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Abstract

A 47 charged particle detector array with a low velocity threshold has been
used to detect the products from reactions induced by 36Ar on 27Al at energies
ranging from 55 to 95 MeV/u. Well characterized events were selected and sorted
as a function of the impact parameter. Two methods were used for sorting these
events with respect to their impact parameters and three methods were compared
to determine the reaction plane. The transverse momentum analysis has been found
to be the best method to extract the direction of the reaction plane for this system
and for the experimental set-up used here. The energy of vanishing flow for central
collisions has been found to be around 90-95 MeV /u. The azimuthal distributions
of mid-rapidity particles exhibit a preferential in-plane emission and no squeeze-out
effect.

1 Motivations

The collective motion of particles emitted in the first steps of nucleus-nucleus collisions
(pre-equilibrium particles) provides information on the nuclear equation of state (incom-
pressibility modulus K) and on the nucleon-nucleon cross section in matter [1, 2]. The
momentum distribution of the emitted nucleons may be approximated as a spheroidal
shape. This shape has been fully studied in a few cases [3], but its main features can be
expressed via two quantities : the flow angle, which characterizes the average deflection

of the pre-equilibrium nucleons, and the shape of their azimuthal distribution. .

* Experiment performed at the GANIL accelerator



The shape of the spheroid is obtained via momentum tensor analysis. The main
axis is, for symmetry reasons, located in the reaction plane and its angle with the beam
direction is the flow angle. However, the construction of the spheroid for each event is
difficult for several reasons : i) at large and low rapidities, pre-equilibrium particles are
. not separated from particles emitted at later stages; ii) detection thresholds cut a part
of the low rapidity particles; iii) for light systems and/or low energies , the number of
pre-equilibrium nucleons is small. Therefore, it is generally easier and more accurate to
determine the value of the flow parameter which is obtained via transverse momentum
analysis [4].

The collective flow studied here is the directed in-plane (or sidewards) flow, not to be
confused with the expansion flow [5]. At large incident energies, the flow is positive, 1.e.
the particles emitted at forward angles are on the average deflected to the same side as the
projectile, due to the dominance of repulsive nucleon-nucleon interactions. Conversely,
at low energy mean field attraction gives birth to negative flow. The energy of vanishing
flow [6], also called balance energy [7] varies from 30 MeV /u for very heavy systems, up
to 120 MeV /u for the ?C+'*C system [6, 7] .

The azimuthal distribution of particles at the center-of-mass rapidity has been found
to be characterized by an enhancement in the direction perpendicular to the reaction
plane, the so-called squeeze-out effect, at high energies [8]. At low energies, an in-plane
enhancement was attributed to rotational-like behaviour [9, 10]. The transition from
in-plane to out-of-plane enhancement has been studied as a function of incident energy,
impact parameter and charge of the product [11].

For these studies the reaction plane direction is needed. Its determination is always
subject to some error, even with a perfect detector, due to the finite number of nucleons.
Since the flow helps to determine the reaction plane, the error is larger when the flow
parameter has a small value [12].

Recently azimuthal correlations, which do not require the knowledge of the reaction
plane, have been shown to provide useful information on the characteristics of flow [13, 14].
Specifically, the energy of vanishing flow and the energy of uniform azimuthal distribution
can be determined by studying these correlations as a function of incident energy [15].

In this paper we report on an experimental study conducted with the 47 array MUR +
TONNEAU in the reaction chamber NAUTILUS on the system *Ar+27Al from 55 to 95
~ MeV/u (maximum energy available at GANIL). Partial results on the close system 0AT+
27Al from 35 to 85 MeV /u were published already [10, 16]. Theoretical results relative to
this system appeared in several papers [1, 17, 18] and results about *°Ar+ 27Al obtained
with the Landau-Vlasov equation will be published separately [19].

The experimental set-up, the selection of well characterized events and their sorting as
a function of the impact parameter are briefly described in sections 2 and 3, respectively
(these two sections may be skipped if one has read [20]). Information obtained without

determining the reaction plane is given in sections 4 (signature of fast emitted particles



" at mid-rapidity) and 5 (determination of the energy of vanishing flow and the energy of
uniform azimuthal distribution). A comparison of three methods used to determine the
reaction plane is contained in section 6. Section 7 deals with the data relative to the flow
parameter as a function of incident energy and impact parameter and the correction due
to the error on the reaction plane determination. Data on azimuthal distributions are

shown and discussed in section 8 while the conclusions are summarized in section 9.

2 Experimental set-up

The experiments were performed at the GANIL facility in the reaction chamber
NAUTILUS. Charged products were detected in a nearly 47 geometry using two com-
plementary multidetector systems MUR [21] and TONNEAU [22] (fig. 1 in ref. [20]).

