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Abstract :

A novel method is proposed for studying the evolution of flow phenomena with
the incident energy, and for quantitatively estimating the energy of vanishing flow (also
called balance energy, Ebal) without reconstructing the reaction plane. We used a method
based on the shapes of experimental particle-particle azimuthal correlation functions to
determine Epg] for three systems : Ar+Al, Zn+Ti, Zn+Ni. We compare the results with

estimations using flow parameter analysis and also with theoretical expectations.

1. INTRODUCTION

Heavy ion reactions at incident energies ranging from about 10 MeV/u up to a few
hundreds of MeV/u are important in the study of nuclear matter because the nuclear
interaction changes from attractive to repulsive in this region. At incident energiesupto a
few tens of MeV/u the interaction is dominated by the attractive mean field giving rise to a
partial orbiting and a deflection of the participating nucleons and clusters to negative
angles. Conversely, at a few hundreds of MeV/u the interaction is dominated by the
repulsive core of the nucleon-nucleon interaction and compression occurs. The interaction
can then be visualized as two nuclei bouncing off each other and the participating
nucleons in the interaction region are deflected to positive angles [1].

* Experiment performed at GANIL.



The directed collective motion of these nucleons and clusters in the reaction plane
(sidewards flow) is then a signature of the interaction and can provide informations about
the nuclear equation of state (EOS). In recent years much effort has been done for
measuring this collective flow and several groups have performed experiments to study
the transition from negative flow (at low energies) to positive flow (at high energies)
[2-6].

The disappearance of collective flow, corresponding to the point where the
attractive scattering balances the repulsive interactions, is predicted to appear at some
incident energy-termed balance energy Ebal [3], or energy of vanishing flow EVF [7] -.
The determination of Epg] is important because the magnitude of parameters in the EOS
can be related to the relative contributions of repulsive or attractive scattering. Both in [5]
and [6] a systematic study of flow phenomena has been performed for various nuclear
systems and Eba] has been estimated from the variation of the flow parameter with
incident energy. A linear dependence of Epgj on A-1/3 initially predicted in [7] has been
noted.

Another type of analysis which can yield information about the changes in reaction
dynamics over this transitional region is the study of azimuthal distributions which
contain other signatures of the collective flow [8-11]. At high incident energies, the
azimuthal distributions exhibit maxima at angles perpendicular to the reaction plane. This
anisotropy is due to collective effects such as squeeze-out [12-13]. On the contrary, at
incident energies of a few tens of MeV/u, the azimuthal distributions have maxima in the
reaction plane ("rotation-like" behaviour [14-15] in addition to the sidewards flow).

Both types of analyses, the flow parameter determination and the azimuthal
distribution measurements, require the knowledge of the reaction plane and their results
should be corrected for the uncertainties related to the reconstruction of the reaction plane
from the detected reaction products [1]. Even with a good quality 41 detector these
uncertainties could be quite large [16].

One way to avoid this difficulty is to study particle-particle azimuthal correlation
functions. This type of analysis does not require the knowledge of the reaction plane and
the shape of azimuthal correlation functions was shown to be sensitive to the EOS [17].
An additional benefit of the correlation function method, also noted in [17], is that it
allows one to confine the analysis to an acceptance region where the detector efficiency is
high. Recently [18] the shape of particle-particle correlation functions for Ar+Sc in the
energy range 35-115 MeV/u have been qualitatively analyzed in terms of two
components : collective flow and rotational collective motion.

Here we show that the shapes of azimuthal correlation functions are sensitive both
to the direction of the collective flow and to its intensity. Then by studying the evolution
with the incident energy of these shapes we develop a method for estimating the energy
of vanishing flow and apply it for three nuclear systems studied at GANIL.



2 - EXPERIMENTS AND SELECTION CRITERIA

The experimental data analyzed in this report have been measured at GANIL. The
nuclear reactions were 36Ar + 27 Al between 55 MeV/u and 95 MeV/u, 94Zn + 48Ti and
647Zn + 58Ni between 35 MeV/u and 79 MeV/u.

The charges and velocities of nearly all charged products were measured on an
event by event basis with a 4n plastic scintillator array. This axially symmetric
multidetector consists in the MUR [19] which covers polar angles from 3.2° to 30° and
the TONNEAU [20] which covers polar angles from 30° to 150°. Due to electron
contamination, the Z = 1 spectra in the two innermost rings of the MUR were perturbed.
In addition, these two rings have an azimuthal resolution of £ 22°5, and we preferred to
disregard them, reducing the polar angle acceptance of the MUR to a 7.3° to 30° interval.
The first step in the analysis was to select well characterized events by requiring that the
total parallel momentum of all detected products amounts for more than 60 % of the
projectile linear momentum [21].

