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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 dynamicdQMD) simulations of?*Mg+27Al at 45 and 9% 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 oft11@\ 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 numbegps): 25.70.Pq, 24.10.Lx, 24.10.Pa

[. INTRODUCTION of these particles in the forward plastic scintillators of the

TPC. In the MUR the polar-angle resolution is 22.5° and the

An elaborate investigation was performed into the reacresolution of the azimuthal angle is approximately 5°. Par-

tion dynamics of heavy ion collisions at intermediate enericles with an azimuthal angle between 3° and 10° are only

gies of small nuclear systems. Experimental data and isospifentified in the MUR and therefore have a threshold of ap-
quantum molecular dynamicdQMD) simulations[1,2] of ~ Proximately 2G\ MeV.

24\g+27Al at 45 and 98 MeV provide insight into pro- For the analysis in total #10° events were used of
cesses taking place, when the bulk of the nuclear material $9A MeV and 8<10° events of 9B MeV. For the IQMD
small compared to the surface. simulations the number of events are 600 000 foA ¥eV

The experiments described in this paper were performe@nd 800000 for 98 MeV. The main problem in studying
at the GANIL heavy-ion beam facility in CadRrance. GA- t.he. cplhsmns pf these small nuclear systems is the Iovy mgl-
NIL provided 2Mg beams which were directed onto an alu- tiplicity. The impact-parameter selection procedure is di-
minum target foil. The measurements of #Hdg+27Al col- rectly related to thls myltlpI|C|ty, therefore, IQMD and a
lisions were performed using the Huygens detecfad]. GEA_NT dete_ctor simulation We_re_used to_study the accuracy
This detector array was conceived and built at the departQ_f this gelechon procedure. This is described in Sec. Il. The
ment of subatomic physics at Utrecht University. The Huy-Simulations were also used to study the event-plane recon-
gens detector array is amddetector, which allows for an struction efficiency and the resulting ﬂow measurement.
event by everanalysis of the reaction. The array was used inFoUr different event-plane reconstruction methods were
conjunction with a forward time-of-flight wall, the MUFS], compareo_l and the best method was used for the analysis of
covering the phase space between 3° and 30° polar anglg‘.e expen_mental data. This study and the flow ’meas_urements
The Huygens detectors consist of a central time projectio'® described in Sec. Il In Sec. IV the IMF's emitted at
chamber(TPC) surrounded by a plastic scintillator barrel mldraplqny_ are studied. The azimuthal correlations gnd polar
(11°< 6,,=<78°) and a C<Tl) wall (the CIW) at backward angle dlstrlbuthns are used to show that the multlfragmen—
angles (121 6,,,<177°). Due to experimental difficulties, tation process in these_ small nuclear systems is consistently
the CIW could only be used as a multiplicity counter. In the d€scribed by a dynamic process.
midrapidity region, particles are detected in the TPC, which
is highly symmetric in the azimuthal angfewith an average
accuracy of 3.1° inp [4]. The polar angle resolutiordf,) is The physics of heavy-ion collisions is strongly deter-
better than 1° at 78° and better than 0.25° at 11°. The TP@nined by the amount of overlap between the two nuclei. This
was operated at a gas pressure of 150 (@fg) leading to  quantity is described by the impact paramebemwhich is
energy thresholds from/AMeV for protons to AMeV for  defined as the distance between the centers of the colliding
boron. Particle identification was obtained using EvesdE  nuclei. Several methods have been proposed to medsure
technique, withE measured in the plastics adé measured These methods are generally based on the sum over one-
in the gas chamber. Particles in the forward region are iderbody observables in an event, such as transverse momentum
tified using the timing of the MUR and the energy deposition|p,|, detected energi . or charged particle multiplicityN,

II. IMPACT-PARAMETER SELECTION
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FIG. 1. The measured charged particle multipliciB(N.) in
the Huygens detectors for 45 and @%1eV beam energy. FIG. 2. Impact-parameter distribution fof‘Mg+*Al at
95A MeV for different impact-parameter classes generated by

(see[6,7] and references therginSimulations with IQMD  'QMD and filtered by GEANT.

