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Proton-helium correlation in 94 MeV/nucleon ' 0-induced reactions on Al, Ni, and Au targets
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Azimuthal distributions of helium ions have been measured in coincidence with high-energy protons
in reactions induced by ' 0 at 94 MeV/nucleon on 'Al, "Ni, and ' Au. Helium ions have been detect-
ed in a large area multidetector. Protons have been observed at 90'. Mean multiplicities of light charged
particles (H and He) are found slightly dependent on the target mass. Strong azimuthal asymmetries
whose intensity is larger for the Al target and vanishes with the increasing of the target mass are ob-
served in the He distributions. Experimental data are discussed in the framework of the participant-
spectator picture of a modified fireball model, taking into account intermediate energy corrections. In
this framework the behavior of the azimuthal asymmetries, as a function of the target mass, indicates a
strong final-state interaction between participant and spectator fragments. Such a result is found in

agreement with interaction time predictions of a microscopical calculation based on the Boltzmann-
Nordheim-Vlasov equation.

PACS number(s): 25.70.Pq

I. INTRODUCTION

Heavy-ion reactions around 100 MeV/nucleon have
been extensively studied for many projectile-target sys-
tems [1]. This phenomenology shows generally the frag-
mentation of projectile and target with the formation of a
participant zone composed by strong interacting nu-
cleons from the colliding nuclei. The excited fragments
of nuclear matter move with velocities originating from
the effective nucleon-nucleon collisions and decay mostly
by emission of light particles.

These final products reflect the main characteristics of
the three primary sources such as nuclear density, tem-
perature, size, and lifetime [2]. The study of such prod-
ucts could give information on reaction mechanisms and
source structure. One of the main interesting aspects of
heavy-ion collisions is concerned with the study of the
participant zone. Because of its violent birth, due to mul-
tiple collisions between nucleons from target and projec-
tile, many degrees of freedom are involved and much en-
ergy is available in its own frame. It could evolve from
high density and temperature to a cold state by emission
of light particles. Experimental study of these final prod-
ucts could help in the understanding of this evolution.

Unfortunately a clean separation of the final products
of a given primary source is not so easy experimentally.
In any case, the final-state interaction of such products
with massive residues could complicate the study.

In this energetic domain of heavy-ion-induced reac-

tions, theoretical models [3] of the fragmentation process
generally deal with two nuclear spectator fragments that
are slightly excited and a participant fragment which is
generated by the overlap of a part of the projectile and
target nucleons. The participant fragment is generally
very hot and generates by evaporation the large part of
light particles observed in a collision.

However, the participant-spectator models do not take
into account the final-state interaction between partici-
pant and spectator fragments, supposing that the freezing
of the participant occurs when spectators are far away
enough to avoid mutual nuclear interaction. On the con-
trary, this mutual interaction is in some way taken into
account in dynamical models [4] such as that described
by the Boltzmann-Nordheim-Vlasov (BNV) equation.
Unfortunately such models are based on one-body
theories and cannot describe complex fragments such as
alpha particles. Then correlations between complex light
particles cannot be discussed in the framework of such
dynamical models.

Correlations between two light charged particles, emit-
ted in heavy ion reactions at intermediate energy, have
been extensively measured in order to study space-time
configuration of emitting sources. These measurements
have been performed by using light projectiles (' C and
' 0) on a large variety of targets, spanning the whole
stable mass range, in the incident energy dynamics be-
tween 25 and 50 MeV nucleon [5—7]. Physical processes
as the projectile breakup processes were observed by
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studying the emission of a particles in coincidence with
projectilelike fragments [5]. Correlations between light
particles have been measured also at large relative mo-
menta [6,7]. Data on light targets show that the correla-
tion function presents a maximum in a plane containing
the beam axis. In the hypothesis of an isotropic emission
in the frame of thermal-equilibrated sources the experi-
mental evidences may be understood in terms of the
phase-space constraints imposed by energy and mornen-
tum conservation on systems with finite number of nu-
cleons [6,7]. For reaction on heavy targets, the two-
particle correlations indicate an ordered transverse
motion in the entrance channel reaction plane which is
superimposed on the random velocities of the source con-
stituents [6].

