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Measurements of sideward flow around the balance energy
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Sideward flow values have been determined with the INDRA multidetector foiNArNi +Ni, and Xe+Sn
systems studied at GANIL in the B0to 100A MeV incident energy range. The balance energies found for
Ar+Ni and Ni+Ni systems are in agreement with previous experimental results and theoretical calculations.
Negative sideward flow values have been measured. The possible origins of such negative values are discussed.
They could result from a more important contribution of evaporated particles with respect to the contribution
of promptly emitted particles at midrapidity. But effects induced by the methods used to reconstruct the
reaction plane cannot be totally excluded. Complete tests of these methods are presented and the origins of the
“autocorrelation” effect have been traced back. For heavy fragments, the observed negative flow values seem
to be mainly due to the reaction plane reconstruction methods. For light charged particles, these negative
values could result from the dynamics of the collisions and from the reaction plane reconstruction methods as
well. These effects have to be taken into account when comparisons with theoretical calculations are done.
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. INTRODUCTION served: keeping the total mass constant, higher valugsg pf

are extracted for the more neutron-rich systéa(y.

Studies of sideward flow, also called in-plane flow, have A simple interpretation of the sideward flow is that it re-
been found to provide information on the in-medium sults from the initial nucleon-nucleon scatterings between
nucleon-nucleon interaction. By comparing the experimentaprojectile nucleons and target nucleons. Within this interpre-
results to dynamical calculations, it is possible to constraination, the resulting emissions are centered around the veloc-
the value of the in-medium nucleon-nucleon cross SECtiOﬁty of the nucleon-nucleon center-of-mass frame. The
onn, and the incompressibility modulus of infinite nuclear sideward flow is characterized by the flow parameter. It is
matterK., [1-7]. The so-called balance enerBy, (incident  linked to the mean emission angle in the reaction plane of
beam energy for which the sideward flow vanishess been  these direct emissions with respect to the beam axis. At in-
found to be strongly dependent on, for light systems, and  cident energies belo,,, these collisions are sensitive to
more dependent oK., for heavier systemf7]. For a fixed  the attractive part of the nucleon-nucleon interaction: the par-
impact parameter and for a fixed incident energy, the flowicles are deflected toward an opposite direction relative to
parameter value strongly depends kn [2,8,9. A depen-  that of the impact parameter vectdhne vector perpendicular
dence on the total isospin of the system has been also ole the beam axis, pointing from the center of mass of the

target to the beam axis, prior to any interacjidn this case,

the “positive” direction being defined as the direction of the
*Present address: INFN Corso Italia 57, 1-95129 Catania, Italy. impact parameter vector, the flow parameter is negative. At
TPresent address: GSI, Postfach 110552, D-64220 Darmstadt, Gegnergies higher tha,,, the initial nucleon-nucleon scatter-

many. ings are sensitive to the repulsive part of the nucleon-nucleon
*Deceased. interaction: the particles are deflected toward the same direc-
$present address: CEA, DRFC/STEP, CE Cadarache, F-131080n relative to that of the impact parameter vector. In that

Saint-Paul-lez-Durance, France. case the flow parameter is positive. Bt,, the repulsive
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and the attractive part of the interaction counterbalance: theorresponds to 90% of#. A complete technical description
flow parameter is equal to zero. of the INDRA detector and of its electronics is given in Refs.
But this scheme is indeed too simple. Dynamical calcula{15,1€]. Isotopic separation was achieved upze3—4 in
tions[11] have shown that the sideward flow may result fromthe last layer[ICS(Tl)] over the whole angular range (3°
particles emitted at different stages of the reaction. Schemati< 4,,<176°). Charge identification was carried out up to
cally, one contribution comes from the decay of the so callez=55 in the forward region (3% 6,,,<45°) and up toZ
quasiprojectile and quasitarget, and the other one, from the: 20 in the backward region,,=45°). The energy resolu-
emission of particles in the first moments of the collision.tion is about 5% for IC&T1) and ionization chambers and
The relative rate between these two contributions is stronglyetter than 2% for silicon detectors. The INDRA detector
dependent on the nature of the particle. This may explain theapabilities allow one to carry out an event by event analysis
different values of flow actually observed for different typesand to determine reliable global variables related to the im-
of particles[3,12,13. In this more realistic frame, the study pact parameter.
of the detailed evolution of the sideward flow with the inci-

dent energy could shed light on the production mechanism of lIl. EXPERIMENTAL RESULTS
particles around the nucleon-nucleon velocity. .
The measurement of small sideward flow parameter val- A. Event sorting

ues (typically below 20 MeVLt/nucleon) needs high accu-  The first step was to sort events as a function of the vio-
racy and a complete information on each event, which can bpnce of the collision. In this paper, we will use the total

achieved by using powerful# multi-detectors. Experimen-  transverse energy:
tally only positive values of the flow parameter can be mea-

sured, since the initial direction of the projectile is unknown, _
and since the positive direction is defined as the mean direc- Evvans o 2, Ek,ad SIN6)1%, @
tion of particles emitted above the nucleon-nucleon frame =t

velocity. A full understanding of the experimental methods isw_hereM is the charged particle multiplicity of the event and

also needed, in order to correct possible spurious effects. E:(,Iab and 6, are, respectively, the kinetic energy and the

The aim of this paper is to present the results of the,sjar angle(with respect to the beaif the particlei in the

S'deW?rd flgganasla)ésa\esMonvArl\h, dNI +NI, fand XerSn SYS™  Jaboratory frame. QMD calculations have shown tBakns tot
tems from to eV, and to perform an extensive g 5 good indicator of the true impact parameter at interme-
test of the standard methods used to measure the sidewaj energie$17]
ﬂQW' Sldeward flow measurements for the M.' system at In order to sort events, we assumed a geometrical corre-
high energies can be found in R¢L4]. In the first section, _spondence betweeB, . o;and the impact parameter. The

the experimental setup will be briefly described. The experic, o section of each bin was expressed as an experimentally
mental results will be presented in the second section. Th

