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Abstract

Directedand ellipticflow for the 197ay + 197ay system atincidentenergies between 40 and 150 M@¥r nucleon has
been measured usirige INDRA 47 multi-detector.For semi-centrakollisions, the elliptic flow of Z < 2 particlesswitches
from in-plane toout-of-plane enhancemeat aroundL00 MeV pernucleon,in good agreememith theresult reportedy the
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FOPICollaborationThedirectedflow changesignatabombardingenergybetweerb0 and60 MeV pernucleonandremains
negative atower energiesThe conditionsfor the appearance and possiliggins of the observedantiflow arediscussed.
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Considerablgrogresshasbeen made recently in
determiningthe equationof state of nuclearmatter
from heavy-ionreactiondata[1,2]. A prominentrole
amongthe availableobservabless played bythe col-
lective flow as it is most directlyconnectedto the
dynamicalevolutionof thereactionsystem,ncluding
themomentundependence afuclearinteractionsand
in-mediumeffects(for reviewsseg[3,4]). Very signif-
icant constraintson the possiblerangeof interaction
parameters have been derived frolansverseandel-
liptic flow variableq2].

For 197Au + 1°7Au collisions, the amplitudesof
transverse andlliptic collective motion assumetheir
maximaat bombardingnergiesof 300to 400 MeV
per nucleonAt theseenergiesthe sign of the elliptic
flow indicatesa preferencdor emissions perpendicu-
lar to thereactionplane.The change-of-sigrecently
observed atiltra-relativisticenergies haseceivedpar
ticular interest as ireflectsthe increasingoressure
buildupin the non-isotropicollision zone[5,6]. To-
ward the lower incident energiesthe directed flow
observables argresumedo be relatedto the com-
petition of mean-fieldand nucleon—nucleon collision
dynamics andheir evolutionwith thebombardingen
ergy [7-9]. Elliptic flow has beendentified with the
collective motion resulting fromthe rotation of the
compoundsystemor the expansionof the hot and
compressegarticipantzone possibly modifiecy the
shadowingeffect of the colder spectatomatter[10—
15]. Also here,at theintermediatesnergies, théran
sition energies atvhich the flow parameterghange
sign are particularly useful forthe comparison with
theory. Their correct predictiorequiresthe cancella-
tion of the competing momenturnomponentsvhich
is highly sensitiveto specificparameters othe thee
retical descriptionA moretechnicaladvantages the
weak sensitivityof the transitiorenergieso theresoe
lution achievedn reconstructinghereactionplane.

In this Letter, wepresentesultsof the flow analy
sis appliedto the data for'%’Au + °7Au collisions

atincidentenergies frond0to 150 MeV pernucleon,
collected with thedr INDRA multi-detectol{16] and
with beamsprovided bythe heavy-ionsynchrotron
SIS at GSI. With thisenergy rangehegapis bridged
betweerexisting excitatioriunctionsof collectivemo-
tion in therelativistic and~ermi-energydomainsThe
transitionfrom predominantlyn-plane toout-of-plane
emissions at about 100 Mepernucleon, as reported
by theFOPICollaboratior[15], is confirmedDirected
flow is foundto changets signatabombardingnergy
below 60 MeV per nucleon8], howeverwith para
metersthatare foundto dependstronglyon the exact
method applieéndon theexperimentaacceptance.

Detailsof the experimentjncluding the identifica
tion and calibration procedureshave been presented
in Refs.[17,18] andreferencegiventherein.Forim-
pact parameteselection,the total transverse energy
E1? of light chargedparticles(Z < 2) was usedas
a sortingvariable.The minimum-biasdistributions of
this quantityscalein proportionto thecenter-of-mass
collision energy, whictsupportsits usefulness as an
indicator of the collision geometry A maximumim-
pact parametebmax = 12 fm £+ 10% was deduced
from the measured integratdaeamintensity andthe
target thicknesslt correspondgo the chosentrigger
conditionof at least5 chargedoarticles detectednd,
within errors, remains approximately constaaérthe
coveredrangeof bombardingenergiesWith this in-
formation, andassuminghe monotonicrelation[19]
between thémpactparameteand £12, the datawere
sortedinto six impact-parametdrins, eacl? fm wide
and, altogethegoveringthefull range0-12 fm.Partk
clesof interest withZ < 2 wereexcludedrom E12 to
reduceautocorrelationsa procedureound useful for
peripheralcollisions. It was further requestedhat at
least 45% of theotal charge of thesystemis detected,
a conditionusedto rejectperipheraleventsin which
theprojectileresiduehadescapedletection.