Preequilibrium two-particle correlation functions at
large relative mornenta have been studied in reaction in-
duced by a heavy projectile at 60 MeV/nucleon [8]. The
persistence of mean-field effects on the emitted correlated
particles is analyzed.

Our experiment is concerned with the study of correla-
tions between protons detected at a large angle and heli-
urn ions detected in a large zenith and azimuthal domain.
We observe that the detected protons are essentially emit-
ted by the participant zone because of their high kinetic
energy and backward direction in the center-of-mass
frame [9]. Detected heliuin ions are produced by the par-
ticipant zone at all angles, but the main contribution at
forward angles originates from spectator fragments of
projectilelike type.

In a recent paper [9] such correlation has been studied
for the Al target in a reaction induced by ' 0 at 94
MeV/nucleon. Zenith and azimuthal distributions of He
ions have been measured in coincidence with 150 MeV
protons detected at 90'. Large azimuthal asyrnmetries of
helium ions have been observed with a maximum yield in
the plane defined by the beam axis and the proton detec-
tor, on the opposite side with respect to the high-energy
proton. These asyrnmetries were interpreted as due to a
source recoil effect caused by the large linear momentum
of the emitted high-energy proton. Both proton and heli-
um ions are produced by the same equilibrated source
[10]. Hence, helium particles emitted after the proton
reAect the sum of the original source velocity and the
recoil velocity due to the emitted high-energy proton.

Data were compared to the prediction of a fireball sta-
tistical decay with a satisfactory reproduction of the ab-
solute yields of both protons and helium particles as well
as zenith and azimuthal distributions. Moreover, the ap-
plied model predicts very low impact parameters for col-
lisions producing the high-energy protons. So, for the
selected events, the source size exhausts almost complete-
ly projectile and target nucleons and spectator fragments
are reduced to few nucleons. As a consequence, no in-
teraction occurs between the participant and spectators.
In this situation calculated energy spectra and angular
distributions of particles emitted by the participant zone
could be straightly compared to experimental data in or-
der to extract physical inforrnations on the reaction
rnechanisrns and source characteristics.

The irradiation of heavier targets with a light projectile

of 100 MeV/nucleon generally produces large targethke
fragments which in principle could give rise to a strong
final-state interaction with the participant fragments. In
this case, if the emission of light particles occurs before
the complete separation of the participant from the spec-
tator, their spatial and momentum distributions could be
strongly distorted by the nuclear field of the massive
spectator. The presence of such an effect could give in-
formation also on the emission time of observed light par-
ticles.

By using the method reported in Ref. [5] one can study
the above-mentioned asymmetry as a function of the tar-
get mass. This implies the detection of the light particles
emitted in coincidence with reaction products able to
give a high recoil momentum to the residual source.

In the present work we report on proton-helium corre-
lations in reactions induced by ' 0 at 94 MeV/nucleon
on Al, Ni, and Au targets. High-energy protons have
been observed at large angles in order to select events in
which they originate from the participant zone. Helium
ions have been detected by a large-area multidetector able
to measure their velocity and emission angle.

The aim of the present work is to discuss the depen-
dence of the azimuthal asymmetry on the target mass and
look for possible final-state interactions between partici-
pant and spectator fragments. This final-state interaction
should strongly affect the spatial distributions of the em-
itted particles if their emission time is short enough. An
evaluation of the emission time of light charged particles
will be done by a dynamical model based on the BNV
equation.

Section II is devoted to the description of the experi-
rnent. An overview of experimental results is presented
in Sec. III. Data are discussed in the framework of a sim-
ple model based on a modified fireball geometry [11—13]
coupled with the standard Weisskopf theory [14] of eva-
poration. Expectation of a dynamical model is discussed
in Sec. IV. Section V is devoted to concluding remarks.