Estimated impact paramet 18]. The first bin in
third section will be devoted to the test of various methodsE ie thF:a 31 2 mb of t?]%xﬁig[he]st valuesfa is
trans,tot '+ . ans,totr

gfsﬁnt?nr?ﬁé)?:;iu;éctt?sn.reaCt'on plane. Conclusions wil b(ﬁnked t0 beyp between 0 and 1 f_m, the second, lig,, be-
tween 1 and 2 fm, etc. The last bin correspondsdg larger
than 8 fm. This procedure has been applied to all detected
Il. EXPERIMENTAL SETUP events. Due to trigger conditions that remove the most pe-
) __ripheral reactions, the estimate of the impact parameter is not
.The experiments were performed at the GANIL facility very accurate for the lowest values Bfns: From now,
with  the INDRA detector.40 Target thicknesses  werey, will refer to the experimentally estimated impact param-
193 Mg/cn?ssof Ni for éf;e_ ArtNI experiment, 179 gter using the total transverse energy. Previous stUéips
pglent of °Ni for the **Ni+*Ni experiment, and 330 haye shown that the flow parameter values are weakly sen-

pglent of "Sn for the *°Xe+"*Sn experiment. Typical sitive to the exact choice of the sorting variable.
beam intensities were (34)x 10’ pps. A minimal bias

trigger was used: events were registered when at least three
charged particle detectors were fired.

The INDRA detector can be schematically described as a The next step in the analysis was to select events in which
set of 17 detection rings centered on the beam axis. In eadfficient information was recorded. This was achieved by
ring the detection of charged products was provided with twarequiring that the total measur&t’, Z;V,, (product of the
or three detection layers. The most forward ring=2j,,,  chargez; of particlei by its parallel velocity\/'pag be larger
<3°, is made of phoswich detectofplastic scintillators than 70% of the initialZ,,,,;¥X V,oj Of the projectile[18].
NE102+NE115. Between 3° and 45° eight rings are con-  Since we want to study the dependence on impact param-
stituted by three detector layers: ionization chambers, silicoreter of in-plane flow, we checked that this selection con-
and ICgTl). Beyond 45°, the eight remaining rings are madeserves the whole impact parameter range. For all systems, we
of double layers: ionization chambers and (Qg. For the  noted that the total transverse energy distribution of selected
Ar+Ni experiment the ionization chambers beyond 90° werezvents covers the whole range of total transverse energy of
not yet installed. The total number of detection cells is 336registered events. If one assumes that the total transverse
and the overall geometrical efficiency of the INDRA detectorenergy is a good measurement of the violence of the colli-

M

B. Selection of “well measured” events
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sion, then this result indicates that the whole impact paramplane per particle is determined. The tests of the methods and
eter range of registered events is kept in selected eventthe issue of autocorrelations will be presented in Sec. V.
Indeed, the major part of eliminated events corresponds to Once the reaction plane is determined, the projection of
some peripheral collisions in which the targetlike fragmenttransverse momenta on the reaction plane can be evaluated.
(TLF) was not detected, the projectilelike fragme/iLF) For each reduced rapidity bivi,=Y/Y its mean value
was lost in the forward 0°—2° beam hole and only few light(P,/A) is calculated, where

particles were detected. In this caBgqns 1oriS Still correctly

measured and since the TLF and PLF transverse energies are vl n( 1+Uz/C)

very small. 2 \1-v,lc

proj»

is the rapidity,v, the velocity component parallel to the
o beam in the laboratory frame, amdthe light velocity. The
1. Definition flow parameterF is by definition the increase ofP,/A)

To evaluate the flow parameters, one needs first to deteflom Y=Y, (Y, =0.5 to Y=Y (Y, =1) by using the
mine the reaction plane on a event by event basis. This iglope of the functiofP,/A) =f(Y,) at midrapidity[23,24.
done by determining a transverse axis that defines with thé reads
beam axis the reaction plane. The transverse momentum
method[19] and the momentum tensor methf20] have F:E(M
been used. These methods have been found to be equivalent. 2 Yy
As already mentioned if6], they give a better accuracy on
the reaction plane determination than the azimuthal correla- This definition is well established for symmetric systems
tions method described in RgR1]. With such methods, the for which the nucleon-nucleon frame and the center of mass
transverse axis is by definition oriented on the mean transframe coincide. It may not be well suited for very asymmet-
verse direction of the forward emitted productS/' {  ric systems, especially if the multiplicity of center of mass
>V, ). Within the standard interpretation of flow, the mea- emissions is higher than the multiplicity of nucleon-nucleon
sured parameters values should be positive. More detailemissions. Nevertheless, we will use the standard definition
about these methods will be given in Sec. V A. of the flow parameter in this paper in order to be consistent

In order to avoid the so called “autocorrelation” effect, with previous analyses.
the particle of interest is usually removed from the reaction Typical evolutions of P, /A) with Y, are shown in Figs.
plane determination, and a corrective momentum is added tb and 2 for Ar-Ni collisions at 7A MeV. The rows corre-
the momentum of other particl§$9,22,23. In this case, one spond to the particle types, the columns to the experimental

C. Flow parameters

) . 2
(Y,=0.5)
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FIG. 2. Same as Fig. 1 far particles(first
row) for Z=3,4,6 (second row and for Z=6
(third row).

