD give
equally good description of the measured azimuthal corr
tions.

Although it is not possible to distinguish the two d
scribed models by studying the azimuthal correlations,
polar-angle distributions should be able to make a distinct
@43#. The decaying source at midrapidity will have a max

FIG. 8. Azimuthal correlations for different fragments and bea
energies for midcentral events. The left column shows the raw-d
correlations~filled circles! and the correlations for mixed even
~open circles!. The right column gives the ratio of the two: th
azimuthal-correlation function. All plots are normalized to the in
grated area of the distributions.
1-7
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mum in these distributions at 90°, whereas the polar-an
distributions of IQMD show a minimum at 90° flanked b
two maxima @43,44#. It was shown that these maxima
IQMD are remnants of the target and the projectile and a
therefore, called targetlike and projectilelike@44#. Figure 11
shows the polar-angle distribution at midrapidity for the d
ferent fragments at the two beam energies. On the left-h
side the IQMD results after GEANT~gray line! are com-
pared to the measured distributions~black line!, on the right-
hand side the measured distributions~black line! are shown
with the static-source results~gray line!.

For 45A MeV the IQMD results nicely describe the me
sured data. ForZ53 – 4, Fig. 1~c! shows for both IQMD and
the measured data target and projectilelike maxima. Fig
1~d! shows the same distributions for the measurement

FIG. 9. Azimuthal correlations of the experimental data~filled
squares! and IQMD events~filled triangles!. All events are midcen-
tral, the fragment charge is indicated in the top-left corner of e
plot.

FIG. 10. Azimuthal correlations of the experimental data~filled
squares! and of the static-source events filtered by GEANT~open
crosses!. The experimental data are midcentral, for details on
static-source data, see text. The fragment charge is indicated i
top-left corner of each plot.
02461
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the static-source model. These two figures clearly show
the experiment and IQMD are in agreement and that
static-source model fails to describe the measurement.
heavy fragments, Figs. 1~d! and 1~e! show that the measure
ment is in agreement with IQMD and is different from th
static-source model. For these fragments the projectile
and targetlike maxima fall outside the experimentally acc
sible domain. Figures 1~a! and 1~b! for the Z52 distribu-
tions show no significant difference between IQMD and t
static-source model. The data, however, seem to indicate
getlike and projectilelike maxima. As in the azimutha
correlation function this difference between the experimen
data and IQMD is probably due to a different producti
process forZ52. The 95A MeV distributions show essen
tially the same results as the 45A MeV distributions. The
experiment is well described by IQMD and the static-sou
model fails to describe the data. ForZ52 the data in Fig.
1~g! show definite targetlike and projectilelike maxima
both the measured data and IQMD. The static-source mo
in Fig. 1~h! shows a maximum where both other distributio
show a minimum. This is also the case in Fig. 1~j! for Z

h

e
the

FIG. 11. Polar-angle distributions for the experimental d
~black lines! and on the left-hand side IQMD data after GEAN
~gray lines! and on the right the static-source data~gray lines!. The
fragment charge is indicated in the top-left corner of each plot.
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53–4. The enhancement in Figs. 1~i! and 1~j! for the mea-
sured data at small angles is caused by misidentifieda par-
ticles in the gas chamber. Despite this, the data still sh
targetlike and projectilelike maxima, similar to the IQM
distribution. Statistics do not allow for a comparison of t
Z55 – 8 data, for completeness they are shown in Figs. 1~k!
and 1~l!. From the polar-angle distributions a clear distin
tion can be made between this decaying-source scenario
a dynamic process as described by IQMD.

C. Discussion

In the previous section the azimuthal correlations
midrapidity particles in conjunction with the polar-angle d
tributions showed that the IMF emission in nuclear midce
tral collisions of 24Mg127Al at 45 and 95A MeV is well
described by dynamic processes. The maxima in the
muthal correlations were shown to be due to the correlati
between targetlike and projectilelike fragments.

It was found that the azimuthal correlations of midrapid
particles for both energies are quite similar, whereas
measured directed in-plane flow is substantially higher at
than at 95A MeV and are consistent with anEbal of 114
610A MeV. This shows that the azimuthal correlations a
insensitive to the directed in-plane flow. The azimuthal c
relations of midrapidity particles in the aforementioned re
tion exhibit pronounced maxima at 180°. This maximum
creases with fragment size and its existence is not influen
A
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by the beam energy. The measured azimuthal correlat
cannot be caused by a single midrapidity source emitt
particles independently@33,35–37#, because the distribution
cannot be described using the autocorrelation function@Eq.
~9!#. Coulomb repulsion@36,45–47# is also not responsible
for the maxima in the azimuthal correlations@43#. Therefore,
the maxima at 180° can only be explained if the emitt
particles are strongly correlated@32#. Momentum conserva-
tion of a small decaying source can be responsible for
maximum @34,40,41#. Therefore, a model of a single sma
static decaying source was used to fit to the data. T
GEANT simulations show that the Huygens detector is s
sitive to this maximum. However, the measured data d
not show a maximum at this angle, but instead shows a m
mum, flanked by a projectilelike and a targetlike maximu
which are nicely described by the IQMD results.
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