II. EXPERIMENTAL SETUP

The overall apparatus is sketched in Fig. 1. Protons of
energy ranging from 20 to 150 MeV were detected by a
range telescope of ten NE110 plastic scintillators in a
58.8 msr solid angle, at laboratory angle of 90'.
Identification of protons was performed by means of en-
ergy loss in a multiple EE-E analysis. The mean energies
of protons stopped in each element, starting from the
third one, were 27.4, 43.2, 66.5, 91.2, 113.3, 132.5, and
149.9 MeV. Protons of energy higher than 158.2 MeV,
crossing the last element of the telescope, were identified
only by their energy loss.

The telescope detector is not able to resolve the energy
loss of a proton and a deuteron. However, for protons of
energies greater than 150 MeV, we assumed that deute-
ron contamination (whose corresponding energy for the
same range is 200 MeV) is negligible. Our assumption is
supported by measurements reported in Ref. [15] from
which we can deduce that deuteron cross section is less
than proton one by more than one order of magnitude.
For low-energy protons (-27 MeV) the deuteron con-
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EXPERlMENTAL SETUP

Tonnea

FIG. 1. Experimental setup. The telescope used as trigger
for the "mur" and "tonneau" was located at the azimuthal angle
/=0'. The "mur, " consisting of seven rings of plastic scintilla-
tors (96), covered the angular range between 3' and 30'. Only
half of the standard detector "tonneau" has been used in the
present experiment. It consists of two groups of 18 staves cov-
ering the angular range 30'—90' and 90'—150'. Its azimuthal ac-
ceptance was of +90' around /= 180'.

tamination is about 20%%uo. Results of calculations, ob-
tained employing the model described in Sec. III, give in-
dications similar to Ref. [15].

Light fragments were detected by two large-area mul-
tidetectors able to identify their charge Z, from hydrogen
to oxygen, by a b,E and time-of-flight (TOF) technique.

The TOF start was given by the hf signal delivered by the
machine. These multidetectors were the "mur" [16]
(plastic wall) and a half part of the "tonneau" [17] (plastic
barrel) installed in the vacuum chamber "Nautilus" at
the GANIL facility.

The "rnur" consists of an array of 96 plastic scintilla-
tors, 2 mm thick, arranged in seven concentric rings lo-
cated at the angles 4', 6', 8.5', 12', 16.5', 21.5, and 27',
covering the whole azimuthal angle with a total solid an-
gle of 0.85 sr. All the counters were placed 210 cm from
the target position.

Large angles, from 30' to 150', were covered by the
"tonneau" which consists of 36 "staves" or plastic scintil-
lators 2 mm thick. The "tonneau" was located on the op-
posite side of the telescope with respect to the beam as
shown in Fig. 1; it covered an azimuthal angular range of
180' in steps of 10' with a total solid angle of 5.44 sr.
Every plastic stave was located at a distance of 80 crn
from the target. The light output of each scintillator was
monitored at both ends by a photomultiplier. This al-
lowed a determination of the crossing point of the
charged particle through the transit duration time
difference (t, —t2) of the light signals as measured at the
two extremities. The uncertainty in the polar angle eval-
uation was about +6'.

An aluminum foil, 200 pm thick, was placed in front of
each plastic counter in order to absorb soft radiations. A
very clean separation of the different charges was ob-
tained only for particles crossing the scintillators, while
the particles stopped in the detectors cannot be easily
identified. An energy threshold of about 15
MeV/nucleon for H and He ions was thus imposed due
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ical model different from that of Ref. [5]. Velocity distri-
butions present a low velocity threshold (5 cm/ns) due to
the cutoff in the TOF-amplitude scatter plot as described
in Sec. II for a clear separation of charges Z =2 and
Z 3.