impact parameter bins. The momentum tensor method hasxpected values. These overestimations are due to the so-
been used to reconstruct the reaction plane. For each panehlled “autocorrelation effect.” The flow values determined

open circles correspond to one plane per partitie particle

with the one plane per particle prescripti@pen circlegare

of interest has been removed from the reaction plane recodewer and, as a result, in a better agreement with the ex-

struction), full circles to one plane per eve(ll products are
taken into account for the reaction plane determinati&or

pected values. Some of them are even negative. Possible ex-
planations of these negative slopes will be given in the fol-

the Ar+Ni system, the balance energy is expected aroundbwing sections.
80A MeV for the central collisions. Therefore, small flow

parameter values should be measured & MeV.
For the one plane per event prescriptidull circles), the

2. Evolution of the flow parameters with the incident energy.

For the most central collisions,,<3 fm), the results

slopes at midrapidity are very high and much larger than thare shown in Fig. 3 for the ArNi system, in Fig. 4 for the
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FIG. 3. Variations of the flow parametét
with the incident energy for the most central
Ar+Ni collisions (be,;=<3 fm) and for different
particle natures. On each spectrum, the line is a
quadratic fit to the experimental value. The bal-
ance energyE,, corresponding to the minimum
F value is indicated by an arrow. The momentum
tensor method with the one plane per particle pre-
scription has been used to reconstruct the reaction
plane.
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Ni+Ni system, and in Fig. 5 for the XeSn system. In the tensor methodopen diamondsand the transverse momen-
first two experiments, the reaction plane was determined byum method(starg with the one plane per particle prescrip-
using the momentum tensor method with the one plane peion. As expected, both methods give close results. The U
particle prescription. The flow parameter values has beeshape is barely seen fdHe and heavy particleZ&3). For
determined by a linear fit in theé, range from 0.4 to 0.6. The all particle types, the minimum flow energy is difficult to
errors on flow parameter values have been estimated byetermine, since the flow parameter weakly depends on the
changing theY, range from 0.35 to 0.65 and from 0.45 to incident energy. Unfortunately, the expectgg, value is
0.55. The error bars do not appear on the figures when theground 5& MeV, which is the maximum incident energy
are smaller that the symbol size. available for this system. No accurate determinatiortgf

The evolution of the flow parameter with the incident en-can be done for this system. The full circles correspond to
ergy has a typical U shape for all particles. The incidentthe momentum tensor method when one plane per event is
energy that corresponds to the minimum flow value is lo-determined. The flow parameter values are higher than the
cated around 822)A MeV for the Ar+Ni system and value obtained with one plane per particle due to the auto-
around 75 2A MeV for the Ni+Ni system. For both sys- correlation effect. The same behavior is observed with the
tems, these balance energies do not depend on the partidighter systems A+ Ni and Ni+Ni when one plane per event
nature as for systems in Rdfl0]. They are in agreement is reconstructed.
with theoretical worl{2]. These calculation were performed  But the most striking feature of Figs. 3, 4, and 5 for the
with K., ~220 MeV ando,,, =0.8 ¢, wherec®is the  one plane per particle prescription is the observation of nega-
free nucleon-nucleon cross section. tive flow parameter values fat, t, *He and fragments with a

For the XetSn system(Fig. 5), the results are shown for charge greater than 3. By definition only positive values are
two reaction plane reconstruction procedures: the momentumexpected. Negative flow parameter values have already been
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Attraction Repulsion . .
FIG. 6. Schematic explanation
Fevap, >0 Fevap. >0 of the two possible contributions
Fdirect <0 Fdirect >0 to the flow parameter. The upper-
most picture corresponds to the
4 . oo ‘ Pus0 beginnipg pf the reaction when

% X W = the projectileP and the targefl

- > are touching each other. Arrows
B P, <0 correspond to the velocity of “di-
% x>0 7 4 ¥ rect” (promptly emitted particles.
Middle pictures correspond to the
time at which the QP and QT are
leaving each other. The lowermost
pictures correspond to the ex-
pected variation of P,/A) with
Y, for “evaporated” particles
(dashed ling and “direct” par-
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75 | == Direct case of attraction(left column
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observed in previous studi¢&5], but no clear explanation the first moments of the reaction, “direct” nucleons coming
was given for this effect. We will propose in the next two from the projectile(targe}, are screened by the targgro-
sections two possible scenarios for these negative floyiectile) nucleus. For a fixed impact parameter, the orientation

values. of the “direct” flow is determined by the geometrical con-
figuration at the touching point and is weakly dependent on
IV. THE PHYSICAL EFFECT the incid_e_n_t energy. It _is always aligned ir_1 th_e same direqtion

FOR NEGATIVE ELOW VALUES as the initial orientation of the projectile in the reaction

plane. At variance, the direction of the “evaporated” flow is

A possible explanation for the negative flow values isaligned on the final directions of the QP. This direction de-
given by AMD calculationg11]: for light charged particles, pends strongly on the incident energy, as it will been ex-
the flow of promptly emittednamed “direct”) particles can plained in the next paragraph. Experimental studies have
be opposite to the flow of “evaporated” particlgemitted  shown that heavy fragments could be emitted by nonevapo-
from the quasiprojectiléQP) and the quasitargéQT)]. By  rative processes, like a neck break@6—37. Since the di-
definition, the reaction plane is oriented positively in therection of emission of these fragments is mainly aligned on
mean direction of forward emitted products. Therefore, negathe QP-QT axis, their flow direction is identical to the so-
tive flow values can be measured. called “evaporated” flow. The contribution of heavy frag-