Then, the events » heen sorted with respect to the impact parameter. Two
global variables have bec.: - timate the impact parameter : the total transverse
momentum and the average paraiici velocity [21] which give nearly identical results. The
final analysis was done for events in three intervals of experimentaly estimated impact
parameter : central (bexp < 2.5 fm), mid-central ( 2.5 < bexp < 4.5 fm) and mid-
peripheral (4.5 <bexp < 6.5 fm).

The particles in each event have been classified in three rapidity intervals. Denoting
by Yr =Y / Ypeam the rapidity of a particle relative to the beam rapidity, the three
intervals were : 0.0 - 0.35, 0.35 - 0.65 and 0.65 - 1.0. Two particles are said to belong
to the same class if they belong simultaneously to the same interval of impact parameter
and to the same interval of rapidity. Most of the particles have charge one or two, less
than 5 % of them having larger charges.

For particles in the same class as defined above, we define the experimental

azimuthal correlation function in the usual way [17] :
C(AD) = Pcorr (AD) / Puncorr (AD) H

Here A® is the difference of azimuthal angles @1 and @7 of two particles (i.e. the
angle between their transverse momenta), Pcorr is the observed distribution for pairs in
which both particles belong to the same event, Puncorr is the distribution for uncorrelated
pairs generated by event mixing, i.e., each particle from a pair is randomly chosen from

different events belonging to the same class, excluding the pairs leading to two particles
in the same detector.

Fig. 1 displays an example of Pcorr (A®), Puncorr (A®) and C(AD) for the 55
MeV/u Ar + Al system in the 4.5 - 6.5 fm impact parameter bin and the 0 - 0.35 rapidity



interval. Pyncorr is an almost isotropic distribution except at small values of A®, where

the decreasing is due to the effect of the finite azimuthal resolution of the detectors. This
decreasing is no longer visible in the C(A®) distribution, proving that the uncorrelated

azimuthal distribution was correctly determined and allowed to eliminate most of the
experimental limitations.

3- THE METHOD USED FOR Epg} DETERMINATION.

Typical azimuthal correlation functions are shown in fig. 2 and 3 for Ar + Al at 55
MeV/u for the three intervals of impact parameter and for the three intervals of rapidity
defined previously. All types of particles have been considered together to construct
C(AD) except in the right column of fig. 2 where we have selected pairs with at least one

charge 2 particle. For the experimental correlation functions which have been constructed
according to (1), we made a fit with the expression :

C(AD) = A (1 + A1 cosAD + A2 cos2AD) (2)

As we will see later, A2 in this data is always much less than 1. A1 is therefore
directly related to the 0° - 180° asymmetry of C (AD) :

Al = (C(0°) - C(180°)/ (C(0°) + C(180°)) 3)

If A1 >0, C(AD) has a maximum at 0° ; on the contrary, if A1 <0, the correlation
function has a maximum at 180°.

Recalling the ratio R = C(0°) / C(180°), we note that :
R-1=2X1/(1-A1)=2A1 4)

The A2 parameter is related in a similar way to the 0° - 90° asymmetry ;

2 = C(0°) + C(180°) - 2 C (90°)
C(0°) + C(180°) + 2 C (90°)

)

in all of our data , A2 is always > 0 so we have always C(180°) + C(0°) > 2 C(90°).

We show in this analysis that the evolution of A] with energy can be used to
extract Epal.



If particles in an event are emitted independently with the same azimuthal
distribution F(®), it can be shown mathematically that the correlation function C (A®) is
related to F(®) by :

360°
C(AD) = f F(®) F(®d+AD)d @ 6)
0

C(A®) should always have a maximum at A® = 0°, except for the trivial case
when F(®) is a constant which leads then to constant C(A®). Other maxima will appear
in C(A®) for periodic F(®), but their magnitude will never exceed C(0°) ( for instance, if
F(® + 180°) = F(®), C(180°) = C(0°) )

To illustrate the physical meaning of C(A®) and its links with the sideward flow,
we will consider a simplified geometrical picture of the dynamical evolution of the
interaction in our energy region, as shown in fig. 4, in the centre of mass frame. The
projectile P moves from left to right along the Z axis, XOY being the plane perpendicular
to the beam direction. In the center of each figure are shown the linear momenta for
particles, projected onto the reaction plane, XOZ. The same linear momenta projected
onto a plane perpendicular to the beam axis (XQY) are the transverse momenta. They are
shown on the left and right parts of this figure for particles with rapidity Y < Yem (left)
and for particles with Y > Y¢m (right). We will focus our attention on the particles
moving backwards in the centre of mass (rapidities Y < Y¢m), but the conclusions are
identical for the Y > Y¢m region.

For incident energies E << Ebg], where the interaction is dominated by the mean
field, attractive scattering deflects the particles with Y < Ycm mostly in the projectile
direction in the reaction plane. That means their transverse momenta are confined to a
more or less narrow cone with its axis in the reaction plane : fig 4a.