The forward angles between 3.2° and 30° were covered by a wall of 96 plastic scintil-
lators arranged in 7 concentric rings located 210 cm from the target. Angles between 30°
and 150° were covered by a spherical barrel which was located 80 cm from the target.

The main improvements relative to ref. [16] (**Ar+ 27Al system) were the coverage
from 90° to 150° and the addition of 7 large solid angle silicon telescopes installed 60 cm
from the target and covering polar angles from 3° to 30° and an azimuthal range of 22°.
These telescopes detected fragments with charges > 3.

The overall geometrical efficiency of the array was 80 %. A positive high voltage of 45
kV was applied to the target in order to reduce electron emission. For the same purpose,
aluminum foils 100 um thick covered the scintillators. Due to these foils, only protons and
a-particles having velocities above 2.48 cm/ns (3.2 MeV/u) were detected. This detection
threshold increases with the charge, reaching 3.67 cm/ns (7.0 MeV /u) for 0.

For MUR and TONNEAU the velocities of particles and fragments were measured
and the corresponding charges identified up to Z=9 using the energy-loss versus time-
of-flight technique. For the telescopes, kinetic energies and charges were derived from
a AE-E measurement. The masses of the fragments were estimated from their charges.
Since kinematic analysis relies on velocities, the Si telescopes were accurately calibrated
by means of fragments with Z ranging from 1 to 10 and velocities selected by a high
resolution magnetic spectrometer in a separate measurement.

Two triggers have been used. The minimum bias trigger is called multiplicity trigger
since any event where two detectors fired was recorded. The telescope trigger required
detection by a telescope. Its purpose was to better study the peripheral events in which
the projectile residue had a charge greater than 8 (limit of MUR and TONNEAU). We
selected those events in which the heaviest fragment was detected in a telescope. In
central and semi-central collisions, the charge of this fragment was found not to exceed 9,
i.e. the multiplicity trigger events did not suffer from the scintillator limitation for charge

- identification. The results shown here have been obtained with the telescope trigger, and

checked with the multiplicity trigger for central and semi-central collisions.



-3 Sorting of events

3.a) Selection of well characterized events

The first step in the analysis was to select the events in which sufficient information
~was collected. This was achieved by requiring that the measured total parallel momentum
P,/ be above 60% of the projectile linear momentum.

Indeed, contour levels of the correlation between P, / Py,; and the measured charged
products multiplicity exhibit two hills [20]. One is located at P,/ [/ Pproj = 0.8 and corres-
ponds to the average efficiency of the array. The other hill is located at low P;; / Py val-
ues and small multiplicities. It corresponds to peripheral events in which the projectile-like
fragment was emitted in a dead area or, mostly, below 3° (the grazing angle was ~ 1°).
A cut at P;; /P,,; = 0.6 eliminates such events. The importance of selecting well
characterized events to get reliable data was shown in [20)].

3.b) Impact parameter sorting

Since the directed collective flow depends on the violence of the collision, the next step
_was to sort the events as a function of the impact parameter. Actually, one uses a global
variable which is sensitive to the violence of the collision, and the most violent collisions

~ are attributed to head-on collisions.

The choice of global variables best suited to experiments on nucleus-nucleus collisions
up to ~ 100 MeV /u was discussed in [23]. They were found to be the variables which make
use of all detected products : the average (mass weighted) parallel velocity V,, (which
takes advantage of the detection threshold) :

Soie vim;Vicost;

Vav = o
D=1 Vil

(1)
and the sum of transverse momenta:

PL=) |pil = vim;Visind, (2)

=1 1=1

where v is the multiplicity of the event, m;, V; and 6, are respectively the mass, velocity
and polar angle of particle 7, and p,; its transverse momentum. Here 7; is the usual
relativistic coefficient .

The events were sorted in P, (or V,,) bins at all incident energies. Assuming a
geometrical correspondance between P, (or V,,) and the impact parameter, the cross
section of each bin can be expressed as an experimentally determined impact parameter,
bexp : the differential cross section do/d(global variable) was obtained and integrated to

get bexp (0 = 7bZ.). The advantage of this method is it does not require an accurate



- measurement of the total reaction cross section which is difficult with charged particle
detector arrays, since in peripheral reactions the quasi-projectile and quasi-target de-
excite via neutron emission. The correlation between b.,,, and the true impact parameter
b has a FWHM of 1-2 fm [23].

The correlation between the values of bey, obtained by V,, and P respectively, for the
same events corresponds to the correlation by, -b quoted above. Since V,, and P, are
largely uncorrelated one can check whether they give the same sortings. Comparison

between the data obtained with V,, and P, sortings are given in section 7, (fig. 10 and
11).