The kinetic-energytensor, constructedfrom all
identified chargedparticles, can be regarded aa
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Fig. 1. Distributions of the squeeze anglgq for incident energies from 40 to 150 MeV per nucleon (from top to bottom) and sorted into
2-fm-wide bins of the deduced impact parameter as indicated above each column of panels.

global observable characterizing the preferential di- emissions perpendicular to the reaction plane, the so-
rections of the particle and fragment emissions. The called squeeze-o{21].
flow angle ®s0w is defined as the angle between its The curvature of the distributions has been ana-
largest eigenvector and the beam axis. Its distributions, lyzed using their standard deviatien(¥sg). The ex-
analyzed with the weight/Isin®ow [20], are found  pressionr (Wsq)/(7/+/12) — 1 is positive for concave
to be mainly a function of centrality, with pronounced  distributions oftsq, negative for convex distributions,
peaks at finite angles aparing at smaller impact pa-  and zero for flat ones. The transition energigga,,
rameters. The mean value increases from betwéen 3 jdentified by a change-of-sign of this variable, have
and 6 for peripheral to about 30for central colli- been determined by a linear interpolation between
sions. The excitation functions are fairly flat except bombarding energies. Linear extrapolations were used
for the most central collisions. Fdr < 2 fm, e.g.,  to obtain estimates for the very peripheral impact pa-
the weighted mean flow angle increases from about rameter bins.
15° to 40° for bombarding energies between 40 and  The energies of the transition from predominantly
150 MeV per nucleon. in-plane to out-of-plane emissions are a strong func-
The squeeze angl&sq, defined as the angle be- tion of the impact parameteFig. 2). They extend
tween the middle eigenvector of the kinetic-energy from 65 MeV per nucleon for central collisions up
tensor and the reaction plafi2l], characterizes the  to about 200 MeV for the most peripheral collisions
preferential azimuthal directions of emission. The and exhibit an increasingly rapid rise toward the more
squeeze-angle distributions exhibit a clear trend as a peripheralimpact parameters. Results obtained by rep-
function of incident energy and centralityi. 1). The resenting the event with the kinetic-energy tensor or
minima atw /2, observed at lower energies and more with a momentum tensor, i.e., without the weight fac-
peripheral impact parameters, indicate predominantly tor 1/2m, are identical at central impact parameters
in-plane emissions. Peakssaf2, most strongly pro- but diverge slightly in the peripheral bins.
nounced in the more central bins at the higher incident  The diagonalized tensors provide a global represen-
energies, correspond to a preference for azimuthal tation of the collective event properties. A much more
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2503_ .kirl,eﬁc enelrgy tenslor | ' I_i tic flow, respectivelyj22—25] The reaction plane has
L -=-momentum tensor ] been determined by several methods, including the
— 2000 E flow-tensor method26], the flow Q-vector method
g : ] [27], and the azimuthal-correlation methas].
E 1500 I The rapidity dependence of the directed-flow para-
i a ] metervy for Z = 2 particles, integrated over transverse
=8 100 3 momentum, is shown ifrig. 3. The present INDRA
ui” E . data are combined with the FOPI d§®4, both mea-
50 ] sured for mid-central collisions with impact parame-
- 1 ters of 2—5.3 fm and shown without corrections for the
oL L. 1. 1L 1 ] reaction plane dispersion. In the case of the INDRA
0 2 4 6 8 10 12 data, the reaction plane has been reconstructed using
Impact parameter (fm) the 0-vector method with the weights = p., exclud-
Fig. 2. In-plane to out-of-plane transition energieﬁs,gn, deter- ing the_partide of interest (“1 plane per partide”)_and
mined from the curvatures of the squeeze-angle distributions, as correcting for the effectsfanomentum conservation
a function of the impact parametér The full and empty sym- [29]. Corrections for the reaction plane dispersion are

bols indicate irjterpolated and extrapolatt_ad values, respectively: The yncertain when the multiplicity is low. At 150 MeV

fL_JII ((_jashed) line connects results obtained from anal){sgs with a per nucleon, the multiplicities are high, and correction
kinetic-energy (momentum) tensor for the event description. The
horizontal error bars represent the widths of the impact-parameter factors for thev; parameter extracted from the FOPI

bins and the vertical errors result from the systematic uncertainty and the INDRA data agree within a few percent. This

of bmax. indicates that the instrumental contribution to the un-
certainty of the reaction plane reconstruction is similar
06 rop  mora - for both detectors.
o5 %59 2100 o 2 % 8 & The slope ofv; as a function of rapidity is seen to
M o % o rise monotonically with energy over the full range of
g 04 a0 ek * = 40 to 400 MeV per nucleon which is covered by the
2 o3l two experiments. Good agreement is observed in the
% 02l overlap region which, e.g., may be verified at the inci-
E L dent energy of 150 MeV per nucleon which was used
0.1— in both experiments. The coefficientand its slope as
! a function of rapidity are practically zero at 60 MeV
o ‘ ' per nucleon and become even negative at 40 MeV