combined with the GEANT detector simulation do not show o . )
large differences in the accuracy with whibtcan be deter- A similar analysis for the impact parameter can be per-

mined from|p|, EqetOF N For our data the charged par- formed on IQMD data, which is processed by the GEANT
ticle multiplicity was used for the impact parameter determi-detector simulation. It should be noted that IQMD underes-
nation. It is assumed thad, depends monotonically on the timates fragment formation, while proton and neutron yields

impact parametefi7,8]: are overestimated. This effect leads to an increased multi-
plicity for all impact parameter classes. Nevertheless, the
. b o i77) analysis can give an indication of the accuracy of the defini-
b(ND) = b :<f mP(Nc)ch> , (1)  tion of the impact-parameter classes. In Fig. 2 the impact
max Ne parameter is plotted of an IQMD simulation with GEANT

for the three classes at A%/eV beam energy. The results
with b the impact parameter as a fraction of the maximumare similar for 4% MeV. The yield of the distributions are
impact parametdnmax, Ng] iS the Charged partic'e mu|t|p||c_ with a m.|n|mum'b|als trlggel’. The mean value and the rms of
ity for which the impact parameter is to be determined, andhe peripheral, midcentral, and central events are 4.8
P(N,) is the measured probability distribution bF,. It is ~ =1.4fm, 4.0-:1.5fm, and 3.3 1.5fm, respectively. The
assumed that the two nuclei are classical spheres,byjth ~ Shapes of the distributions show tfie)accuracy by which
the sum of the radiifor 2Mg+27Al, b,,=6.6fm). Figure 1  the impact parameter can be determined. Therefore, these
shows P(N,) in the Huygens detectors for the 45 and classes should merely be seen as an indication for the se-
95 AMeV data. In the 9B MeV data the very low multi- 'ected impact-parameter range. It should be noted that by
plicities are suppressed by the trigger condition. This data sé€/ecting from these distributions events with a number of
was not taken with a minimum-bias trigger, but with the IMF'S, @ new implicit impact-parameter selection is made,
requirement that either in the forward scintillators or in theWhich will result in an even more similar event selection for
sideward scintillators two or more hits were registered. Thdéhe impact-parameter classes. , ,
45A MeV data was taken with a minimum bias trigger, i.e., a_. For the analysis only the event clas_,s mldc_entral is used.
single hit in one of the plastic scintillatorg{,>10°) and F|gure 2 shows that the Centrgl_class is he_aV|Iy polluted by
shows the distribution expected in heavy-ion collisions: amidcentral events. Therefore, it is not possible to draw con-
structureless plateau andrea) exponential slope at higher clusm_ns about very central collisions. The peripheral events
multiplicities. Because of the small number of participating@'®: like the midcentral events, reasonably well defined.
nucleons the exponential decrease starts at low multiplicitied10wever, due to the small charged-particle multiplicity, it is
To compensate for the trigger effects, the structureless pldl0t Possible to do a useful analysis on these events.
teau in P(N.) for both distributions was extended to low
multiplicities. With this assumption, different impact- ll. COLLECTIVE MOTION
parameter classes can be defined using(Bq.Three differ- The collective motion of matter in nuclear collisions is

ent classes are defined, peripheraltior0.7, midcentral for  deemed to be one of the primary observables to extract in-
0.35<b<0.7, and central forb<<0.35. For the measured formation on the equation of state. The attractive mean-field
multiplicity distribution this results in a definition for mid- potential and the repulsive nucleon-nucleon interaction cause
central events for 45MeV of 2<N.<6. For 9%AMeV  a sideward flow of fragments within the reaction plane. The
midcentral is defined by 8 N.<7. Higher multiplicities are  magnitude of thigdirected in-plane flowis sensitive to the
central and lower multiplicities are peripheral. Because oftompressibility of nuclear matter. In the intermediate-energy
the low multiplicity (N.<3), peripheral events are not used region, the interest has been focused in particular on the
in the analysis. balancing energ¥,,, the beam energy where the two forces
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cancel. Although the magnitude of the directed in-plane flow N
was found to depend on the mass of the emitted fragment, Q= E wypﬁ , 3)
Ep, is the same for all fragmen{9]. Furthermore, both ex- v=t

pejlig‘em and simulation show th&y is proportional 10 it the sum over all particles in an evept, is the momen-
A™**, whereA s the combmed'mass o_f the colliding system component perpendicular to the beam axis, @pis the
[10,11). For the study of the directed in-plane flow, the re-\yeight factor which is+1 for particles withY,>0 and—1

action plane itself ha}s to be reco_nst_ruqted. Metho_ds t_o P€%or Y ,<0. This method assumes that the flow in the forward
form this reconstruction have an intrinsic error, which is in- regiovn is associated. via momentum conservation. with flow

versely correlated to the number of fragments in an eveniy, the gpnosite direction in the backward region. The weight
For the small sy;tem described here, IQMD and the GEANTgactor assures that both directions are summed with the same
detector-simulation program were used to study the accuracygn