4 Signature of prompt emission at mid-rapidity

Let us first examine which information can be obtained without determining the reac-
tion plane direction. An overall picture of the reactions is given by the bidimensional plots
of the Lorentz invariant cross section versus the rapidity and the transverse momentum
of the detected particles. Since several such plots were shown in [20] for the same system,
only a few examples at 95 MeV /u are displayed in fig. 1.

The abcissa is the rapidity normalized to the beam rapidity in the laboratory, Y, . This
relative rapidity will be used on all figures in this paper, since it allows easier comparisons
between different incident energies: the target rapidity is 0, the projectile rapidity is 1,
the mid-rapidity is 0.5, the center-of-mass rapidity is very close to 0.57. The ordinate 1s
the transverse momentum (i.e. the transverse rapidity) also normalized to the projectile
rapidity.

The velocity thresholds and the angular limits of 3° and 150° are clearly seen. The
low values of the threshold and minimum detection angle make it possible to see the
emissions from a fast source (excited projectile-like) and a slow source (excited target-
like) [20]. For this system at these energies, it was shown that binary dissipative processes
(after pre-equilibrium emission) dominate even in central collisions [20, 24]. At mid-
rapidity an excess of particles on Z=1 and Z=2 maps, especially in central collisions, can
be attributed to prompt emission of the participant zone. The process is very close to
deep inelastic transfer known at low energy (but accompanied by mid-rapidity emission)
and to participant-spectator regime at high energy (but with a small number of emitted
participants and a large excitation energy of the "spectators").

A difference between mid-rapidity particles and those emitted by the quasi-projectile
and the quasi-target can be seen in their average transverse momentum per nucleon,
< p;/A > , displayed in fig. 2-a for three impact parameter bins for Z=1 particles (mostly
protons). Fig. 2-b shows the same data for Z=2 particles (mostly o-particles). The solid
line corresponds to the rapidity distribution dN/dY . Since velocities are measured, mo-
" menta per nucleon are directly obtained even without knowing the masses of the particles.
The bump of the < p;/4 > distribution around Y, =0 is due to the detection threshold



(see fig. 1). Would there be only particles emitted by the "spectators", there would be
a minimum at mid-rapidity in the < p,/A > distribution. On the contrary a maximum
shows up clearly at 95 MeV/u. At 55 MeV/u it is less visible, due to the threshold effect
which extends further in Y, and to the smaller number of mid-rapidity particles emitted
at this lower energy.

In order to check the shape of those distributions in the absence of prompt mid-rapidity
emission, a simulation assuming two excited nuclei without pre-equilibrium emission for
a very close system Ar + Ar at 74 MeV/u has been performed. The results are displayed
in fig. 3. The closed circles correspond to the < pi/A > distributions and the solid
lines to the dN/dY distributions. The distributions for Z=1 (left) and Z=2 (right) at
three impact parameters are shown. As mentionned above, no mid-rapidity bump in
< pi/A > distributions is seen even for central collisions, and a minimum is seen for the
most peripheral reactions. This shows that the emissions from the two "spectators" cannot
explain the bump observed in experimental data. It can be seen on rapidity distributions
that evaporated Z=1 particles reach the mid-rapidity zone at all impact parameters. For
Z=2 particles, this trend is observed for the most central collisions. This means that
mid-rapidity particles are not only emitted in the first steps of the collision, but contain
also particles evaporated from the "spectators". This feature was already observed in
theoretical calculations {25, 19)].

Two features characterize fig. 2-a and 2-b : i) the value of < p;/A > at mid-rapidity
1s independent of the impact parameter, ii) it is proportional to the projectile initial
momentum for Z=1 particles (mostly protons) and almost proportional for Z=2. Both
features are consistent with the following scenarii: 1) emission via collisions of projectile
nucleons on target nucleons; 2) prompt emission from a neck between the "spectators"”
[26]; 3) prompt emission from the "spectators" just after separation. In [19], it was shown
that most mid-rapidity particles are emitted in the first 60 fm/c after contact of the two
colliding nuclei. Fig. 3 in [19] exhibits also a broad rapidity distribution of promptly emit-
ted particles around mid-rapidity. The quasi-projectile and quasi-target rapidity zones
receive significant contributions of those promptly emitted particles. Actually, the mixing
of promptly emitted particles and evaporated particles is effective in the whole range of
rapidities. In all cases, these promptly emitted particles are sensitive to the Coulomb
field of the quasi-projectile and the quasi-target, which are close from each other at this
stage of the collision. For such an almost symmetric system, it is difficult to separate
the different contributions since the nucleon-nucleon frame rapidity Ypn (corresponding
to Y, =0.5) and and the center-of-mass frame rapidity Y.m are close to each other. In
scenario 1, the emission should be centered at mid-rapidity whereas it should be centered
close to center of mass rapidity in scenarii 2 and 3. We use the name of mid-rapidity
emission because it is usual. That not does mean we exclude any scenario.