o 02 04 06 08 1 12 per nucleon. This intriguing observation of a negative
VW eam) " flow has already been reported for the lighter systems
. o 40Ar + 58Ni, 58Ni 4 58Ni, and 12°Xe + "&Sn, pro-
Fig. 3. Transverse-flow parameter for Z = 2 particles inte- . .
grated overpt as a function of scaled center-of-mass rapidity for vided the 1-plane-per-particle method was up&.
mid-central collisions (2-5.3 fm). The open and filled symbols rep- FOr these systems, a balance eneigy, has been
resent the FOFP] and the present data, respectively. The numbers determined by associating it with the minima of the
in the legend indicate the beam energies per nucleon in MeV. The approximately parabolic excitation functions of the
vertical error bars result from the systematic uncertaintyngfx. flow parameter which, in the casesOhr + 58Njj and
58Ni + 58Ni, appeared at negative flow values. If the
detailed quantitative information can be obtained from same parabolic scenario is adopted for the present case
the Fourier analysis of azimuthal distributions of the of 1°7Au + 197Au, the balance energy should fall be-
reaction products measured with respect to the recon-low the observed zero-crossing of the slopeg/dly for
structed reaction plane and as a function of particle which the value 54 4 MeV per nucleon has been ob-
type, rapidityy and possibly the transverse momen- tained from interpolation.
tum pr. The first two coefficientsy; and v,, of the Values for the balance energy #7Au + 1°7Au
Fourier expansion characterize the directed and ellip- have previously been determined by extrapolating
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T .
| | | yem/vo) < 0.5. The results foZ = 2 are summarized

in Fig. 4, including data for 15 MeV per nucleon from
. a small data sample primarily collected for calibration
purposes.

With the conditionsZ < 12 or Z < 6 for the re-
action plane reconstruction, the parabolic excitation
. function of the flow parameter reported in R3]
is qualitatively reproduced (open symbolskig. 4).

The restriction to positive center-of-mass rapidities

r ] has been identified as causing the sizable negative off-

i i sets ofvy at mid-rapidity in this data, without altering

the slopes. The effect of the energy thresholds and an-

gular acceptance cuts has been found to be negligible.

02 — Without the restriction to small charges, the minimum

| O Azim. Cort., y o0, Z<12- disappears, and the flow continues to decrease_to more

% [ Azim. Corr., y >0, Z<6 negative values, apparently down to bombarding en-

—A— Azim. Corr., no cuts i ergies as low as 15 MeV per nucleon. T@evector

L —k— Q-vect.,, w=p,, nocuts | method of the reaction plane reconstruction with the

| | | | weightsw = p, yields larger absolute flow values. The

0 20 40 60 80 100 larger weights assigned to the faster and heavier frag-

ments may cause a better definition of the reaction

Epeam (MeV/nucleon) plane[34]. Similar trends are also observed for heavier

fragmentg Z = 3-9).

0.2 [

Fig. 4. Excitation functions of the mid-rapidity slopes of thepa- The origin of the negative directed flow observed
rameter forZ = 2 particles and impact parameters 0-4 fm. The