of the event-plane reconstruction. STM, ST1, and TMA all explicitly use and require the
directed in-plane flow for the reconstruction of the reaction
plane. The azimuthal-correlation methgdCM) does not
use this feature but merely requires that the particles are
The event plane, in experimental data, needs to be recopreferably emitted withir(close t9 the reaction plane. This
structed from the observables. In simulated events, this varimethod again only uses the momenta of the particles perpen-
able is known and the effectiveness of the event-plane recoricular to the reaction plane. The azimuthal angle of the
struction can be studied. Three methods can be used ®vent plane is reconstructed using a test reaction plane. The
perform the reconstruction, the kinetic flow-tensor methoddeviation D? of all momenta relative to this test plane is
[12], the transverse-momentum analydi$3], and the defined in terms of the slope of the projection of the test
azimuthal-correlation methdd4].! In this section the differ- plane in thex-y plane:
ent methods are described briefly and the results are com-
pared. The comparison is done using IQMD events for the ) ) » (Pt pyv)2
2Mg+27Al system at 45 and 98 MeV before and after the D= ;1 PPy ™~ 1352 S
simulation of the detector response.
The kinetic flow-tensor method constructs, for the deterwith the sum being over all particles in an event andp,
mination of the reaction plane, the kinetic sphericity tensomeing the components of the momenta perpendicular to the

A. Event-plane reconstruction

N

a beam. The real reaction plane is found by minimizing
. 2
dD
Fij=;1 @ ,PiPjy 2 ——=0. 5)

To avoid a strong autocorrelation between the angle of the
particle and the angle of the reaction plane, the reconstruc-
tion of the reaction plane should be performed for each par-
: . ticle individually, without using the information of the par-
Ith component of the momentum of particie For the ticle of interest. The result of this is that for each evint

weight factor usually 1/, is taken, withm, the mass of the different reaction planes are defined. To compensate for the
particle, this method will be referred to as standard trans- P i b

verse moment4STM) method. For this study the method momentum of the particle of interest, which is not incorpo-
was also tested with a Weigr.n factor of 1. which will be rated in the analysis, all particles are boosted by a weighted

called ST1. In heavy-ion collisions defines a volume in Vféqcny Vo, related to the momentum of this particiei
space, which in general is shaped likeigar. Because the [15%
tensor is symmetric, diagonalization &f yields three real Pooi
eigenvalues; , which are ordered such thég=<f,<f,. The Vi, Po!
eigenvector associated with the largest eigenvauede-
fines the Iarge_st component of the collective flow. Th|s COM+yith Meys being the mass of the complete system amg
ponent, the directed in-plane flow, spans the reaction p|a“8eing the mass of the particle of interest.
with the beam direction and thus defines the reaction plane. || four described methods, STM, ST1, TMA, and ACM
In the transverse-momentum analy§i$1A) only the di-  haye been used to reconstruct the event plane on simulated
rection of the particles perpendicular to the beam axis igjata of midcentral events. Figure 3 shows the results of this
considered. The reac_:t|or_1 planfa is fixed by the beam dwectmgtudy_ The plot on the left shows the distributions for the
and theQ vector, which is defined by difference between the reconstructed reaction plane and the
real reaction plane for TMA and ACM of*Mg-+2’Al at
45A MeV for IQMD data. All distributions show this shape
lUnfortunately the expression “azimuthal correlation method” is and only differ in the width of the distribution. Table 1, in
used in the litterature both for a way to reconstruct the event plan€onjunction with Fig. 3 gives the rms values of the different
[14] and for a method to study the reaction dynantmsr Sec. I\. distributions. For all simulated data sets ACM gives the best

with i, j running from 1 to 3N is the number of particles in
an eventw, is a weight factor for each particle apg, is the

(6)

msys_ mpoi

024611-3



E. P. PRENDERGASt al. PHYSICAL REVIEW C61 024611

6000 reaction plane than the 95MeV data. At 9 MeV the

2 = 145 — ACM . . \ )
§ 5000 £ number of light fragments is substantially higher than at
E 45A MeV. These fragments are in general emitted more iso-
4000 — tropically than larger fragments, which makes it more diffi-
3000 E_ cult to determine the reaction plane. Figurd@)4shows the
E results for midcentral events after the IQMD events are pro-
2000 cessed by the detector simulation. The reaction-plane deter-
B mination after the detector simulation is considerably less
1000 - accurate than before this simulation. This is mainly due to
o B Lo b il the reduction of the acceptance in the backward hemisphere
-50 0 50 and close to the beam. Again the AlBleV data shows a
A¢ (degree) slightly better determination than the A%eV data. Most