The direction of the “direct” flow in the reaction plane ments to the flow parameter will be always attributed to the
results mainly from screening effects. As shown in Fig. 6, in“evaporated” component. If one assumes that the observed
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FIG. 7. Expected variations of flow parametemwith incident energy. In the upper panel, the contribution of evaporated particles is
always dominant. In the lower panel, the contribution of “direct” particles becomes dominant with increasing energy.

flow parameter results only from these two contributions, thdine in the lower left picture of Fig. 6and a straight line with
evaporated and prompt emissions, a fairly simple picture caa negative slope for the direct particlatashed and dotted
be proposed as shown in Fig. 6. The simple pictures showtines).
here are for pedagogical purposes. They do not pretend to At higher energies, where the repulsive part on the inter-
reproduce the true process. They are shown to give a feelingction is dominant, the QP “bounces” on the Qffght col-
of what kind of physical effect could lead to the observationumn of Fig. 6. In this case, the variations ¢P, /A) with Y,
of negative flow parameter values. give a positive slope around midrapidity for the two emis-
At low incident energy, where the attractive part of thesions as shown in the lower right panel of Fig. 6. The ob-
nucleon-nucleon interaction dominates, the QP and the Q%erved variation ofP,/A) with Y, is a combination of these
are deflected to the opposite side relative to their initial di-two contributions with their associatéd distributions.
rections(left column of Fig. 6. In this case, sincéP,/A) is Such combinations are schematically shown in Fig. 7. For
defined to be positive for particles that are deflected on theach side panel, the origingP,/A) evolution of the “di-
same side as the QP, the variation (&f,/A) with Y, is rect” particles(straight dashed and dotted linend its cor-
different for the two emissions: @ shape for the evaporated respondingy, distribution(dashed and dotted Gaussian dis-
particles with a positive slope around midrapidiiyashed tribution) are plotted. ThéP,/A) contribution(“S” shape)
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and theY, distribution of “evaporated” particleésum of two particles emitted from the quasitargébT. This is valid

gaussian distributionsare plotted as dashed lines. The re-\yitin the binary mechanism hypothesis, where the midra-
sulting evolution of(P,/A) corresponds to the thick line. It pigity contribution is negligible. Those vectors belong to the
is simply obtained by summing the tw@,/A) contribu-  yeaction plane. In order to maximize the efficiency of the

tions weighted by their corresponding distributions. method, one has to calculate the difference of the two vectors
If the contribution of evaporated particles is dominant, x

then the resulting flow parameter value is always positiveQ_PQP_ Por. Usually, Q is determined in the following
(upper row of Fig. 7. The S shape is weakly affected by the '

contribution of direct emissions. At variance, if direct emis- N

sions become dominaiiiower row of Fig. 3, then a nega- Q=2 wPf, (3)
tive flow value can be obtained. At low incident energies, the =1

evolution of(P,/A) with Y, is dominated by the evaporated . ) ) .
particles. When direct emissions become dominant, the evdvhereN is the total number of particles in the eveRt; is
lution of (P,/A) with Y, follows the one of the direct par- the transverse momentum of parti¢leand w; a weight de-
ticles, and the S shape is strongly deformed. Negative slopdiied as follows:

can be found at midrapidity, i.e., negative flow parameter
values.

This explanation is very tempting for the light charged
particles. Deuterons, tritons, antHe are predominantly
emitted in the midrapidity regions, whereas protons and
particles are emitted as much by the QP and QT as by the
midrapidity emissiong38,39. At the same time, positive
flow values are measured far particles and protons and
negative values for deuterons, tritons, atide (see Figs. 3, oY, V=Y, —Yiem, (5)

4, and 5. Both experimental features support the above o

interpretation. But this does not explain the negative valuesvhereY, is the reduced rapidity of the particl¥, ., the
observed for the heavier fragments. Within the simple intercenter of mass reduced rapidilose to the reduced rapidity
pretation of sideward flow, the emission of fragments viaof the nucleon-nucleon frameY,,, for the symmetric
cluster-cluster collisions of preexisting fragments in bOthsystem$' and 6 a parameter that allows us to remove the
bulk partners has a very low probability. As already men-midrapidity particles from the estimation of the reaction

tioned, for PLF and the TLF, this observation is even inpane G defines the reaction plane with the beam direction.
contradiction to the reaction plane orientation, which is alith this definition, the reaction plane is systematically ori-
ways oriented along the direction of the quasiprojectile. Thgnteq along the quasiprojectile direction.

solution of this puzzle has to be found elsewhere. Another way to estimate the reaction plane is to calculate
Previous studie§23] have shown that the reaction plane 54 giagonalize a tensdr, . The beam axis defines the
determination method and the associated issue of autocorrgs,tion plane with the e'igenvector corresponding to the

lations could strongly disturb the measurement of flow payjghest eigenvalue. As for the transverse momentum the re-
rameter. Before attributing the observation of negative flow, o plane is oriented along the direction of the qua-

parameter values to physical effects, one has first to be SU&nrojectile. The tensor is defined in the following way:
that these negative values are not due to the analysis meth-

ods. The next section is devoted to the test of reaction plane N

determination methods. The origins of the so-called autocor- T.= E Q;P{Py  with  u,v=x.y,z, (6)
relation effects will also be studied. =1

-1 if Y, ~Yem <—6
o(Y, )=40 if —6<Y, —Yem <6 (4)

1 if Y, —Yem >0

where P{* is the momentum component along tje axis

V. TEST OF THE REACTION (n=x,y,2) for the particlej. (); is a weight that is usually
PLANE DETERMINATION METHODS set to the inverse of the magg of the particle();= 1/A,
(energy tensor
A. Reaction plane estimation The azimuthal correlation method is based on the follow-