symbols correspond to the indicated methods and conditions used in the present da_‘ta an_d the S”O_“g eﬁeCts_ of the accep-
to define the reaction plane. The lines represent parabolic fits. The t&nce and selection criteria are illustrateéig. 5. The
statistical errors, only shown for 15 MeV per nucleon, are smaller left column of panels shows contour plots of the in-
than the symbol size at other energies. plane transverse velocity versus the center-of-mass ra-
pidity. For peripheral collisions at high incident energy
from higher energie$31-33] and also by search- (top panels) the deflections of the projectile and tar-
ing for the minimum of flow[8]. The extrapolations  get, as represented by the three-dimensighakctor,
yielded values between 47 and 56 MeV per nucleon are small. The Coulomb repulsion from the heavy
with a moderate precision but, nevertheless, consistentresidues leads to the appatelepression of helium
with the zero-crossing at 54 4 MeV per nucleon ob-  yields near the entrance-channel rapidities®f.28
served here. The excitation function of flow reported and to maximum intensities at lower absolute rapidity,
in Ref.[8] has a minimum aFEyy = 42+ 4 MeV per as discussed in Ref35]. The stronger deflection of
nucleon but the measured slopes were exclusively pos-mid-rapidity particles is evident from the rapid rise of
itive for products withZ > 1, which is contrary to the v with ycm which, atycm ~ 0.2, starts to be modified
present data. by the effect of the projectile and target spectators. The
In order to identify the possible sources of the resulting pattern appears similar to the two-component
apparent disagreement between these two measureflow obtained in quantum-molecular-dynamics calcu-
ments, the present data has been subjected to similadations for large impact parametdB8].
thresholds and selection criteria as used in B&fand At 40 MeV per nucleon, and the same peripheral
analyzed with the same azimuthal-correlation method impact-parameters (middle paneldag. 5), the struc-
of reaction-plane reconstructid28], excluding the ture of v1 as a function ofycy, is qualitatively the
particle of interest. The flow is represented by the same as at 150 MeV per nucleon but compressed into
slopes @;/dy, determined by linear fits within the a smaller range of absolute rapidity. In central colli-
range of the scaled center-of-mass rapidit.5 < sions, at this energy, the distributions are even more
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Fig. 5. Contour plots (in linear scale) of theplane component of the transverse velogjty /m) versus the center-of-mass rapiditym (left
column) and the coefficient; as a function ofycm (right column) forZ = 2 particles and three selected cases of incident energy and impact
parameter as indicated. The arrows repregiendirections of the three-dimension@tvector.

compact Fig. 5, bottom left). The flow vector indi-  reactions[37]. Thus, the commonly invoked picture
cates the mean transverse deflection of the forward- of the attractive mean field globally balancing the re-
emitted part of the event. This concentration of mass pulsive effect of the collisions seems to be too simple
and charge, apparently, causes #he- 2 particles to here to explain the observed sign change of flow. The
be preferentially deflected to the opposite side. The re- main difference, as compad to lighter reaction sys-
sulting flow, evaluated around mid-rapidity, is negative tems, is the enlarged Coulomb field which not only
(antiflow). Clearly,Q-vectors that do not contain the has a strong impact on the entrance and exit channel
momenta of the heavier fragments causing this deflec- trajectorieq36] but also manifests itself in large re-
tion or shadowing will have different directions, and pulsion effects (larger so-called Coulomb rings).
the flow measured relative to them may appear posi- The elliptic-flow parametep, permits a detailed
tive. study of azimuthal emissions including their mass and
The absolute sign of the deflection angle cannot be pt dependence, as reported for incident energies of
determined with the present methods. There is little 90 MeV per nucleon and higher in RgfL5]. The
doubt, however, that the positive flow above 60 MeV present data set, due to a higher efficiency for frag-
per nucleon is associated with an overall positive de- ments, also reveals a sigm#int effect of the fragment
flection as a result of the dominant nucleon—nucleon charge. Over the range of atomic numb&rs< 2 to
dynamics. Near and above the Coulomb barrier, pos- Z = 9, the transition energlan, €valuated in the lab-
itive deflection angles follow from the dominance of oratory frame, decreases from about 100 to 65 MeV
the Coulomb forces. The present observation of a neg- per nucleon. The restriction to light particles, on the
ative flow below 60 MeV per nucleon may thusindeed other hand, permits a comparison with other data sets
indicate a transition toward predominantly negative- and an extension of the measured excitation function
angle emissions for light products, as concluded in deeper into the relativistic regime.
Ref. [8], but also consistent with polarization mea- The excitation function of the elliptic flow far <
surements for light fragments, even though for other 2 particles, in the rotated reference frame and for semi-
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Fig. 6. Elliptic-flow parametep, at mid-rapidity forZ < 2 particles
from mid-central collisions, in the rotated reference frame. The dots,
circles, and crosses represent the INDRA, the F[AB], and the
Plastic Ball[21] data, respectively. The errors shown for the INDRA
data are mainly systematic and caused by the uncertairity, £f

central collisions of 4-6 fm, as measured by the Plastic
Ball [21],! the FOPI[15], and the INDRA Collabora-
tions, is shown irig. 6. For this purpose, the present

229

In summary, the presented analysis ‘8fAu +
197Au collisions at intermediate energies extends the
existing excitation functions of the flow parametets
andv; from the relativistic regime down to the Fermi-
energy regime. The observed transition from predomi-
nantly in-plane to out-of-plane emissions at about 100
MeV per nucleon forZ < 2 particles has been con-
firmed. The directed transverse flow changes its sign
below 60 MeV per nucleon and becomes increasingly
negative at lower bombarding energies. This antiflow
and the absence of a parabolic excitation function of
directed flow int®’Au + 1°7Au were shown to be con-
nected to the large Coulomb effects in this reaction
system.
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