FIG. 3. On the left: the distributions for the difference in azi- importantly, however, from Fig.(®) it can be concluded that

muthal angle between the reconstructed reaction plane and the régl's possible to determine the reaction plane with the experi-
reaction plane using the transverse-momentum analysis and tH@ental data from the Huygens detectors.
azimuthal-correlation method at ABMeV for IQMD data. On the

right: rms of the distributions of the difference between the recon- B. Directed in-plane flow

structed event-plane and the real event plane for the four described

methods, the sphericity flow-tensor method with the mEM) After the study of the reaction-plane reconstruction, this

and with 1(STD) in the weight factor, the transverse-momentum information can be used to calculate the directed in-plane

analysisTMA), and the azimuthal-correlation meth(&CM). The flow. The influence of the inaccuracy of th_e rgaction plar_le on
last row indicates the error in the values of that column. The meththe flow must be looked at carefully to justify conclusions

ods were tested at 45 and 98VieV before and after the detector oM the experimental data. The flow analysis will be used to
simulation, denoted, respectively, wittand G. All results are for ~ Show a difference in magnitude between the directed in-
midcentral events. plane flow at 45 and 9B MeV. With only these two data
points it is not possible to extra&,,. However, this quan-
i 27
results, although the differences, particularly after the detec!Y has already been measured for the systehie+*Al

- : : and has a value of 1¥110A MeV [10]. Assuming thaE,,
tor simulations, are quite small. ACM has been used to re epends on the mass of the system wAhl® E,_ for

construct the reaction plane of the measured data. The influy, 27 _
ence of the beam energy and the detector on the distributions™9 Al would be 114-10A MeV. It W'II be_ shown that
will be discussed shortly. our measurements are in agreement with thls valug.

In the comparison above only the smallest angle betwee Itis kCTO\an matda}lthough IQMD ?EowstﬂlrecthEm—plane
the calculated reaction plane and the real reaction plane W%\"\‘/’I’Dar_' aiso the ||sappehar|ance oth OW,th € valu .@f'nt I
used. In fact this quantity is what can be measured experi- |sd|n gienleéa 1mu$h ar_gerl t_an € expterém_entr? y
mentally. However, to do a flow analysis it is also necessar)wea.sure valug T 8. The simula |on§7 presented in this

Ssection support this for the systetfMg+27Al.

to determine the orientation of the reaction plane, i.e.; T cul h itude of the di d in-ol fl
whether the projectile passes the target on the left or on th% 0 calculate the r_nagm_tu e of the directed in-plane flow,
the flow parameteF is defined ag19]

right-hand side. This cannot be done unambiguously. It is,

however, possible to align the reaction plane for all events d(pys)

from the angle of the directed flow. Since it is expected that F=—— 21 (7

for 2Mg+2’Al both at 45 and 9B MeV the system experi- d(Y/Ypro))

ences a negative flow, the flow is defined as being negative. ]

If the calculated flow in an event is found to be positive, theWith P« the component perpendicular to the beam of the

reaction plane is rotated by 180°. projection of t_hg momentum on the reaction plane and
In Fig. 4a) the results of the event-plane analysis with Y/Yproj the rapidity in the center of momentum frame nor-

ACM for IQMD data are shown for midcentral events. For Malized to the projectile rapidity. The valueé has to be

this study all fragments with £Z<8 were used. The calculated around midrapidity, usually betweertl/2Y

45A MeV data shows a slightly better determination of the@nd 1/, although this domain may vary in the region
where p,« vS'Y can be fitted with a straight line. Figure 5

shows the results of the flow calculations on simulated
events in the midcentral impact-parameter classianand
(b) the momentum projections of IQMD events on the real

TABLE |I. The rms of A¢ distributions.

145 195 G45 695 reaction plane are shown with filled circles. These graphs
STM 41.5 45.1 46.2 48.4  show the real directed in-plane flow. The fits are also drawn
ST1 415 44 .4 46.8 48.5 in the figure, for 4B MeV the flow is —56.5+ 1.1A MeV
TMA 43.0 44.8 46.7 48.4 and for 9RA MeV it is —41.2+1.4A MeV. These values in-
ACM 39.8 43.8 45.8 48.2 dicate thatEy, in IQMD is much greater than the 114
Error 0.1 0.1 0.3 0.1 +10A MeV from literature. In(a) and (b) also the momen-

tum projections are shown for the same events, with the re-
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FIG. 4. The angle difference between the real reaction plane ancx E + + + ++ .
the reaction plane determined with ACM for midcentral events. On™ 5 — T - +++ &
the left-hand side the results for IQMD data, on the right-hand side C + C + -
the results after the GEANT program was used to simulate the 0 o ++++++ [ * oo
detector effects on the IQMD data. E (o) Hd)
_S_IIII|IIII|IIII|IIII _IIII|IIII|IIII|IIII
constructed reaction plariepen circles The uncertainty in -1 05 0 0.5 VA 11 05 0 0.5 - 1
proj proj

