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Abstract

Directedand ellipticflow for the 197Au + 197Au system atincidentenergies between 40 and 150 MeVper nucleon has
been measured usingthe INDRA 4π multi-detector.For semi-centralcollisions,the elliptic flow of Z � 2 particlesswitches
from in-plane toout-of-plane enhancementat around100 MeVpernucleon,in good agreementwith theresult reportedby the
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FOPICollaboration.Thedirectedflow changessignata bombardingenergybetween50 and60 MeV pernucleonandremains
negative atlower energies.Theconditionsfor theappearance and possibleoriginsof theobservedantiflow arediscussed.
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Considerableprogresshasbeen made recently i
determiningthe equationof stateof nuclearmatter
from heavy-ionreactiondata[1,2]. A prominentrole
amongtheavailableobservablesis played bythecol-
lective flow as it is most directlyconnectedto the
dynamicalevolutionof thereactionsystem,including
themomentumdependence ofnuclearinteractionsand
in-mediumeffects(for reviewssee[3,4]). Very signif-
icant constraintson the possiblerangeof interaction
parameters have been derived fromtransverseandel-
liptic flow variables[2].

For 197Au + 197Au collisions, the amplitudesof
transverse andelliptic collectivemotionassumetheir
maximaat bombardingenergiesof 300 to 400 MeV
per nucleon.At theseenergies,thesignof the elliptic
flow indicatesa preferencefor emissions perpendicu
lar to thereactionplane.The change-of-signrecently
observed atultra-relativisticenergies hasreceivedpar-
ticular interest as itreflects the increasingpressure
buildup in the non-isotropiccollision zone[5,6]. To-
ward the lower incident energies,the directedflow
observables arepresumedto be relatedto the com-
petition of mean-fieldandnucleon–nucleon collision
dynamics andtheirevolutionwith thebombardingen-
ergy [7–9]. Elliptic flow has beenidentified with the
collective motion resulting fromthe rotation of the
compoundsystemor the expansionof the hot and
compressedparticipantzone,possibly modifiedby the
shadowingeffect of the colderspectatormatter[10–
15]. Also here,at theintermediateenergies, thetran-
sition energies atwhich the flow parameterschange
sign are particularly useful for the comparison with
theory. Their correct predictionrequiresthecancella-
tion of the competing momentumcomponentswhich
is highly sensitiveto specificparameters ofthe theo-
retical description.A moretechnicaladvantageis the
weak sensitivityof the transitionenergiesto thereso-
lution achievedin reconstructingthereactionplane.

In this Letter, wepresentresultsof theflow analy-
sis appliedto thedata for197Au + 197Au collisions
at incidentenergies from40 to 150 MeVpernucleon,
collected with the4π INDRA multi-detector[16] and
with beamsprovided bythe heavy-ionsynchrotron
SISat GSI.With thisenergy range,thegapis bridged
betweenexisting excitationfunctionsof collectivemo-
tion in therelativistic andFermi-energydomains.The
transitionfrom predominantlyin-plane toout-of-plane
emissions at about 100 MeVpernucleon, as reporte
by theFOPICollaboration[15], is confirmed.Directed
flow is foundto changeits signatabombardingenergy
below 60 MeV per nucleon[8], howeverwith para-
metersthatare foundto dependstronglyon theexact
method appliedandon theexperimentalacceptance.

Detailsof theexperiment,including the identifica-
tion and calibrationprocedureshave been presente
in Refs.[17,18]andreferencesgiventherein.For im-
pact parameterselection,the total transverse energ
E12⊥ of light chargedparticles(Z � 2) was usedas
a sortingvariable.Theminimum-biasdistributions of
this quantityscalein proportionto thecenter-of-mass
collision energy, whichsupportsits usefulness as a
indicatorof the collision geometry.A maximumim-
pact parameterbmax = 12 fm ± 10% was deduced
from the measured integratedbeamintensityandthe
target thickness.It correspondsto thechosentrigger
conditionof at least5 chargedparticles detectedand,
within errors, remains approximately constantoverthe
coveredrangeof bombardingenergies.With this in-
formation, andassumingthe monotonicrelation[19]
between theimpactparameterandE12⊥ , thedatawere
sortedinto six impact-parameterbins, each2 fm wide
and, altogether,coveringthefull range0–12 fm.Parti-
clesof interest withZ � 2 wereexcludedfrom E12⊥ to
reduceautocorrelations,a procedurefounduseful for
peripheralcollisions. It was further requestedthat at
least 45% of thetotalcharge of thesystemis detected,
a conditionusedto rejectperipheraleventsin which
theprojectileresiduehadescapeddetection.