< pi/A > values are lower for Z=2 than for Z=1 at all rapidities. Around the quasi-

projectile rapidity, thermal emission gives the same kinetic energy distribution above the



= barrier to all emitted particles, i.e. a smaller energy per nucleon to clusters than to single
nucleons. At mid-rapidity, the mechanism of formation of clusters must be understood in
order to explain this feature.

For fig. 2-a and 2-b, the impact parameter sorting was made with the global variable
Va.v. Indeed the global variable used for impact parameter sorting should be uncorrel-
ated, or at least weakly correlated, with the variable studied as a function of the impact
parameter. This is the case for V,,, which uses only the longitudinal component of the
velocity, weakly correlated with the transverse component. Conversely P, is strongly
correlated with the values of p;; (eq. 2). As a result, the dashed lines in fig. 4 obtained
with P, show an increase of < p, > from peripheral collisions (low P, values) to central
collisions (high P, values). They do however exhibit the same shapes as the solid lines

obtained with V,,, and show the same signature of prompt mis-rapidity emission.

5 Azimuthal correlations

Another analysis which does not require to determine the reaction plane is the study
of azimuthal correlations [14, 15]. They provide some features of collective motion and
make it possible to obtain the values of the energy of vanishing flow (Epa ). The energy
of uniform azimuthal distribution at mid-rapidity (Eun; ) has been studied in [11].

The azimuthal correlation function C(A¢) is defined if [15]. Typical azimuthal cor-
relation functions are shown in fig. 5 at 67 MeV/u for three intervals of bey, and for two
intervals of Y, . All type of particles have been considered together to construct C(Ad).
Other examples of correlation functions for 55, 86 and 95 MeV /u can be found in [15].

As shown in [14, 15], the azimuthal correlation of particles emitted above, or below,
mid-rapidity is depending on the flow angle, and is characterized by a parameter A;. A
is directly related to the 0°-180° asymmetry of the azimuthal correlation function C(A):

C(0°) — C(180°)

M= o) ¥ csoe) )

); reaches its minimum value at zero flow and increases both for positive and for negative
flow [15]. The variations of A, versus energy for Ar + Al reactions have been published in
[15]. The extracted Ey, values are shown in fig. 10 of this reference together with data
obtained from analysis based on reaction plane determination. For central collisions, the
values of E,, obtained with this method is 62 MeV /u for Zn + Ni, 66 MeV/u for Zn + Ti
and 86 MeV /u for Ar + Al [15]. These values are consistent with the systematics shown
in [6].



6 Reaction plane determination

6.a) Three methods

Several methods have been developped for determining the direction of the reaction
plane. We want to compare three of them and determine which one(s) is (are) the best
suited to our case. These methods are based on the sphericity tensor [27], the transverse
momentum analysis [4] and the azimuthal correlation [28]. One can think also of using
the direction of the projectile-like fragment but it was shown in [10] that this is a very
rough approximation and cannot be used.

The three methods use the momenta associated with the detected particles. Since the
total detected mass is not extremely large compared to the mass of each detected particle,
an auto-correlation will appear if, for the determination of the reaction plane, one uses
the particle whose direction relative to the reaction plane is studied. In order to avoid this
auto-correlation, this particle is excluded from the reaction plane determination, which
means that different reaction planes are obtained for all particles in an event.

One does not know on which side of the target nucleus the projectile was before the
collision. Therefore one cannot determine if the particles deflected around the flow angle
at forward angles are issued from the same side (positive flow) or the other side (negative
flow). One obtains only the absolute value of the flow angle or of the flow parameter.

The sphericity tensor method was designed to fit the distribution of promptly emitted
particles by a spheroid. For symmetry reasons, the direction of its main axis is in the
reaction plane. When "spectator" particles are correctly eliminated, its angle relative to
the beam axis is the absolute value of the flow angles [8]. This was not the case here, all
detected particles were used and the largest axis direction determined only the reaction
plane.

The transverse momentum analysis method uses the conservation of the initial trans-
verse momentum : the sum of the transverse momentum projections in a plane for particles
with rapidity above the center-of-mass rapidity Y., is equal and opposed to the sum for
particles with rapidities below Y., . Since the collective flow of pre-equilibrium particles
and bounce-off of spectators [29] deviate nucleons in the reaction plane direction, each
sum 1s maximum when the projection plane is the reaction plane (see fig. 1). The estim-

-__)
ated reaction plane of particle 7 is the plane containing the beam axis and the vector Q:

defined as :

— v — —'g
Qi= > wilpy +m;V}) (4)