the reaction-plane reconstruction reduces the measured flow
by about a factor of 3, but retains the ratio between 45 and F|G. 5. Average in-plane transverse momentum as a function of
95 AMeV. The values for the fit for these distributions are the rapidity normalized to the projectile rapidity. The figures on the
—19.9-0.6A MeV for 45A MeV and—12.9+2.JAMeV for  left are for 43 MeV data, on the right for 95 MeV. All data is
95A MeV. (c) and(d) show the momentum projections after midcentral.(a) and (b) are the results for IQMD events with the
the IQMD events have been processed by the detector simprojection on the real reaction plartiled circles and on the re-
lation. Again these are projections on the reconstructed everbnstructed reaction plane with the AQMpen circles (c) and(d)
plane. The values for the flow are for ABleV—12  show the results after the IQMD events are processed by the detec-
+3AMeV and for 90 MeV—7.6+2.1A MeV. Also after tor simulation, with the reconstructed reaction plane. The lines are
the detector simulation the ratio between the data sets afts of a straight line and are used to calculate the fleme text
retained(within the erroj. Figure %c) and 8d) show that
directed in-plane flow can be determined with the Huygensn our data set is too small for such an analysis. This effect
detectors using the procedures described above. is, therefore, not be corrected for. In general a linear fit is
Figure 6 gives the results of the directed in-plane flowused to determin&,, from the measured flow valués.g.,
measurements of the Huygens data of midcentral events. dM,10]). Figure 7 shows the measured flow valugpen
the left-hand side the results of the momentum projection owircles for 2*Mg+2’Al and the value derived fronj10]
the reconstructed reaction plane is shown for all IMF's.(filled circle). The measured data points are in agreement
Similar to the IQMD data after the GEANT simulations, the with this value forE, of 114+ 10A MeV.
measurements show a positive offsef pf«), which is due
to the acceptance of the Huygens detectors. The simulations
have shown that, despite this offset, the flow vafugan still
be used to measure directed in-plane flow. Clearly the flow is The origin of IMF emission in heavy-ion reactions is a
substantially reduced at 88VieV as compared to 46MeV.  heavily debated subject in the field of intermediate-energy
The flow analysis was also performed for the differént heavy-ion physic{20-31. The nature of the production
classes individually, the results of which are presented irprocess will depend on the mass and energy of the colliding
Table Il, and on the right-hand side of Fig. 6. Heavy frag-systems. In this section measurements of the azimuthal cor-
ments show a larger flow than light fragments, but they allrelations and polar-angle distributions are described for the
result in a similarEyy, as is readily reported in literature 24Mg+27Al system at 45 and 95MeV. As shown before,
(e.g.,[9]). The errors in the results include the statisticalthe latter energy is close to the balancing energy of approxi-
error and the systematic error due to the selection of the fitnately 11\ MeV [10]. Here it will be shown that the com-
area. The most important systematic error which is not takepination of these two methods shows that IMF production for
into account, is the error in the event-plane reconstruction ahese small systems is consistently described by a dynamic
small flow angles, as is the case atA94eV. Because the process.
directed in-plane flow is used to reconstruct the reaction
plane, the accuracy of the reconstruction depends on the
magnitude of the flow. It is not possible to study this with
IQMD, because the directed in-plane flow atA98eV is Azimuthal correlations are considered to be a powerful
still too large compared to the experimental results. The actool to probe the dynamics of heavy-ion reactions, free from
curacy of the event-plane reconstruction could be calculatedncertainties in the reconstruction of the reaction plane
by splitting the event into two subevents and then calculating19,32—34. In this method the angular correlations of frag-
the event plane for both subevents. However, the multiplicitynents emitted in the midrapidity region of the reaction are

IV. IMF’'s AT MIDRAPIDITY

A. Azimuthal correlations
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FIG. 6. On the left, as in Fig. 5 for measured data. The results of

the fit are shown in Table Il on the right. Also the results for the

different Z classes are shown.

FIG. 7. Measured directed in-plane flow dag@pen circles
compared to the value derived from literatuféled circle). The
line connects the two measured data points and serves to guide the

studied. The azimuthal-correlation method does not requiréye.

an event by eventeconstruction of the reaction plane and
minimizes other systematic uncertainties associated with d
tector acceptance and efficiency. Azimuthal correlation
have been used to study many of the features of heavy-io
collisions, such as directed and rotational flp¥®,33,35—

37], balancing energj32], and impact paramet¢88].