The kinetic-energytensor, constructedfrom all
identified chargedparticles, can be regarded asa

http://creativecommons.org/licenses/by/3.0/
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into
Fig. 1. Distributions of the squeeze angleΨsq for incident energies from 40 to 150 MeV per nucleon (from top to bottom) and sorted
2-fm-wide bins of the deduced impact parameter as indicated above each column of panels.
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global observable characterizing the preferential
rections of the particle and fragment emissions. T
flow angleΘflow is defined as the angle between
largest eigenvector and the beam axis. Its distributio
analyzed with the weight 1/sinΘflow [20], are found
to be mainly a function of centrality, with pronounc
peaks at finite angles appearing at smaller impact pa
rameters. The mean value increases from betwee◦
and 6◦ for peripheral to about 30◦ for central colli-
sions. The excitation functions are fairly flat exce
for the most central collisions. Forb � 2 fm, e.g.,
the weighted mean flow angle increases from ab
15◦ to 40◦ for bombarding energies between 40 a
150 MeV per nucleon.

The squeeze angleΨsq, defined as the angle be
tween the middle eigenvector of the kinetic-ene
tensor and the reaction plane[21], characterizes th
preferential azimuthal directions of emission. T
squeeze-angle distributions exhibit a clear trend a
function of incident energy and centrality (Fig. 1). The
minima atπ/2, observed at lower energies and mo
peripheral impact parameters, indicate predomina
in-plane emissions. Peaks atπ/2, most strongly pro-
nounced in the more central bins at the higher incid
energies, correspond to a preference for azimu
emissions perpendicular to the reaction plane, the
called squeeze-out[21].

The curvature of the distributions has been a
lyzed using their standard deviationσ(Ψsq). The ex-
pressionσ(Ψsq)/(π/

√
12) − 1 is positive for concave

distributions ofΨsq, negative for convex distributions
and zero for flat ones. The transition energies,E

sq
tran,

identified by a change-of-sign of this variable, ha
been determined by a linear interpolation betwe
bombarding energies. Linear extrapolations were u
to obtain estimates for the very peripheral impact
rameter bins.

The energies of the transition from predominan
in-plane to out-of-plane emissions are a strong fu
tion of the impact parameter (Fig. 2). They extend
from 65 MeV per nucleon for central collisions u
to about 200 MeV for the most peripheral collisio
and exhibit an increasingly rapid rise toward the m
peripheral impact parameters. Results obtained by
resenting the event with the kinetic-energy tensor
with a momentum tensor, i.e., without the weight fa
tor 1/2m, are identical at central impact paramet
but diverge slightly in the peripheral bins.

The diagonalized tensors provide a global repres
tation of the collective event properties. A much mo
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Fig. 2. In-plane to out-of-plane transition energies,E
sq
tran, deter-

mined from the curvatures of the squeeze-angle distributions
a function of the impact parameterb. The full and empty sym-
bols indicate interpolated and extrapolated values, respectively.
full (dashed) line connects results obtained from analyses wi
kinetic-energy (momentum) tensor for the event description.
horizontal error bars represent the widths of the impact-param
bins and the vertical errors result from the systematic uncerta
of bmax.

Fig. 3. Transverse-flow parameterv1 for Z = 2 particles inte-
grated overpT as a function of scaled center-of-mass rapidity
mid-central collisions (2–5.3 fm). The open and filled symbols r
resent the FOPI[9] and the present data, respectively. The numb
in the legend indicate the beam energies per nucleon in MeV.
vertical error bars result from the systematic uncertainty ofbmax.

detailed quantitative information can be obtained fr
the Fourier analysis of azimuthal distributions of t
reaction products measured with respect to the re
structed reaction plane and as a function of part
type, rapidityy and possibly the transverse mome
tum pT. The first two coefficients,v1 andv2, of the
Fourier expansion characterize the directed and e
tic flow, respectively[22–25]. The reaction plane ha
been determined by several methods, including
flow-tensor method[26], the flow Q-vector method
[27], and the azimuthal-correlation method[28].

The rapidity dependence of the directed-flow pa
meterv1 for Z = 2 particles, integrated over transver
momentum, is shown inFig. 3. The present INDRA
data are combined with the FOPI data[9], both mea-
sured for mid-central collisions with impact param
ters of 2–5.3 fm and shown without corrections for
reaction plane dispersion. In the case of the IND
data, the reaction plane has been reconstructed u
theQ-vector method with the weightsω = pz, exclud-
ing the particle of interest (“1 plane per particle”) a
correcting for the effects of momentum conservatio
[29]. Corrections for the reaction plane dispersion
uncertain when the multiplicity is low. At 150 MeV
per nucleon, the multiplicities are high, and correct
factors for thev1 parameter extracted from the FO
and the INDRA data agree within a few percent. T
indicates that the instrumental contribution to the
certainty of the reaction plane reconstruction is sim
for both detectors.