Two components are evident in these velocity spectra
[10]. The first one is centered around the expected pro-
jectilelike velocity and essentially appears at forward an-
gles; the second component is attributed to the midrapi-
dity source [9]. It is visible at all angles and becomes the
main contribution when increasing the polar angle. Some
particles from targetlike fragments could be present in
these spectra. However, the relatively low excitation en-
ergy of the primary fragments coupled to the experimen-
tal high value of the velocity threshold strongly reduces
such a contribution.

The first component vanishes with increasing the angle
and could be assumed completely absent at angles greater
than 20'. This assumption seems quite reasonable if one
considers that the grazing angles for the reactions in-
duced by the ' 0 at 100 MeV/nucleon on all targets are
lower than 3'. In the following the experimental data will
be compared to fireball model calculations which do not
contain detailed information on the projectilelike frag-
ments. In order to compare the data to these calcula-
tions, for some observable, only light particles emitted at
very large angles will be considered. By taking into ac-
count only light particles emitted at angles greater than
20 one can deduce physical information on the midrapi-
dity source.

Histograms in Figs. 4, 5, and 6 represent the produced
velocity spectra as calculated by the modified fireball
model (MFM). This model has been extensively used
[10,18,19] and in the present work we mention only their

to the thickness of the detectors and of the aluminum foil
absorber.

This 15 MeV/nucleon energy threshold was imposed in
the data reduction for all physical quantities presented
here, except for the multiplicity spectra shown in Figs. 10
and 11 (see next section), for which charge identification
was not made. In Fig. 2 a typical AE-TOF plot for a
"tonneau" stave is shown. Z=1 particles are clearly
separated from Z =2 ones only in the hE regime. Figure
3 shows a hE-TOF plot for a counter of the first ring of
the "mur, " where charges from Z=1 up to Z=8 are
visible.

The ' 0 beam of 94 MeV/nucleon was pulsed with a
repetition rate of 13.5 MHz. The FWHM of the beam
pulse was 1 ns. Thicknesses of the targets were 6.76, 8.9,
and 19.3 mg/cm for Al, Ni, and ' Au, respectively.
The beam intensity was varied around 10 particles/s in
order to limit random coincidences to about 10% of the
number of true events. The present data are also correct-
ed through the subtraction of random events.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Velocity spectra

When a 150 MeV proton hits the telescope the helium
ions are detected at all angles as allowed by the mul-
tidetector sketched in Fig. l. In Figs. 4, 5, and 6 the
measured helium ion velocity spectra at various polar an-
gles are shown for the reactions Al(' O,pHe)X,

Ni(' O,pHe)X, and ' Au(' O,pHe)X, respectively.
Results concerning the Al target have already been
published [9],but they are reported here for sake of com-
pleteness and compared with the predictions of a theoret-

FIG. 3. hE-TOF plot from the "mur. " As in Fig. 2 but for a plastic scintillator of the first ring (4').
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main characteristics and ingredients employed in the es-
timation of the calculated fireball. The MFM is based on
the geometric fireball [20] model (GFM) which calcu-
lates, by a geometrical approach, the nuclear matter over-

lap between projectile and target at each impact parame-
ter. Such a geometry defines the total number of nu-

cleons which generate a hot source at an excitation ener-

gy roughly defined by the kinetic energy transferred from
the projectile nucleons to the participant zone.

The MFM modifies the size and energetics of the
geometrical fireball by taking into account the so-called
intermediate energy corrections [11—13] such as Pauli
blocking and one-body dissipation. These effects notice-
ably modify the nucleon number and the excitation ener-

gy of the hot source: (i) the number of participant nu-

cleons is reduced in comparison with the geometrical
abrasion value; (ii) the fireball energetics are also affected
since some energy is dissipated in the spectators through
a nucleon exchange mechanism. The resulting partici-
pant zone has less nucleons than the geometrical firebal,
but with a higher excitation energy per nucleon. For a
detailed presentation of the MFM see Refs. [12—14].