The azimuthal-correlation method uses the angular differ-

vith P(¢) being the distribution of independently emitted
ragments. Empirically it has been shown that the fragment
qistribution is described by a second-order Legendre polyno-
mial [38,39:

P(¢)x1+a, cog ¢)+a,coq2¢). (10

ence in the azimutfA¢ of different fragments to study the The valuea; can be related to then plane flow and the
reaction dynamics. It makes use of the azimuthal-correlationaluea, is attributed to other directed motion, eitrsgueeze
function, which is defined as the ratio of the azimuthal angleput, if a,<0 or rotational effects ifa,>0. If Eq. (10) is

differences of correlated fragments,,(A ¢) and the angle  substituted in Eq(9), the azimuthal-correlation function can
differences of uncorrelated fragmeni$,co(A ¢):

be calculated for independently emitted fragments:

Neod A o) C(A@)xn; cogA )+ A, COL2A ), 11
Cag=ptod - (A¢h)>\ COSA ) +); OS24 ) (11)
uneo where the relationship between and\; is given by
The correlated angles are from fragments within one event. 1
Uncorrelated fragments are generated by mixing tracks from \i =—ai2, (12)

different events. Events are mixed which are of the same 2
impact-parameter class and have the same fragment mulg\;
plicity. These generated mixed events are corrected for th
detector granularity, so two tracks are not identified by th
same detector module. Real events are also corrected for this
to ensure that events are processed similarly in the(boo
rected and uncorrectgdorrelations. From this point on the
term “mixed events” will be used to indicate events consist-

ing of uncorrelated fragments.

If particles are emitted independently, the azimuthal-
correlation function is described by the autocorrelation func

tion of the single-particle distribution:

€

27
C(A¢)=f0 P(¢)P(¢+A¢p)do, 9)
TABLE Il. Flow values of A MeV/c.

45A MeV 95A MeV

All IMF's -12.91.1) -3.21.2
7=2 —10.41.5 —-3.31.9
Z=3-4 —-19.91.7) —4.72.5
Z=5-8 —33(4) —6.383.7)

hich again associates the first term in Ebfl) with directed

flow and the second term with other collective motion, usu-
ally rotational effects, as derived [136].

The azimuthal-correlation function will be used in our
analysis to exclude the scenario of independently emitted
fragments from a midrapidity source described above. Fur-
thermore, the polar-angle distributions will be studied to dis-
tinguish between fragments emitted from a single decaying
source and a dynamic production process described by
1QMD. The analysis is restricted to the midrapidity region
and the midcentral impact-parameter class. The peripheral
class has a multiplicity which is too low to justify any con-
clusions and are excluded from the analysis. Central events
show essentially the same azimuthal correlations as midcen-
tral events. Small differences in these correlations cannot be
seen independently from the overall higher multiplicity of
selected fragments. Because the number of fragments is used
to select the centrality of the events, no conclusions can be
drawn from this difference.

B. Results

In Fig. 8 the azimuthal correlations for the experimental
data at midrapidity with impact-parameter class midcentral
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are shown. The analysis is restricted to particles which are 45 AMeV
identified in the Huygens setup between 10° and 78° polarg [ z=2 = F [ z=2 -]
angle, in the laboratory system. All figures are normalized’ 1F - o Lf e
with respect to the integrated surface of the distributions.ﬁo.s s 0s [
The top six figures are for the ASVieV data, the bottom six 205....|....|....|$a.) I S PP
are for the 98 MeV data. On the left-hand side the corre- 5 2 ¢ 2 2
lated azimuthal correlations are shown with filled circles and€1.s f 2=>* L Ssp -
the azimuthal correlations of mixed events are shown with 1 £ oo g3 oo—or 1E e—
open circles. On the right the ratio of the tjmee Eq.(8)] %o.s Sepsnchl © os i
shows the azimuthal-correlation function with filled squares. oBbrlion i1, o b b b
The fragments which are selected in the different figures are3 4 F Z-58 +H 3 N £ z=58 -+
indicated in the top-left corner. The azimuthal-correlation % *E + o3 -
functions at the two energies are for eathlass quite simi- £ 2F o 2E .
lar, however, it was shown in Sec. Il B that the directed & ! Foro"” =41 N T o)
in-plane flow at 4B MeV is substantially larger than at "0 50 100 150 00 50 100 150
95A MeV. From this it can be concluded that the azimuthal Af (degree) A¢ (degree)
correlations are insensitive to directed in-plane flow. 95 AMeV

Clearly, all correlations show an enhancement at 180°3 [ z-=2 . el 3 [ z-2
which increases with fragment mass. Only fve2 dataat g '~ O 1
45A MeV shows a small increase at 0°. A description of the 0.5 0.5
correlations with Eq(11) will yield a negative value fok ,, o @ ot ™
using Eq.(12) this will lead to an imaginary value faa; . o 2¢ = 2