The slope ofv1 as a function of rapidity is seen t
rise monotonically with energy over the full range
40 to 400 MeV per nucleon which is covered by t
two experiments. Good agreement is observed in
overlap region which, e.g., may be verified at the in
dent energy of 150 MeV per nucleon which was us
in both experiments. The coefficientv1 and its slope as
a function of rapidity are practically zero at 60 Me
per nucleon and become even negative at 40 M
per nucleon. This intriguing observation of a negat
flow has already been reported for the lighter syste
40Ar + 58Ni, 58Ni + 58Ni, and 129Xe + natSn, pro-
vided the 1-plane-per-particle method was used[30].
For these systems, a balance energy,Ebal, has been
determined by associating it with the minima of t
approximately parabolic excitation functions of t
flow parameter which, in the cases of40Ar + 58Ni and
58Ni + 58Ni, appeared at negative flow values. If t
same parabolic scenario is adopted for the present
of 197Au + 197Au, the balance energy should fall b
low the observed zero-crossing of the slope dv1/dy for
which the value 54± 4 MeV per nucleon has been o
tained from interpolation.

Values for the balance energy in197Au + 197Au
have previously been determined by extrapolat
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Fig. 4. Excitation functions of the mid-rapidity slopes of thev1 pa-
rameter forZ = 2 particles and impact parameters 0–4 fm. T
symbols correspond to the indicated methods and conditions
to define the reaction plane. The lines represent parabolic fits.
statistical errors, only shown for 15 MeV per nucleon, are sma
than the symbol size at other energies.

from higher energies[31–33], and also by search
ing for the minimum of flow[8]. The extrapolations
yielded values between 47 and 56 MeV per nucle
with a moderate precision but, nevertheless, consis
with the zero-crossing at 54± 4 MeV per nucleon ob
served here. The excitation function of flow repor
in Ref. [8] has a minimum atEbal = 42± 4 MeV per
nucleon but the measured slopes were exclusively
itive for products withZ > 1, which is contrary to the
present data.

In order to identify the possible sources of t
apparent disagreement between these two mea
ments, the present data has been subjected to si
thresholds and selection criteria as used in Ref.[8] and
analyzed with the same azimuthal-correlation met
of reaction-plane reconstruction[28], excluding the
particle of interest. The flow is represented by
slopes dv1/dy, determined by linear fits within th
range of the scaled center-of-mass rapidity−0.5 �
-
r

ycm/y
proj
cm � 0.5. The results forZ = 2 are summarized

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

With the conditionsZ � 12 or Z � 6 for the re-
action plane reconstruction, the parabolic excitat
function of the flow parameter reported in Ref.[8]
is qualitatively reproduced (open symbols inFig. 4).
The restriction to positive center-of-mass rapidit
has been identified as causing the sizable negative
sets ofv1 at mid-rapidity in this data, without alterin
the slopes. The effect of the energy thresholds and
gular acceptance cuts has been found to be neglig
Without the restriction to small charges, the minimu
disappears, and the flow continues to decrease to m
negative values, apparently down to bombarding
ergies as low as 15 MeV per nucleon. TheQ-vector
method of the reaction plane reconstruction with
weightsω = pz yields larger absolute flow values. Th
larger weights assigned to the faster and heavier f
ments may cause a better definition of the reac
plane[34]. Similar trends are also observed for heav
fragments(Z = 3–9).

The origin of the negative directed flow observ
in the present data and the strong effects of the ac
tance and selection criteria are illustrated inFig. 5. The
left column of panels shows contour plots of the
plane transverse velocity versus the center-of-mas
pidity. For peripheral collisions at high incident ener
(top panels) the deflections of the projectile and
get, as represented by the three-dimensionalQ-vector,
are small. The Coulomb repulsion from the hea
residues leads to the apparent depression of helium
yields near the entrance-channel rapidities of±0.28
and to maximum intensities at lower absolute rapid
as discussed in Ref.[35]. The stronger deflection o
mid-rapidity particles is evident from the rapid rise
v1 with ycm which, atycm ≈ 0.2, starts to be modifie
by the effect of the projectile and target spectators.
resulting pattern appears similar to the two-compon
flow obtained in quantum-molecular-dynamics cal
lations for large impact parameters[36].