For the three targets, the calculated fireball size and
excitation energy versus the impact parameter is shown
in Figs. 7 and 8, respectively. The relative large
difference of fireball sizes calculated by the GFM and the

MFM is evident.
In order to compare calculations with experimental

data we use a standard sequential decay of fireballs,
namely, the Weisskopf theory of freezing a hot and
equilibrated source. This approach has been successfully
employed elsewhere in various studies of energetic radia-
tion production as pions [10,18,19], high-energy protons
[4,19], and gamma rays [12]. The sequential decay of the
equilibrated source at each impact parameter includes
only neutrons, protons, deuterons, tritons, He, and He.
This is justified by the strong decrease observed for the
multiplicities of particles with a Z larger than 2 which
are not discussed in the present work.

As it is difficult to calculate analytically these many-
body observables, we are led to perform a complete simu-
lation of the decay process by means of a Monte Carlo
method. To do this, we calculate at each step of the pro-
cess the partial width for the emission of each type of
particle. According to these widths, a particle is chosen
and its velocity is randomly selected from a thermalized
distribution according to the temperature of the system
at the step under consideration. The emission of the
trigger (a proton of 150 MeV) is considered at each step
by a perturbative way, thus correctly counting the first,
second, . . . , nth chance of emission up to 20th. Momen-
tum and energy conservation are correctly treated at each
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step of the decay. In order to allow for a direct compar-
ison with the experimental data, the detector geometry as
well as the velocity threshold are considered in the simu-
lation. Comparison of present calculations with experi-
mental velocity distributions, shown in Figs. 4, 5 and 6,
evidences an overall agreement. Yields and shapes of ve-
locity distributions are satisfactorily reproduced apart
from the experimental contribution due to the projectile-
like component.

The obtained high-energy proton yield distributions,
versus the impact parameter, for the different systems,
are shown in Fig. 9. Continuous and dashed lines refer to
the MFM and GFM, respectively. Then the relative
yields of protons at 90' for the three targets and for the
two models are simply obtained by integrating the histo-
grams.

B. Multiplicity distributions

We now report on the multiplicity of all detected
charged particles in events producing the triggering pro-
ton. The experimental multiplicity distributions mea-
sured by the used multidetector of Fig. 1 are shown in
Fig. 10 for the three targets. Multiplicities are obtained
without any identi5cation of the various charged parti-
cles present in selected events. Then the threshold of 5

cm/ns used for the charge identification is not intro-
duced.

These distributions contain all detected particles which
originate from all possible sources, namely, participant
zone as well as targetlike and projectilelike fragments.
The similarity of these distributions does not, however,
indicate that the sources of light charged particles in
these systems are strictly similar. In fact, velocity distri-
butions of Figs. 4, 5 and 6 show differences in the helium
yields at the same angle for the various targets. The main
difference is due to the projectilelike helium particle con-
tribution which diminishes at forward angles when in-
creasing the target mass.

In order to clean these multiplicity distributions from
contributions originating from the projectilelike fragment
we take into account only particles detected in the "back-
ward" direction (8 ~ 20'). This angle is not a critical one
but in the velocity distributions, the complete disappear-
ance of the high-velocity components attributed [9] to the
projectilelike emissions, can be observed at angles larger
than 20'. The resulting multiplicity distributions are
shown in Fig. 11. Very little differences in shape and
mean value are observed in the three distributions. That
relative to the Al target shows a maximum located at the
multiplicity value one unit less than the other targets.
No substantial differences are observed in the two multi-
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plicity distributions relative to Ni and Au targets. Obvi-
ously because of the specific geometry and granularity of
the employed multidetector and because of the limited
angular domain taken into account in the evaluation of
multiplicity distributions it is hard to deduce information
on the absolute size of the emitting sources. However, in
principle, relative mean multiplicity values or differences
in shapes could be related to differences in the source
characteristics, namely sizes and excitation energies.
From the experimental multiplicity distributions relative
to the three targets one can only conclude that source
sizes and energetics are not much different.