J=15#i

The meaning of the variables in this equation is the same as in eq. (1) and (2). The
weight factor, w; , must have opposite signs for particles with Y, > Y,em and Y; < Yrem -
The convention defined in [4] is w; > 0 for Y, > Y, in order to get the absolute value



» of the flow parameter. The exclusion of particle i from the sum (to avoid autocorrelation
effects) means the total transverse momentum is no longer zero : it is -p;; . To compensate
for this effect, a recoil velocity correction is included in eq. (4), i.e. a velocity boost is
applied to each particle j [29] :

— o
Vb= Pi (5)

D=
My — my

M,,; should be the total mass of the system. Since momentum conservation is applied to
the detected particles, it can be also the total detected mass in the event. These different
prescriptions have been tried. Their effect is to shift up or down the curves <p® > (Y:)
without modifying noticeably their slopes at mid-rapidity (fig. 7-9). Since only these
slopes are used to get the value of the flow parameter, there is no need to discuss this
point further.

As recalled in section 1, at low incident energies the azimuthal distributions exhibit
an in-plane enhancement. This correlation has been used [28] to determine the reaction
plane. Instead of maximizing the projections of p;; on the reaction plane as in the trans-
verse momentum analysis (eq. 4), one minimizes the sum of the squared projections on
the direction perpendicular to the reaction plane . A limitation of this method is that it
does not say in which direction the particles with Y > Y are emitted; this is obtained
via the transverse momentum analysis. Another limitation is that in-plane enhancement
is required. In the case of uniform azimuthal distributions, the reaction plane is un-

determined; in the case of out-of-plane enhancement (squeeze-out), it can be wrong by

90°.

6.b) Comparison of the methods

These methods can be compared via calculations based on simulation of nuclear reac-
tions, but the conclusion will depend on the physical inputs. For instance, a large flow and
a large deflection angle of the quasi-projectile will favor the first two methods, a strong
in-plane enhancement will favor the third one. Therefore we compared the three methods
on the data of this experiment.

A first hint is given by the angular dispersion of the reaction plane directions in the
same event (since there are as many planes as detected particles). The dispersion between
each plane and the average direction in the same event has been studied as a function of
incident energy, impact and rapidity interval parameter. Gaussian distributions centered
at 0° are observed with a variance ranging from 20° to 40°, i.e. the distributions are narrow
and are very close to each other with the sphericity tensor and transverse momentum
methods. They are systematically larger with the azimuthal correlation method.

" Another comparison is given by the angular differences between the directions given

by two methods for the same particle, again as a function of incident energy, by, and



-Y intervals. An example is shown in fig. 6. Clearly, the first and second methods give
close directions. Again the third one often leads to a much more different direction.

The third method might in principle be better suited than the transverse momentum
analysis method to the cases of zero or very weak flow values and in-plane enhancement
[28]. Therefore the transverse analysis and azimuthal methods have been systematically
tried. The transverse analysis method systematically gave larger values of flow parameters
and in-plane enhancement factors, which means the error on the reaction plane determ-

ination was smaller with this method. All data shown hereafter have been obtained with
this method.

7 In-plane component of the directed flow

The reaction plane being defined, the component of 7; of a particle on the reaction
plane is p’ and the component perpendicular to this plane is p¥" , with the same notations
as in [4, 10, 16]. Here (’) means that these quantities are experimentally determined
quantities subject to some error due to the reaction plane determination. For easier
comparisons we will always consider p* and p;, per nucleon.

At each Y, value, there is a broad distribution of p*' /A and p¥ /A values : the FWHM
is in the range 150-250 MeV/c per nucleon [10]. Since one is interested in variations of
<p® /A> versus Y, an order of magnitude lower than this FWHM, one should make
sure there is no dependence due to the set-up and/or the calibration procedure. For this
purpose, instead of using the reaction plane, a fixed plane was randomly chosen and the
variation of <p® /A> and <p¥ /A> relative to this plane were plotted. This method
1s a sensitive way of checking the whole calibration chain. The values of <p* /A> and
<p¥ /A> first showed small bumps at some rapidities. This was found to be due to
some small mistakes in reporting calibration parameters. After correction, <p® /A> and
<p?¥ /A> exhibited no systematic variation with Y, and stayed close to zero (within +5

MeV/c per nucleon in the range Y, =0-1). Projections on the reaction plane could then

be studied.

7.a) Flow parameter F

Fig. 7 shows the variation of <p® /A> versus Y, for charge 1 particles (mostly
protons) in six impact parameter bins at 55 MeV/u (lowest energy). Fig. 8 and fig. 9
show similar distributions for Z=2 particles at 55 MeV/u and 86 MeV /u respectively. In
addition, the results obtained with the two impact parameter sortings are shown in fig.
8. They are very similar.