Let us now briefly describe three commonly used mething observation: in case of strong in-plane emissibigh
ods: the transverse momentum metti@€], the momentum flow-parameter value the sum of the distances of particle

tensor method20], and the azimuthal correlations method Momenta with respect to that plane are minimi]. This
[21]. From now on, théz axis is the beam axis, tf@x axis SumD< is calculated as follows:

is the axis in the reaction plane, which is perpendicular to the N « 2

beam axis an@y axis is the axis perpendicular to the reac- - x2. oyz  (PitaP)

i e i D?=2 | (P)*+(P)?-—————|, (D
tion plane. The transverse momentum method, explained in = ] J 1+a2

detail in Ref.[19], is based on the fact that the sum of trans-
verse momenta of particles emitted by the quasiprojectilgvhereP} andPY are the transverse momentum components
Pop is opposite of the sum of the transverse momenta oklong theOx and Oy axis, respectively, and=tan(e),
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where is the angle of the reaction plane relative to @g  to study the effects of the different reaction plane reconstruc-
axis. Experimentally, one has to find the value @fthat tion methods on flow parameter measurements, as in Ref.
minimizesD?. With this method, the orientation of the reac- [23].

tion plane is not defined. One has to use the transverse mo-

mentum method to find it. In the case of strong out-of-plane C. One plane per event or one plane per particle?

particle emissiorisqueeze-oyf the estimated reaction plane

angle is wrong byr/2. Since the transverse momentum is used both for the reac-

tion plane estimation and for the projection, auto-correlations
are expectedsee full circles in Figs. 1 and)2Autocorrela-
tion effects are also amplified by the loss of information due
Since the flow parameter is obtained from the averagéo a nonperfect detection. The usual way to solve this prob-
value of the transverse momentum projection on the reactiolem is to remove the particle that has to be projected from
plane, one has to rebuild this plane from the experimentathe estimation of the reaction plane. Thus, an additional cor-
data. We have checked the reliabilities of the three reactiopective Componenpcor is added to the momentum of the
plane reconstruction methods. The general procedure of themaining particles in order to ensure the conservation of the
test is the following: a known flow parameter vallés set  total momentum. Its definition is the following:
for a sample of generated events; then the reaction plane

B. Testing procedure

estimation method is applied on that sample and the so- > cor A -

called “experimental flow parametei,, is determined. A Pi=——w Vi ©
method is considered effective if the experimental vadyg, E Ay

is equal or close to the initial orfe,,; . This allows us to also k=Lk#i

check the additional disturbance introduced by the experi-

mental setup compared to the method itself. wherei is the removed partlcle\/, its velocity, A; the mass

To set the flow parameter valleto an event, an in-plane of particlej (j#i), and M the event multlpI|C|ty In this
componen®s is added to the transverse momentum of eacttase, one plane is determined for each particle of the event.

particle, similarly to the procedure used in RE23]. The Two prescriptions have been used for the methods de-
amplitude of this in-plane component depends on the rescribed in Sec. V A. In the first one, one plane per event is
duced rapidity of the particle: determined. This allows to check the effect of the autocorre
lations with respect to the method used. In the second one,
( AF , one plane per particle is determined, in order to test the ef-
- — if Y, <0.25 L .
2 ficiency of the correction.

P3(F,Y, )=¢ 2AF(Y, —0.5 if 0.25<Y, =<0.75 1. Azimuthal dispersion between the true reaction plane and the
X reconstructed one

AF if Y. =075 To compare the relative efficiencies of these methods, the
— ; . R . .
L 2 distribution of the angular azimuthal differenaeb between
(8)  the true and the reconstructed reaction plane directions has
been studied. Such distributions have been already shown
where F is the flow parameter value to be sat, is the (see Fig. 6 of Ref[6]).
reduced rapidity of the particld its mass, andP3(F,Y,) the The observed mean valda ®) is zero. The accuracy of
in-plane component. the reaction plane determination is estimated with the stan-
The test has been performed on two systems;Mirat  dard deviationo(A®) of these distributions as a function of
74A MeV and XetSn at 58\ MeV. These two systems the added flow parameter val&e Figure 8 shows such evo-
have been studied with INDRA and their comparison allowslutions of o(A®) with F. F has been used instead Bf,;
us to check the effect of the mass of the system on the trangecause th&,,; values are different from one particle type to
verse flow measurement. These energy values have beenother, whereas the sarfrevalue has been added to all
chosen because they are close to the expected balance garticles. The upper row corresponds to the-Ali system,
ergy. For each system, 15000 events have been generatdw lower row to the Xe Sn system. The left column corre-
using thesiMON code, whose entrance channel includes asponds to the case when one plane per particle is determined
preequilibrium emission of protons and neutr@48]. SIMoON  and the right column to the one plane per event prescription.
is not used to reproduce the experimental data, but rather &o significant difference is found between these two pre-
an event generator. The goal is to check how the reactioscriptions. For all methods and systems, the dispersion
plane reconstruction methods react in a well-defined situas(A®) decreases whef increases. For small values, the
tion. In this test, only the most central collisions have beerdifferent methods give slightly different results because the
used. The flow parameters for the different particle types arénitial flow parameter is not zero. As expected, the reaction
not exactly zero but close to zero, and differ from a particleplane determination is more accurate in the case of strong
type to another. The effect of the addition of tRg compo-  in-plane emission. For both systems, the transverse momen-
nent is to add the value &f to the original value of the flow tum method and the tensor method give similar accuracies,
parameter, giving & ,; value. This procedure will allow us whereas for the azimuthal correlation method the dispersion
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is systematically higher for alF values. For the XeSn  F_  is systematically below;,,. This underestimation in-

system, the values o, are smaller than those for the creases with increasing charge. For a giveg value, the