For a better estimation of the relative source charac-
teristics one can compare the experimental response of
the used multidetector with that calculated by simulation
of the decay of given sources with assumed sizes and exci-
tation energies. To do this, we estimated the mean num-
ber of nucleons of the fireballs producing a triggering
proton by using calculations reproduced in Fig. 7 and
Fig. 9.

By folding the As„(b) (Fig. 7) function with the yield
distributions do/db of Fig. 9, we obtain the ( 3„„)
values reported in Table I. The broad range of values for
the mean nucleon numbers of fireballs, for the three tar-
gets, calculated with the GFM is evident. On the con-
trary, predictions of MFM show that size differences lie
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tively (see text).
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impact parameter, for the reactions induced by a 94
MeV/nucleon ' 0 on the used targets. Dashed and full curves

are relative to GFM and MFM, respectively (see text).

within 20%%uo of the total nucleon number.
Because of the Hat distributions of the excitation ener-

gy as a function of the impact parameter the (E'/A fi, )
mean value weighted by the yield distributions of Fig. 9 is
immediately deducible from Fig. 8. It is easy to conclude
that mean multiplicities calculated with the modified Pre
ball model increase very slowly with the target mass.
Moreover, because of the decrease of the excitation ener-

gy of the fireball with the target mass one should expect a
low dependence of the total number of emitted particles
for the irradiated targets. Multiplicity predictions of
GFM should show consistent differences with the target
mass.

The experimental multiplicity distributions for parti-
cles emitted at angles greater than 20' for Al, Ni, and Au
are shown in Fig. 11. The calculated charged particle
multiplicity distributions with the two models are shown
in Figs. 12 and 13, respectively. A remarkable agreement
in shape and relative value of the modified fireball distri-
butions with the experimental ones is found. Relatively
to the predictions of the geometrical fireball it is hard to
find some closing aspect with the experimental multiplici-
ty distributions. However, we observe that data of Ref.
[5], for the Al target, have been well reproduced by pre-
dictions of the sequential decay of the geometric fireball.
This is not surprising because, as can be deduced by cal-
culations reported in Figs. 7, 8, 9, and Table I, the fireball
size and energetics, for this target, do not differ more
than those calculated with the MFM model.

To conclude this section we state that, for the reaction
induced by ' 0 at 100 MeV/nucleon and for the irradiat-
ed targets, the so-called fireballs are almost equal in size
and excitation energy. This conclusion is the conse-
quence of the agreement of the experimental multiplicity
distributions with the MFM multiplicity predictions.

"0+ Al~p+X

Rp+RT

0

2.5 — „ . j

Rp+ R~

0.0

197A

10—

0
0

b (~m)

Rp+ RT

10 12

FIG. 9. Impact parameter dependence of the emission rate of
a 150 MeV proton at 90 from the reactions induced by a 94
MeV/nucleon 160 on the Al, Ni, and ' Au targets. Rp and
RT are the projectile and target radii, respectively.

C. Azimuthal distributions

Conclusions of the previous section will be used here to
discuss the behavior of asymmetries observed in the spa-
tial distributions of helium ions when they are produced
in collisions in which an energetic proton is detected at
large angles. We assume that both high-energy protons
and helium ions at angles greater than 20' are emitted by
the same source, i.e., the fireball. Since the fireballs for
the three targets have comparable sizes and excitation en-
ergies, one expects that recoil effects of the residual nu-
clear matter, after the emission of the proton, will be
similar, at least in the absence of any final state interac-
tion between these sources and spectator fragments.