. . ° F Z=34 b F Z=34
This clearly shows that these correlations cannot be exs1s =+ GusE e
plained by independently emitted fragments. 21E —0—1-:°;_-=9——:-°"_—°-°-’°' 1E _.,._+++

Two models have been used to investigate the reactiorgos o M os B "
mechanism for*Mg-+2Al at 45 and 95A MeV. First, the R R
IQMD model gives a dynamic picture of the heavy-ion col- 3 4 F Z=58 Z 4 F Z=58
L. . . . - s 3F S 3F
lision, without the inclusion of an equilibrated system at s ,E S E
midrapidity. Second, because the maximum at 180° in theg  E :i: £
azimuthal distribution function could also be due(tovial) & ' E=—F+ :i:I W N
momentum conservation of a single decaying source 0o 50 100 150 0 0 50 100 150

[34,40,41, a simple single static-source model was used to 46 (degree) Ab (degree)

describe the measured correlations. FIG. 8. Azimuthal correlations for different fragments and beam

In Fig. 9 the az&mutfrl]al correlatlonT Oféhe expe”me?t?}lenergies for midcentral events. The left column shows the raw-data
data are compared to the IQMD results. Comparison of t %orrelations(filled circles and the correlations for mixed events

azimuthal distributiqn funqtions of IQMD events before and (open circles The right column gives the ratio of the two: the
after the detector simulations showed no difference. To €ngzimythal-correlation function. All plots are normalized to the inte-
hance the statistics, the azimuthal correlations of 1QMDgrated area of the distributions.
without the GEANT detector simulation are shown. Only the
Z=2 results are different for IQMD and the experimental accuracy of approximately 10%. In Fig. 10 the resulting azi-
data. This is due to a different production processZer2  muthal correlationgopen crossgsare compared to the data
than the IMF’s, which is not incorporated in IQMD. All (filled squares The source sizes do not depend on the beam
other correlations of the experimental data and IQMD are irenergy. They do, however, depend on the mass of the emit-
good agreement. ted IMF’s. For theZ=2 data the mass of the source is 32
To describe the decaying midrapidity source, a simpleamu, forZ=3—-4 the mass is 36 amu and fB=5-8 the
participant-spectator scenario was assumed. Events wergass is 40 amu. The decay mode has very little influence on
generated using a model describing a single static source gie correlations. Simulations faf=3—4 decaying in one
midrapidity undergoing prompt multifragmentati¢42]. In  zZ=3, oneZ=4 and several small fragments show essen-
this model the Coulomb interaction is neglected and the multially the same azimuthal correlations as a three-particle de-
tifragmentation process is governed by phase space. Thgy mode. The calculated correlations are in agreement with
source size, the excitation energy, and the decay mode atRe experimental data, although the leveling of the experi-
input parameters. The excitation energy for the source wagental dataland the IQMD datpat small angles is not re-
taken to be the average center-of-mass energy per nuclegproduced. Therefore, this source model and IQMD give an
i.e., 11 and 23AMeV for beam energies of 45 and equally good description of the measured azimuthal correla-
95 A MeV, respectively. The correlations from this model tions.
were also processed by the GEANT detector simulation. The Although it is not possible to distinguish the two de-
source size was used as a parameter to fit the azimuthal cageribed models by studying the azimuthal correlations, the
relations of the static-source model to the data. This fit wapolar-angle distributions should be able to make a distinction
performed for each fragment-class individually and has af43]. The decaying source at midrapidity will have a maxi-
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45 AMeV 95 AMeV 45 AMeV
g 1;_.z_=._2 _,__F_..:L"—':—.- g 15 i:i__-#w E z=2 (a) E Z=2 ®)
:—a——‘;._*'_"_" =,
os | os | M
£ (@ : (b)
(2) L L g L — NENT. (I AR RN L I S IR A B L
T "F z=34 T “F z=34 o A T — A
g’l.ig e s1s el E| 273 @ g | z=34 @
TNy Ly perme—
05 @ °5F @
0-||||||||||||||||| 0'||||||||||||||||
34: +34: TR AR AR B [ ST A BRI SRR - S |
S 3 §—Z=5's g 3b 2=58 2] z=58 ) 2| z=58 ®
2 * 2 E 2 3
1E —+ 1E :H—
ozgsil'-j:.__ﬂ# @ 0:_‘__+_-\—t—|—.|....|....|.f?
0 50 100 150 0 350 100 150 v Py bl f e R I R L W BRI
¢ (degree) A6 (degree) 0 50 100 150 0 50 100 150
6 (degree) 6 (degree)
FIG. 9. Azimuthal correlations of the experimental déilied 95 AMeV
squaresand IQMD eventfilled triangles. All events are midcen- 2 [~ 7, @ 2 zo2 )
tral, the fragment charge is indicated in the top-left corner of each> >
plot. M
o B b Py I i B B R
mum in these distributions at 90°, whereas the polar-angle _ - i
distributions of IQMD show a minimum at 90° flanked by g | #=34 ® 8| Z=%4 ®
two maxima[43,44. It was shown that these maxima in
IQMD are remnants of the target and the projectile and are, fﬂg'lﬂﬂﬁﬁj !ﬂ ?&7{ n;?"‘d&: l]
therefore, called targetlike and projectileliké4]. Figure 11 i A . A I
shows the polar-angle distribution at midrapidity for the dif- 2 [ z-me ® 2 [ z-58 m
ferent fragments at the two beam energies. On the left-hané s
side the IQMD results after GEANTgray line are com-
pared to the measured distributiaiidack line), on the right-
hand side the measured distributididack line are shown 0' ! HZ‘(JJ ' '100' = '150' : 0' ' '5‘;]'” ' '1(')0' o 150' '
with the static-source resultgray line. 0 (degree) 0 (degree)