Ar + Ni system. _ _ _ underestimation is lower for the XeSn system than for Ar
From these observations, three main conclusions can beNi. Finally, the amplitude of this underestimation de-

drawn: (i) the azimuthal dispersion of the reconstructed re—creases with increasing value Bf; .

action plane is the same for the one plane per particle and with one plane per everitight column of Fig. 9, Fexp

one plane per event prescriptior(8) similar to the conclu-  values are systematically larger th&g,; values due to the

sion of Ref. [6], the azimuthal correlation method is less autocorrelation effects mentioned above. For a fl&rq

accurate than the two other methods, even atfgyvalues;  value, the overestimation increases with decreasing charge of

(iii ) the higher the mass of the system and the higheFthe  the particle. Here again, the amplitude of the overestimation
value, the more accurate the reaction plane reconstruction.diminishes for higher values oF;; and with increasing

Surprisingly, no difference is seen ir(A®) between the  mass of the system.
one plane per particle and the one plane per event prescrip- For the momentum tensor method, results are shown in
tions, whereas strong discrepancies are seen fofRREA)  Fig. 10 for one plane per particléeft column and for one
=f(Y,) curves(Figs. 1 and 2 One has to keep in mind that plane per evertright column. The same trends are observed
in the present case, only the deviation from the true reactios for the transverse momentum method. The autocorrelation
plane is studied. For théP,/A) =f(Y,) curves, the com- effects are smaller in the case of one plane per event.
bined effects of the reaction plane reconstruction accuracy For the azimuthal correlation methgHig. 11), the same
and of the projection of transverse momenta on the reconrends are observed as for the two other methods. The main
structed reaction plane are present. difference is a somewhat larger underestimation of the flow

parameter value.
2. Measured flow parameter versus initial flow parameter

For the transverse momentum method, the dependence of 3. Influence of the experimental setup

Fexp ON the initial value of the flow parameter is shown in  Part of the anti- or autocorrelation may be related to the
Fig. 9 in the case of one plane per partidieft column and  detector efficiency. In order to probe the effect of the experi-
in case of one plane per evenight column. For one plane mental setup, the INDRA filter has been applied on the gen-
per particle, the procedure used to remove autocorrelatiorsrated events. The INDRA filter is a sophisticated software
seems to be efficient for H isotopes. For heavier particlesthat simulates the response of the detector. For each particle,
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FIG. 9. Correlation of the measured flow pa-
rameter valud-.,, and the initial flow parameter
value Fj,; in the framework of thesimon code.
The transverse momentum method has been used
and one plane per particle has been calculated.
The upper panel corresponds to thetAli sys-
tem at 7A MeV and the lower panel to the
Xe+Sn system at 58 MeV. The left column
corresponds to the one plane per particle prescip-
tion and the right column to the one plane per
event presciption.

the energy losses in each layer of the detector are calculategngF, . is plotted for the momentum tensor method with the

An identification procedure similar to the experimental 0néyne plane per event prescription. For the two systems studied
is then applied on the energy losses giving back the charggare the results are very similar to those obtained with a

and the energy of the detected particle. Doing this, multipl
hits in a detector are treated in the same way they are treat%tﬁ
in the experiment. This procedure allowed the reproduction
of the angular and energy thresholds observed experime

tally.

The reaction plane is then reconstructed from the s
called filtered events. In Fig. 12, the correlation betwEgp,
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rfect detectiorisee the right column of Fig. 20The mea-

red flow values are above the initial ones for the-Ni
system and close to the initial ones for the-)@n system.
The detector has a weaker effect than the reaction plane de-
6ermination procedure. This conclusion is identical to those
made in Ref[23] for a 47 array that had higher thresholds.

FIG. 10. Same as Fig. 9 by using the momen-
tum tensor method.
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4. Conclusions of the simulations as well as for the Xe Sn system(full circles in Fig. 5. In
The following conclusions can be drawn from the previ- the _Iatt_er case, the flow parameter is Weakly dependent on
ous study: the incident energy. Therefore, from the experimental results,

(i) removing the particle of interest from the reaction it turns out that the autocorrelation effects are strong. In
plane introduces an anticorrelation that is not counterbal®ther words, qualitative effects may be understood thanks to
the simulations, but quantitative estimations of the correc-
tions required in the data are difficult to realize from these

imulations. Such a correction may be done if the autocorre-
Timulations. Such t y be done if the aut
lation effect is well understood. The study of the origins of
the autocorrelation effect is done in the next section.

anced by adding a corrective moment AP’ to the momen-
tum of other particles. The anticorrelation effect leads to al
underestimation of sideward flow values.

(ii) When one plane per particle is determined, the ampli
tude of the anticorrelation is higher for sm&l},; values, for
heavy particles, and for small system size.

(iiil) When one plane per event is determined, the ampli-
tude of the autocorrelation is higher for smil};; values, for These studies show us that the methods developed at high
light particles, and for small system size. energies, where high values of sideward flow are measured,

(iv) For all methods, for the one plane per event prescripare not well suited for intermediate energies where the flow
tion, the autocorrelation effect leads to an overestimation oparameter values are typically around or below
the flow parameter value. This overestimation is minimum30 MeV/c/nucleon. The amplitude of the anti- or autocorre-
for the momentum tensor method. lations depends also on the nature of the particle. Let us try

(v) The best results are obtained for the momentum tensarevertheless to identify the origin of the autocorrelations at
method with the one plane per event prescription. intermediate energies.