Due to total transverse momentum conservation, the value of <p® /A> should be
zero at Y.cm . As said above, this value is sensitive to the value of Mo in eq. 4. Here
M.« was taken as the total detected mass, which leads to the correct value <p® /A> at

10



Y:cm in central and semi-central collisions, but to negative values in peripheral collisions.
Conversely the use of the total system mass leads to <p* /A> =0 in peripheral collisions
(not shown here) and positive values in central and semi-central collisions, but the slope
at mid-rapidity is unchanged.

Since relative rapidities are used, this slope is the in-plane (or sidewards) flow para-
meter value, F. It is determined by a linear fit shown as straight lines in the figures.

In peripheral collisions the rapidities of the "spectator" sources are close to 0 and
1 (see fig. 2) and the linear variation, characteristics of oriented collective motion, is
observed on a broad range of Y, values. Conversely in central collisions, the "spectator"
sources come closer to mid-rapidity and leave the collective flow behaviour unperturbed

Oon a narrower range.

7.b) Measured versus real flow values

As said above, there is some error in determining the reaction plane direction. For
one particle in an event, the angle between the real and estimated direction is called 6.
6 is not known for each particle and event, but its average value on many events can
be estimated by making some assumptions on the origin of the correlations between the
particles in an event. A correction factor 1/cos < 6 > can be applied to the data [4, 30].

This deviation is mostly due to the finite number of detected nucleons and to the
randomly oriented thermal motion superimposed to the collective momentum. When the
collective momentum is large, one obtains a good location of the reaction plane. In the
opposite case, the alignment due to the collective momentum is washed out by the thermal
motion and the reaction plane determination is subject to a large error. The experimental
limitations increase this error, but simulation calculations have shown that they play a
minor role with the 47 array used here [12].

Formulae [4, 30] and simulations [12] have been used to estimate the correction factor to
be applied to the data. Since some hypotheses are made in these formulae and simulations,
the correction factor itself is subject to some uncertainty. When the flow is large, the
factor is not much greater than 1 and its own uncertainty is not large. But when the flow
has small values as here, the correction factor becomes much larger than 1 and is poorly
defined.

Actually the most meaningful procedure is to keep the raw experimental data and
introduce the error on the reaction plane determination in the theoretical study. This
procedure was used in [19]. If one wants nevertheless to estimate the correction factor
in experimental data, simulation calculations have shown that the method described in
[30] gives the most realistic values for the system studied here. The correction factors
extracted from the study performed in [19] lead to the same conclusion.  This formula
‘has been modified to take into account the recoil due to the particle excluded from the

reaction plane determination [31]. Some corrected data are shown in fig. 12 together with

11



uncorrected values.

7.c) Dependence of F on the impact parameter

The uncorrected values of F obtained from the above analysis are plotted in fig. 10
as a function of the impact parameter by, for the five energies investigated. bey, has
been obtained with the V,, sorting. F must be zero for head-on collisions (b=0) for
symmetry reasons and increases with by, in central and semi-central collisions. Weak
values are indeed observed for the most central b.,, bin. F should be zero again for
grazing collisions. Here bya,ing =~ 8 fm. No data can be obtained above 7 fm, but a
decrease of F with increasing by, is observed above ~ 5 fm.

At each energy, F is larger for Z=2 than for Z=1. That has been attributed to
thermal energy effects. The thermal moment of a particle is randomly oriented and tends
to destroy the in-plane alignment due to the collective flow. The average thermal energy
is the same whatever the mass A of the particle, so the thermal momentum per nucleon
varies as A~!/? and is smaller for heavier particles. This effect was observed for high
energies (positive flow) [8] and comes out in several theoretical studies at high energies
[32, 33] and at low energies [19]. At low energies (negative flow) it can also be explained
as due to the presence of two components of flow [25, 35].

The influence of the impact parameter sorting can be seen in fig. 11 which shows
the results obtained with the P, sorting. To facilitate the comparison with fig. 10,
identical scales have been used. One observes an overall agreement with fig. 10 and
some differences. Slightly larger value of F for Z=2 are observed at the highest incident
energies. The main differences are observed for large values of bey, . Therefore we will
not use values of F obtained for bey, > 6 fm .

7.d) Dependence of low on the incident energy

Fig. 12 shows the dependence on the incident energy of F for Z = 1 and Z = 2 and
for two impact parameters : bey, < 2.5 fm and 5 fm < bey, < 5.5 fm . In addition to the
uncorrected F values, values corrected for the uncertainties affecting the reaction plane
determination are plotted.

As only the absolute value of F can be determined in the experiment, at the lowest
measured energy a negative sign has been ascribed to the flow parameter, in agreement
with theoretical calculations. At other energies the sign of the flow is determined by
continuity.