The same behaviour is expected at incident energies E >> Epa] where dominant
repulsive scattering (fig. 4c) deflects particles with Y < Y¢ in the reaction plane in the
direction opposite to the projectile direction and their transverse momenta are confined to
a narrow cone.

Contrary to these two situations, at E = Epg], the two effects balance each other,
the flow is 0. so that particles with Y < Y¢m will be deflected symmetrically in the
reaction plane as displayed in fig. 4b.

The effect of these changes on the azimuthal correlation functions can be estimated
by making a simple calculation : suppose we have n particles in an event with their
transverse momenta randomly distributed in two opposite cones of aperture angle f, but
always n] particles in the first cone and n2 in the other. Physically, 8f represents the
focussing around the reaction plane : small 8f values mean strong focussing, 6f = 90°

means uniform azimuthal distribution. Of course, n1 + n2 =n.



The number of different particle pairs correlated at small angles is :

N@O°) =n1(n1-1)/2+n2(n2-1)/2 (7N
whereas the number of different particle pairs correlated at large angles is :
N(180°) =n1 n2 (8)

Fig.5 shows the results of a simulation where we generated events with
multiplicity n = 6. The azimuthal angles of successive particles are randomly chosen
following a distribution law F(®) defined as follows : F(®) is uniform in the -8f, +0f
interval, and also in the 180° - 8f, 180° + &f interval and the ratio F(0°) / F(180°) is fixed
by the in-plane asymmetry of the particles : F(0°) / F(180°) = <n1>/ <n2>. The three
columns in fig.5 correspond to <n}> = 1, 2, 3 and the three rows correspond to
different cone angles. A1 is never negative and reaches its minimum value 0. for the
symmetric distribution <n]>=<n2>=n/2.

In fig. 5, in agreement with formula 6, the maximum of the A® distribution is
always at A® = 0°. However, physical reasons, such as conservation laws, may
constrain the emission angles of the different particles in an event and violate the
independance hypothesis leading to formula 6. Then, C(A®) may reach its maximum at
A® = 180°. This is illustrated in fig. 6 which is identical to fig. 5 except that only one
configuration has been retained for each column, for example n] =n2 = 3 in the third
column, instead of <n1> = <n2> = 3 for fig. 5. Now A] can take negative values but the
same conclusion hold for the simulation of fig. 6 as for that of fig. 5 : for a given value
of 8f, A1 reaches a minimum for the symmetric distribution n] =n2 =n/2.

To summarize, A1 decreases with increasing E for E < Ebg], reaches a minimum
when E = Epg] where symmetric scattering occurs and then increases with increasing E
for E > Epal.

We therefore follow the evolution of A1 with incident energy and determine Epal
to be the energy at which A1 has a minimum value.

4- EXPERIMENTAL RESULTS CONCERNING Epal

The changes of shape of the correlation function C(A®) and hence of the
asymmetry coefficient A1 (or R) as a function of the incident energy are illustrated in
figure 7, for the Ar + Al system. All values of A1, for the different systems, and the
different impact parameter intervals are shown in figure 8, for relative rapidities in the
0. - .35. interval.

One clearly observes for central collisions the evolution of A1 which one expects
from the considerations made in the previous chapter : that is a decrease with the incident
energy, a minimum and then an increase. If we examine the experimental points, we note

a systematic increase of the position of the minimum with the impact parameter for each



system. The minimum is just reached or beyond the available range of incident energies
for mid-central and mid-peripheral collisions.

The variations of A1 with energy were fitted with a 2-degree polynomial to
determine Epg] from the position of the minimum. As indicated previously, these values
of Eba] concern particles having Z = 1, 2 or 3. Is Epa] sensitive to the nature of the
particles used to construct C(A®) ? We have seen in fig. 2 that A] changes substantially
when pairs with at least one Z = 2 particle are selected. However, with or without any
condition on the particles, the relative variations of A1 with energy are somewhat similar,
as can be seen in figure 9 : there is no evidence for an Epa] dependence on the nature of
the particles.

We compare in figure 10 our estimations of Epa] to those obtained from standard
flow parameter analyses [3, 4, 5, 22, 23]. One can see a good agreement of our present
estimations with the previous results as well as with theoretical LVUU calculations using
the standard Gogny force with an incompressibility modulus Keo = 223 MeV (open
points [7]). The dashed curve is obtained from the theoretical points assuming empirically
a linear A-1/3 dependence.

Before leaving this section, let us make two important remarks :

- as already shown in figure 3, it is clear from figure 7 that the experimental data
do show examples of negative A1. This same feature in contradiction with formula 6, has
already been noted by others authors [18, 24, 25] who invoke final state interactions
between particles and/or momentum conservation laws, the effects of which superimpose
C(A®D) derived in formula 6. Provided this superimposition, whatever its origin, does not
vary rapidly in this energy region, the value of Ebal extracted using our procedure will
not be affected.