(vi) Detection effects are weaker than effects induced by First of all, one has to make some remarks. If a method
the procedures used to reconstruct the reaction plane. would be able to reconstruct perfectly the reaction plane

One could conclude from these simulations that the bedrom the momentum of all particles, no autocorrelation effect
method to measure small sideward flow values is the mowould be seen. This is shown for example in the right col-
mentum tensor method with one plane per event. Unfortuumn of Fig. 10 for the Xe Sn system. The experimental
nately, the simulation is too simple compared to the experiflow parameterF,, is very close toF;,; for Fj,; values
mental situation. We remind the reader that in thisabove 20 MeV¢/nucleon, although the momenta of all par-
simulation, the midrapidity contribution is only present for ticles have been used to calculate the momentum tensor. This
protons and neutrons. This is why the autocorrelation effecis quite unexpected since for high,;; values, the transverse
is mainly seen for protons in the simulation. In the experi-momenta values are large. The autocorrelation effect should
mental data, the midrapidity emission is also made of heaviebe maximum for highF;,;. The usual explanation of the
particles[38,39. The autocorrelation effect is seen for all autocorrelation effect does not seem to be the right one. If so,
particles for the Ar-Ni system(full circles in Figs. 1 and 2 where does this autocorrelation effect come from? Since the

D. Origin of the autocorrelations
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Ar+Ni 74 A MeV in the simulation, for wh.ich Fhe origin of_ par_ticles _is known.
—120 : The results are shown in Fig. 13. In this simulation, a pure
2 - Oliz=1 binary scenario has been assumed: the first stage of the col-
g 00— v : Z=2 lision leads to the formation of a quasiprojectile and a qua-
\C C  Ai7Z=36 sitarget both deflected in the reaction plane, without any pre-
; 80 - m | 77 equilibrium emissions. One plane per event is determined,
L 0 : using the transverse momentum method, and the weight of
g . i the particles is attributed according to their originl for the
— 40 — i particles emitted by the quasiprojectile andl for those
g emitted by the quasitarget. It is seen that the effect of auto-
=20 correlation is removed, even for the smaller flow values. The
o v so called autocorrelation effect comes from a loss of infor-
- : mation (the origin of the detected particlesnstead of the
20 i use of the transverse momenta in both the reaction plane
- i determination and in the projection.
-40 (l) — 1(|)0 In the experiment, the exact knowledge of the origin of
F, . [(MeV/c)/nucl.] the particle is impossible, especially for the most damped
init reactions. In addition the collisions are not purely binary due
to prompt emissions. The promptly emitted particles carry a
—120 Xe"TS” 50 A MeV part of the total tansverse momentum and the QP and QT are
< C olz=1 hence pushed out of the reaction plane. In the experiment,
g 00~ y i 7=2 y the perfect determination of the reaction plane using the tran-
= ! /4 verse momentum method is very difficult, especially for the
QO g0 Al7Z=36 2 central collisions.
> - W 727 ’
g 60 — i /4 2. Autocorrelations for the momentum tensor method
= 40 - : . For the momentum tensor method, the origin of autocor-
e - ! relation effects can be understood using a simple test. Let us
h" 20 — L X consider the case where a quasiprojectile of mass nu#ber
0 A splits into two equal size fragments and the quasitarget of the
- i same mass numbéek remains unchanged. The quasiprojec-
20 - i tile and the quasitarget are deflected in the reaction plane.
- i The axis joining their center of mass has an amglge.with
-40 (') T respect to the beam axisee Fig. 14 The axis joining the

100 . o N
F. . [(MeV/c)/nucl.] two fragments |ssu§d from the splitting of the_ qu§\S|prOJect|Ie
init has an anglé;; with respect to the beam direction and an
FIG. 12. Same as Fig. 10 right column but the events have beeft9!€ ®spir With respect to the reaction plane. The relative
affected by the INDRA filter. velocity between the quasiprojectile and the quasi-target is
V, and the relative velocity between the two fragments of the
azimuthal correlation method is less accurate than the twguasiprojectile isaV, . A scheme of the described configu-
other ones, the origin of the autocorrelations will not beration is presented in Fig. 14.
checked for this method. The momentum tensor of such a simple case can be cal-
culated, and one can study the azimuthal angular difference
A ¢ between the reconstructed reaction plane and the true
In the transverse momentum method, one assumes thane. The direction of the reaction plane is defined in the
the particles emitted abov¥.,, are all coming from the plane transverse to the beam axis, displayed in the right
decay of the quasiprojectil@QP), and those emitted below panel of Fig. 14. In this panel, the QT is by definition in the
Y.m are all coming from the decay of the quasitar¢@f). reaction plane but the two splitting fragments are out of the
But at intermediate energies, the contributions from the QTplane.
the QP, and the midrapidity area are mixed, especially for the The first key variable ig«. When its value is smallclose
most violent collision$38,39. In addition, for the most cen- to zerg, the QP-QT axis is obviously the main axis and the
tral collisions, the azimuthal angular distributions are rathereaction plane is perfectly determined. But when déhealue
flat and no privileged direction can be clearly seen. Thereforés big enough, the axis between the two splitting fragments
a wrong weight may be attributed to the particles, and theénay become the main axis. In this case, the reconstructed
estimated reaction plane may have nothing to do with thgeaction plane direction may be dependent on the splitting
true one. In this case, the reconstructed reaction plane majirection ¢y, Which is the second key variable.
be oriented along the particles with the highest momenta. In Fig. 15, the evolutions oA ¢ as a function ofa and
On the other hand, if the right weight was attributed to the¢; are displayed. The angl&enec and bgp; are set, re-
right particles, this effect should vanish. This can be checkedpectively, to 10° and 40°. Similar pictures are obtained for