The data obtained previously for collisions 3¢ Ar+2?7Al from 35 to 85 MeV /u are also
shown. They agree with the present data within experimental errors. One can see from
this figure that Ey, is around 90 MeV/u and increases slowly with the impact parameters.
This value is in agreement with the systematics shown in [6]. The flow parameters for Z

= 2 participants are systematically larger (in absolute value) than for Z = 1. For Z=2,
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in peripheral collisions, one can guess a slightly higher Ey, for Z =2 than for Z = 1, but
since the sign of the flow parameters is not obtained experimentally, it is difficult to draw
a definite conclusion. Would the sign of F for Z =2 at 95 MeV/u be positive, we would
have practically the same values for Z = 1 and Z = 2. In central collisions, the data do
not show a dependence of E,, on Z.

8 Azimuthal distributions

Besides the sidewards flow, described by the flow parameter, other collective effects can
be present in the spatial distribution of the participants [3, 8, 10]: i) squeeze-out effects,
seen at higher energies and which could be a signature of shadowing by the spectators,
resulting in a preferential emission perpendicular to the reaction plane [34]; ii) a rotation-
like behaviour of the participant zone [9] which manifests itself by a preferential emission
in the reaction plane.

In order to look for such collective effects the azimuthal distributions of particles with
Z =1 and Z = 2 have been studied. The azimuthal angle ¢ is the angle between the
transverse momentum of the particle and the vector Z)) (equation 4) associated to the
estimated reaction plane.

The polar axis used to build these azimuthal distributions is the beam direction. The
disadvantage of using the beam direction is that the measured azimuthal anisotropy of
midrapidity particles is partly due to the in-plane flow angle O . To avoid this coupling
of in-plane flow to the azimuthal anisotropy, the authors of [36] used the flow axis as polar
axis. At the bombarding energies used for our system the determination of O via the
kinetic energy tensor analysis suffers for very large fluctuations due to the small number of
emitted participants and to particles emitted by the "spectators", and to the impossibility
to separate the particles evaporated by the "spectators" from promptly emitted particles.

In fig. 13, one can see as histograms the azimuthal distributions dN/d¢ for Z = 1
particles at 55 MeV/u incident energy, for three bins in the relative rapidity Y, and for
three impact parameters. For Z = 2, the azimuthal distributions look similar.

Here, ¢ = 0° and ¢ = & 180° correspond to the reaction plane , and ¢ = + 90° means
directions perpendicular to the reaction plane.

The azimuthal distributions are well described by the function :
dN
do

The variation of a;/ao with rapidity is directly connected to the flow parameter [3].

= ag + a;co8¢ + aycos2¢ (6)

az/ag 1s related to the other collective effects quoted at the beginning of this section. So,
a positive value of a;/ag corresponds to maxima at ¢ = 0° and ¢ = £ 180° (that is, in the
reaction plane), and thus to a rotation-like effect: A negative value of ay/ao corresponds

to maxima at ¢ = £ 90° (that is, out-of-plane) and thus to a squeeze-out effect.

Detailed information has also been gained for the azimuthal distributions. An in-vlane



The solid curves in fig. 13 show the results of a fit of equation (6) to the data. The
dashed curves show the a,cos¢ terms (shifted up for clarity) and the dotted curves show
the anisotropy term a;cos2¢ (shifted up).

For a definite impact parameter and for small rapidities (Y, = 0.0 - 0.2) a, is negative
in agreement with the fact that the particles moving backward in the CM system are
preferentialy emitted in the reaction plane at ¢ + 180°.

On the contrary, for rapidities close to the projectile rapidity (Y, = 0.8 -1), a; is
positive, which corresponds to a preferential emission in the reaction plane, at ¢ = 0, for
particles moving forward in the CM. For mid-rapidity particles (Y, = 0.4 - 0.6) a; is close
to zero. It should be zero, because here < p®/A > should be exactly zero. It deviates
from zero, due to uncertainties related to the recoil corrections in the reconstruction of
the reaction plane.

In the following we shall confine our discussion to the ratio a;/ap. Fig. 14 shows
the evolution of a;/ag on the impact parameter for mid-rapidity particles Z = 1,2 at each
incident energy. as/ag is larger for Z = 2 particles than for Z = 1 particles. At low energies
a clear increase of a;/ao with the impact parameter is seen, in qualitative agreement with
a rotation-like behaviour.

For a definite impact parameter a,/ao decreases with the incident energy but remains
always positive, suggesting a rotation of the participant zone at all energies, contrary to
the system ®*Zn +° Ni in the same energy range where a transition from rotation-like
behaviour to squeeze-out was observed [11].

This rotation-like behaviour of mid-rapidity particles is reproduced by BUU calcula-
tions [18], and QMD calculation on a close system Ca + Ca [35].