For 45A MeV the IQMD results nicely describe the mea-
sured data. FaZ =3-—4, Fig. 1c) shows for both IQMD and

FIG. 11. Polar-angle distributions for the experimental data

the measured data target and projectilelike maxima. Figurélack lines and on the left-hand side IQMD data after GEANT
1(d) shows the same distributions for the measurement an@ray lines and on the right the static-source dégaay lines. The

C(a9)

C(a9)

C(A9)

05

j—
7T

05 E

S =N W A

FIG. 10. Azimuthal correlations of the experimental ddiiéed
squares and of the static-source events filtered by GEASpen
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Eecv o lvv o lon v iy
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E —
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S i S B
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L 2 ®
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E -4
F —o—*
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fragment charge is indicated in the top-left corner of each plot.

the static-source model. These two figures clearly show that
the experiment and IQMD are in agreement and that our
static-source model fails to describe the measurement. For
heavy fragments, Figs.(d) and 1e) show that the measure-
ment is in agreement with IQMD and is different from the
static-source model. For these fragments the projectilelike
and targetlike maxima fall outside the experimentally acces-
sible domain. Figures(d) and Xb) for the Z=2 distribu-
tions show no significant difference between IQMD and the
static-source model. The data, however, seem to indicate tar-
getlike and projectilelike maxima. As in the azimuthal-
correlation function this difference between the experimental
data and IQMD is probably due to a different production
process forZ=2. The 9% MeV distributions show essen-
tially the same results as the A®eV distributions. The
experiment is well described by IQMD and the static-source
model fails to describe the data. FAr2 the data in Fig.
1(g) show definite targetlike and projectilelike maxima in

crosses The experimental data are midcentral, for details on theboth the measured data and IQMD. The static-source model
static-source data, see text. The fragment charge is indicated in thB Fig. 1(h) shows a maximum where both other distributions
top-left corner of each plot.

show a minimum. This is also the case in Fidj) for Z
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=3-4. The enhancement in Figdi)land kj) for the mea- by the beam energy. The measured azimuthal correlations
sured data at small angles is caused by misidentifighr-  cannot be caused by a single midrapidity source emitting
ticles in the gas chamber. Despite this, the data still showarticles independently33,35—37, because the distribution
targetlike and projectilelike maxima, similar to the IQMD cannot be described using the autocorrelation fundtiem
distribution. Statistics do not allow for a comparison of the(9)]. Coulomb repulsiorf36,45—-47 is also not responsible
Z=5-8 data, for completeness they are shown in Figs. 1 for the maxima in the azimuthal correlatiof#s]. Therefore,

and X1). From the polar-angle distributions a clear distinc-the maxima at 180° can only be explained if the emitted
tion can be made between this decaying-source scenario ap@ticles are strongly correlatd@2]. Momentum conserva-

a dynamic process as described by IQMD. tion of a small decaying source can be responsible for this
. . maximum[34,40,4]. Therefore, a model of a single small
C. Discussion static decaying source was used to fit to the data. The

In the previous section the azimuthal correlations of GEANT simulations show that the Huygens detector is sen-
midrapidity particles in conjunction with the polar-angle dis- sitive to this maximum. However, the measured data does
tributions showed that the IMF emission in nuclear midcen-not show a maximum at this angle, but instead shows a mini-
tral collisions of 2*Mg+2Al at 45 and 95AMeV is well  mum, flanked by a projectilelike and a targetlike maximum,
described by dynamic processes. The maxima in the aziwhich are nicely described by the IQMD results.
muthal correlations were shown to be due to the correlations
between targetlike and projectilelike fragments. ACKNOWLEDGMENTS
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