- Ebal can, in principle, also be determined by performing the same analysis using
large rapidity particles. There are, however, problems associated with the non-symmetric
experimental set-up with respect to the detection of particles near the projectile and target
rapidities. The velocity threshold of the MUR and TONNEAU differ, and the ¢
resolution varies from + 5° at backward angles to £ 22.5° at the most forward angles. In
addition, the backward hole in the TONNEAU and the forward hole in the MUR affect
differently the two rapidity domains. All of this lead to a poorer resolution of A1 in the
rapidity interval of .65 - 1. as compared with lower rapidity interval of 0. - .35. We
illustrate in figure 11 that the values of Epa] using the largest rapidity particles are
nevertheless comparable with the values of Epg] extracted from figure 8.

5- CONCLUSIONS
We have reported on a novel method for studying the evolution of the flow

phenomena with the incident energy, and for quantitatively estimating the energy of



vanishing flow, Epal. The method uses the 0° - 180° asymmetry of the particle - particle
azimuthal correlation function, and does not need the knowledge of the reaction plane.

The asymmetry 0° - 180° of this correlation function is shown to be related to the
absolute magnitude of the sidewards flow.

There is a good agreement between the values of Epg] determined with our method
and those extracted from standard transverse momentum analysis. The values of Ebal
determined in this way for three nuclear systems confirm an increase with the impact
parameter and show apparently no dependence on the mass of the correlated particles.
The evolution of Ebal with the total mass of the nuclear system shows the A-1/3
dependence noted previously both in calculations and experimental data.

The azimuthal correlation analysis proves to be effective for qualitatively
understanding flow phenomena and also for quantitatively estimating physical quantities
of interest.



FIGURE CAPTIONS

Figure 1 : From top to bottom :
- the measured A® distribution for correlated pairs Peorr (AD)
- the measured A® distribution for uncorrelated pairs Puncorr (AD)
- the correlation function C(AD)

for the 55 MeV/u Ar + Al system, mid-peripheral events, first rapidity interval
0. <Yr<.35)

Figure 2 : The correlation functions C(A®), for the 55 MeV/u Ar + Al system, three
intervals of impact parameter, first interval of rapidity. Left column : no condition on the
particle pairs. Right column : at least one particle of the pair has an electric charge equal to
two. The fits are obtained following formula (2). The values of A1 are indicated on the

figure.

Figure 3 : C(A®) for the 55 MeV/u Ar + Al system, in three intervals of impact

parameter, and for the last two intervals of rapidity, without conditions on the pairs of
particles.

Figure 4 : Schematic representation of the sidewards flow in the CM system for three
incident energies : E<<Epa] (a), E=Epa] (b) and E>>Epa] (c). The central part is the

projection of the linear momenta on the reaction plane. The left and right parts are
transverse momenta for Y < Yem and for Y > Yem respectively.

Figure 5 : The correlation functions C(A®) obtained in a simulation distributing six
particles in two opposite cones of aperture f (see text).

Figure 6 : Same as figure 5, but for fixed distributions (for example, n] = 1 means that
one particle is emitted in one cone, and the five remaining particles in the second cone as

illustrated by the diagramms in the upper part of the figure - for these diagramms, we
have chosen of = £ 45°).

Figure 7 : The correlation functions for particles from the Ar + Al system at three incident
energies, for the first interval of rapidity (0<Yr<0.35) and central events (bexp<2.5 fm).

Figure 8 : Evolution of A] as a function of energy for the three systems Ar+ Al,
Zn + Ti, Zn + Ni, the three intervals of impact parameters and the first rapidity interval.

The curves correspond to parabolic fits of the data. The best value of the
position of the minimum of A1 is indicated on the figure.

Figure 9 : The evolution of A] with incident energy for low rapidity particles ( Yr =
0 - 0.35). Panel a : Zn + Ni system. Panel b : Ar + Al system. In both panels, full circles

9



correspond to A1 when Z =1, 2, 3 are used to construct C (AD), the full triangles

correspond to A1 obtained when at least one of the particle in each pair has a charge
Z=2.

Figure 10 : Comparisons of our estimations of Eba] with results obtained from transverse
momentum analysis and theoretical calculations (see text) :
triangles : experimental results from [3, 22, 23] ; closed circles : experimental results

from [4, 5] ; closed bars : present work ; open circles : LVUU calculations. The dashed
line is a linear fit, close to A-1/3, to the open circles.

Figure 11 : The evolution of A1 with the incident energy for Ar + Al system and two

intervals of rapidity : Yr =0 - 0.35 (left part) and Yy = 0.65 - 1 (right part). The estimated
impact parameter bexp is indicated in each panel.
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