At 40 MeV per nucleon, and the same periphe
impact-parameters (middle panels ofFig. 5), the struc-
ture of v1 as a function ofycm is qualitatively the
same as at 150 MeV per nucleon but compressed
a smaller range of absolute rapidity. In central co
sions, at this energy, the distributions are even m
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pact

Fig. 5. Contour plots (in linear scale) of the in-plane component of the transverse velocity(px/m) versus the center-of-mass rapidityycm (left
column) and the coefficientv1 as a function ofycm (right column) forZ = 2 particles and three selected cases of incident energy and im
parameter as indicated. The arrows represent the directions of the three-dimensionalQ-vector.
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compact (Fig. 5, bottom left). The flow vector indi
cates the mean transverse deflection of the forw
emitted part of the event. This concentration of m
and charge, apparently, causes theZ = 2 particles to
be preferentially deflected to the opposite side. The
sulting flow, evaluated around mid-rapidity, is negat
(antiflow). Clearly,Q-vectors that do not contain th
momenta of the heavier fragments causing this defl
tion or shadowing will have different directions, an
the flow measured relative to them may appear p
tive.

The absolute sign of the deflection angle canno
determined with the present methods. There is li
doubt, however, that the positive flow above 60 M
per nucleon is associated with an overall positive
flection as a result of the dominant nucleon–nucle
dynamics. Near and above the Coulomb barrier, p
itive deflection angles follow from the dominance
the Coulomb forces. The present observation of a n
ative flow below 60 MeV per nucleon may thus inde
indicate a transition toward predominantly negati
angle emissions for light products, as concluded
Ref. [8], but also consistent with polarization me
surements for light fragments, even though for ot
reactions[37]. Thus, the commonly invoked pictur
of the attractive mean field globally balancing the
pulsive effect of the collisions seems to be too sim
here to explain the observed sign change of flow.
main difference, as compared to lighter reaction sys
tems, is the enlarged Coulomb field which not o
has a strong impact on the entrance and exit cha
trajectories[36] but also manifests itself in large re
pulsion effects (larger so-called Coulomb rings).

The elliptic-flow parameterv2 permits a detailed
study of azimuthal emissions including their mass a
pT dependence, as reported for incident energie
90 MeV per nucleon and higher in Ref.[15]. The
present data set, due to a higher efficiency for fr
ments, also reveals a significant effect of the fragmen
charge. Over the range of atomic numbersZ � 2 to
Z = 9, the transition energyEtran, evaluated in the lab
oratory frame, decreases from about 100 to 65 M
per nucleon. The restriction to light particles, on t
other hand, permits a comparison with other data
and an extension of the measured excitation func
deeper into the relativistic regime.

The excitation function of the elliptic flow forZ �
2 particles, in the rotated reference frame and for se
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Fig. 6. Elliptic-flow parameterv2 at mid-rapidity forZ � 2 particles
from mid-central collisions, in the rotated reference frame. The d
circles, and crosses represent the INDRA, the FOPI[15], and the
Plastic Ball[21] data, respectively. The errors shown for the INDR
data are mainly systematic and caused by the uncertainty ofbmax.

central collisions of 4–6 fm, as measured by the Pla
Ball [21],1 the FOPI[15], and the INDRA Collabora
tions, is shown inFig. 6. For this purpose, the prese
data has been analyzed with the same method a
Plastic Ball data, i.e., by using the kinetic-energy t
sor for the reconstruction of the reaction plane a
excluding the particle of interest. None of the thr
data sets were corrected for the reaction-plane dis
sion. This correction is not expected to substantia
alter the value ofEtran (cf. Ref.[15]) but will affect the
values ofv2 at the lower energies at which the reacti
plane is less well defined because of smaller part
and fragment multiplicities.

The observed agreement between the different
periments is very satisfactory. In particular, the va
of the transition energy of around 100 MeV per n
cleon, obtained by the FOPI Collaboration, is co
firmed by the present data. Because of theZ de-
pendence, it is approximately 20 MeV higher th
the global transition energy derived from the kinet
energy tensor for the same impact-parameter
(Fig. 2). Together, the three data sets constitut
coherent systematics ofv2 which can be expecte
to serve as a valuable constraint for transport m
els.

1 The MUL3 bin of the Plastic Ball data[21] is estimated to be
approximately equivalent to the 4–6 fm bin of the INDRA and FOP
data[15].
In summary, the presented analysis of197Au +
197Au collisions at intermediate energies extends
existing excitation functions of the flow parametersv1
andv2 from the relativistic regime down to the Ferm
energy regime. The observed transition from predo
nantly in-plane to out-of-plane emissions at about 1
MeV per nucleon forZ � 2 particles has been con
firmed. The directed transverse flow changes its s
below 60 MeV per nucleon and becomes increasin
negative at lower bombarding energies. This antifl
and the absence of a parabolic excitation function
directed flow in197Au + 197Au were shown to be con
nected to the large Coulomb effects in this react
system.
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