1. Autocorrelations for the transverse momentum method
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other fyefiect and bspjie Values. For large enough values @f mingd Whatgyer the fragmenting configuration. That means
A ¢ is strongly dependent oy For low values of, i.e. that if the origin of the fragments is known, on can determine
small relative velocities of the two fragments compared taperfectly the reaction plane by grouping the fragments com-
the relative velocities of the quasiprojectile and the quasitaring from the same source in a single fragment. The results of
get, A¢ does not depend oig,; and is equal to zero. The the momentum tensor method depend on the way the frag-
two out-of-plane fragments do not introduce much pertubaments are gathered. As for the tranverse momentum method,
tions on the reconstruction procedure. The direction of thét perfect determination of the reaction plane by using the
reconstructed reaction plane is mainly determined by the QTnhomentum tensor method is very difficult in the experiment.
The reaction plane is therefore well estimated. On the other
hand, whena is larger than 1, the reaction plane is mainly E. Discussion
determined by the two out-plane fragments. The direction of
the reconstructed reaction plane is therefore correlated to th(fa
splitting direction. In the experiment, this last configuration
is similar to the most violentcentra) collisions but with a
larger multiplicity.

If the two fragments issued from the splitting of the qua-
siprojectile were gathered before applying the momentu
tensor method, the reaction plane would be perfectly dete

For incident energies around the balance energy, the stan-
rd methods used for the reaction plane reconstruction are
not well suited. Whatever the method used, the one plane per
event prescription leads to an autocorrelation effect, i.e., a
large overestimation of the flow parameter values. At vari-
nce, the one plane per particle prescription induces an anti-
I;_:orrelation effect which gives an underestimation of the flow
parameter.
This indicates that the negative flow values observed in
experimental data can be attributed to the used reconstruc-

Side View Front View ; X X
tion methods, especially for the heaviest fragments. For the
A2 e light charged particles, the physical effect cannot be com-
CQ\ o pletely ruled out, since positive values of flow are observed
2 for o particles, whereas negative values are expected if the
X reaction plane determination methods effects are dominant.

more detailed studies have to be performed to establish their
relative weights in the observed values. To obtain the true
FreshesctionClene flow parameter values, one has to understand the autocorre-
lation effects in order to correct them accurately.
But understanding the origin of the autocorrelation effects
FIG. 14. Scheme of the configuration used to test the autocoris @ complicated task. To correct them, a complete know!-
relation effect for the momentum tensor methsde text edge of the origin of particles is needed. This can be

CDQ)M For such particles, the two effects are probably mixed and
A
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ergies found in other experiments. This systematics has been
reproduced by a dynamical model assumihg~220 MeV

and o, =0.8 ¢"®® [2]. As already observed, the balance
energy weakly depends on the particle nature. For these cen-
tral collisions, negative flow values are observed for both
systems. Two different explanations are proposed for these
negative values.

The first one, supported by transport model calculations,
attributes this effect to the relative importance between the
prompt emission and the evaporative one. A negative flow
parameter value can be observed if the prompt emission is
dominant. This explanation seems to be satisfactory for the
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“% 0, ™ 0 3'5 midrapidity. But on the other hand, negative flow values are
%O;é 30 measured for fragments while the prompt emission is not the

BT ' 0. dominant process for these products. For these heavy frag-
ments, the observed negative values cannot be explained in

FIG. 15. Variations of the angle between the true reaction this way.
plane and the estimated one by using the momentum tensor method The second explanation attributes these negative values to
for Ogenec= 10° andfgy=40°. See text for details. the experimental methods used to extract the reaction plane.
The usual method used to avoid autocorrelations, the omis-

achieved only for the less violent collisions and/or at highersion of the particle of interest, leads to an anticorrelation.
energies where the mixing between the different contribu-TThis induces an inversion of the reaction plane direction and
tions is weak. For the most violent collisions, such knowl-then lead to the measurement of negative flow values. The
edge is unreachable unless assumptions are made. But in ti@gplitude of this effect increases when the flow parameter
case, the flow values obtained may only result from thes¥alue decreases, i.e., when the incident energy is getting
assumptions. closer to the balance energy. This explanation is supported
Since the correction of experimental data seems to be imPy the observation of negative flow values for the heaviest
possible, it could be easier to apply the experimental filteffagments, whereas a positive value is expected. A careful
and the analysis procedure on theoretical calculations. Mogtudy of the autocorrelation effect shows that its manifesta-
of the available dynamica| calculations have to evolve totion results from the loss of information about the prOdUCt
enable this procedure, since most of them are following th@rigins for both methods.
time evolution of the one body density. More precisely, the In experimental data, these two effects are probably
dynamical calculations should include the proper descriptiofnixed up. They disturb the measurement of the absolute

of particle and fragment formation. value of sideward flow, especially around the balance energy
for which low flow parameter values are expected. On the
VI. CONCLUSIONS other hand, the relative evolutions with incident energy, and

especially the determination of the balance energy, are in
The in-plane flow parameter has been determined for theagreement with previous experimental studies and theoretical
Ar+Ni collisions from 32A MeV to 95A MeV, for the calculations. It may indicate a relative robustness of the bal-
Ni+Ni system from 32 MeV to 90A MeV, and for the ance energy variable. In the present status, the real effect can
Xe+Sn system from 2& MeV to 50A MeV. For central only be studied with simulations on which the complete ex-
collisions, the balance energies are equal to (8%erimental procedure can be applied. An accurate determina-
+2)A MeV for the Ar+Ni system and (752)A MeV for  tion of the in-medium nucleon-nucleon interaction param-
the Ni+Ni system. For the X& Sn system, the balance en- eters can only be achieved if the disturbances induced by the
ergy is around 58 MeV, but experiments at higher incident analysis methods and the experimental setup are explicitely
energies have to be performed to confirm the result. Thestken into account. This requires an evolution of dynamical
values are in agreement with the systematics of balance ewalculation to make possible this comparison procedure.
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