9 Conclusions

A complete set of in-plane flow parameters values has been obtained for 26 Ar +27 Al
system as a function of incident energy, impact parameter and charge of the emitted
fragment. The inversion of the flow direction occurs at the upper limit of the incident
energy range, i.e. around 90 MeV/u.

The energy of vanishing flow was also determined using a method which does not
require the reconstruction of the reaction plane. The same values of Ep, have been
obtained as those obtained with the transverse momentum analysis method.

The observed flow values are larger for heavier fragments. This is qualitatively attrib-
uted to the larger thermal energy per nucleon of lighter fragments, however a quantitative
calculation is needed. Coulomb effects also play a role [6]. Another pending problem is
the possible variation of the balance energy with the mass of the emitted fragment. The
origin of mid-rapidity particles has to be fully understood to separate the contributions of
the possible production mechanisms (evaporation from quasi-projectile and quasi-target,

emission from a neck, nucleon-nucleon collisions).
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Detailed information has also been gained for the azimuthal distributions. An in-plane
enhancement is observed for this system at all energies studied, i.e. up to 95 MeV/u, but
it decreases with energy.

Detailed comparisons with theoretical calculations have to be performed in order to
get informations on the in-medium nucleon-nucleon interaction [6, 2]. Due to the com-
plexity of the experimental set-up and of the analysis methods, it is difficult to correct
the experimental results. Then, to obtain accurate values of the parameters of this in-
teraction, the calculations have to be filtered by the experimental set-up and analyzed in
the same way as the experimental events are, i.e. the sorting of events and the reaction

plane determination procedures have to be performed on the theoretical calculations [19].
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Figure 3: Average transverse momentum distributions versus rapidity obtained from a
simulation assuming two excited nuclei without fast emission (see text), for Z=1 (right)
and Z=2 particles (left) at three impact parameters. The solid line on each plot corres-
ponds to the rapidity distribution in arbitrary units.
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Figure 6: The distributions of the azimuthal angles between pairs of reaction planes
determined for each particle using two different methods for the reaction plane recon-
struction. The two compared methods, mentionned in each pannel are explained in the
text. The distributions refer to E=55 MeV /u, mid-rapidity Z=1 particles and an impact
parameter by, ~ 3 fm. Here o is the variance of each distribution.
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In the left column, the impact

parameter sorting was done with V,,. It was done with P in the right column.
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Figure 9: The same as fig. 7, but for E=86 MeV /u incident energy and for Z=2 particles.

Y/Yproj






N N »N
[=] > [+

| flow | (MeV/c/u)

-
(o))

28

»n
Y

| flow | (MeV/c/u)

[+

L Z=1
¢ 55 MeV/u
Lo 67 MeV/u
Ha 79 MeV/u
-0 86 MeV/u
r4 85 MeV/u
: R
.- _..’...
3 e ~
L -9
u .
" '."-.” l : : H
) ‘ e O .... O 0 o
r ".l" R ) : :
r T e |
F H H O : . -
9 O‘O H . _._"__ ' '._i . _l_
?' : ..! ' ......4__*_——'l =
P B S
>.. -1 R -~ |
e = S -
i_-::_f—'_ T L — L 1 1
12 3 4 5 6 bexp 7
PR POV ET TN S N VU EVUE VT S SN0 T T U0 T L (U S U S W N ETOTErE BT IR
0 400 800 1200 1600
cross section mb
| Z=2 |
le 55 MeV/u | —'T—
o 67 MeV/u __.__‘._——?——
—;79 MeV/u '
r0 86 MeV/u .
4 95 MeV/u :
- —— .
L e l
e et
| + "t?" :
[ -0 ST R
—— : ) : ; ;
q PO = ' S S
C o H ’ "m"-. . : - ; T
g ST i _Jf_ |
N R
i'?+l 1 1. 1 i 1
1 2 3 4 5 6 bexb 7
SN JATETES AT Ll L b iaas | U RPN U U { [
0 400 800 1200 1600

cross section mb

Figure 10: Impact parameter dependence of the flow parameter for Z=1 (upper pannel)
and Z=2 (lower pannel) and for the five energies studied in this report. The impact
parameter sorting was done with the average parallel velocity, V...
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Figure 11: The same as fig. 10, but the impact parameter sorting was done using the
total transverse momentum, P .
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Figure 12: Energy dependence of the flow parameter for particles with Z=1 (upper pan-
nels) and Z=2 (lower pannels) for two intervals of impact parameters mentionned in each
pannel. There are shown both, uncorrected flow values and values corrected for the un-
certainties related to the reaction plane reconstruction.
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Figure 14: Impact parameter dependence of the ratio a2/a0 (see text), for the five experi-

mental energies mentioned in each pannel . At eachincident enegy are shown distributions
for both, Z=1 and Z=2 particles.