Helium ion yields at various polar angles are reported
in Fig. 14 as a function of the azimuthal angle P. The in-
tensity of the asymmetry depends on the polar angle and
on the target. At low angles no large difference is ob-
served between yields at /=0' and /=180' and, in prin-
ciple, at 0=0 this difference should be zero within the
statistical limits. With the increase of the polar angle
differences become evident for all targets. However,
while for the Al case this difference increases strongly
with the polar angle, for the Au one such increase is not
evident.
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FIG. 10. Charged particle multiplicity distributions for the three irradiated targets, for events in which a 150 MeV proton has
been detected at 90' and with the complete detection apparatus of Fig. 1.
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FIG. 12. Charged particle multiplicity distributions calculated by the simulation method described in Sec. III for the MFM. Only

events in which a 150 MeV proton has been emitted at 90' have been taken into account and only particles produced at angles greater
than 20' contribute to the shown distributions.
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FIG. 13. As in Fig. 12 but calculations are relative to the CsFM.
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FIG. 14. Azimuthal distributions of Z =2 particles for 150 MeV triggering protons for the irradiated targets. Distributions are
reported for various polar angles of the "mur. "

The azimuthal distributions for the helium ions detect-
ed by the "tonneau" are also reported (see Fig. 15). This
detector covers the azimuthal angular range between
/=90' and /=270'. However, because of the low statis-
tics it is hard, in these cases, to say anything about the
azimuthal distributions of the helium yields. In order to
study quantitatively the behavior of the observed asym-
metries, we extract from the experimental azimuthal dis-
tributions the ratio R = [y (180')—y (0')]l[y (180')
+y (0')] between yields at /=0' and /=180', at each po-
lar angle 8, by a fitting procedure using the following
analytical expression: y = A +B sin (Pl2). The result-

ing R values, as a function of the polar angle, are shown
in Fig. 16 for the three targets. Dashed lines in Fig. 16
indicate a linear fit of the obtained R values for the Al
case and have been reported for the other targets for a
relative comparison. The trend shows a decreasing inten-
sity of the asymmetry with the target mass. The Au case,
in particular, shows a flat distribution strongly different
from the Al one. At 4 and for all targets, experimental
distributions show an R value different from zero within
the statistical errors. The decreasing of the asymmetry
with the target mass should indicate an increase of the
fireball size. In this case, in fact, the velocity of the
recoiling source should diminish and kinematical effects
generating the asymmetry should vanish. This explana-
tion is, however, in contrast with the conclusions de-
duced from the charged particle multiplicity distributions
relative to the three targets. These were compatible with
source sizes not too much different for the three targets.
A direct comparison of experimental R values with that

calculated with the theoretical models used in previous
sections is shown in the right side of Fig. 16. Full and
open squares represent the calculated asymmetry by the
MFM and GFM model respectively. As already ob-
served for velocity distributions both calculations repro-
duce well data relative to the Al target. Large discrepan-
cies of the MFM model predictions are indeed observed
for heavier targets due to the relative smallness of the
source sizes. The asymmetries predicted by the GFM,
due to the greater source sizes, are closer to the experi-
mental ones but the trend of R relative to the Au is in-

compatible with experimental data. In conclusion, it
seems that the recoiling source must be larger than that
predicted by the GFM and maybe all nucleons of projec-
tile and target recoil as a whole. In the hypothesis that
all pieces of nuclear matter, spectators and participants,
are in reciprocal interaction during the emission of the
high-energy protons, it is possible that any recoil effect is
strongly reduced. In this picture the low value of the az-
imuthal asymmetry for the Au case could be explained.

This picture needs a very fast emission of the high-
energy protons originating a recoil of the total system
and an emission time of the same order of the interaction
time between target and projectile. This scenario in-
cludes the possibility that also the projectilelike residues
reflect a recoil effect. Indeed, at forward angles, where
the projectilelike Z =2 fragments are observed with high
intensity, the experimental R values are not compatible
with the calculated one relative to the fireball only. This
relatively high R value can be explained as due to the
asymmetry generated by the projectilelike primary frag-



45 PROTON-HELIUM CORRELATION IN 94 MeV/NUCLEON ' 0-. . . 1741

Al( O,pHe)X

Hp=QO;Ep=150 MeV

cl'

M I I I I
& I

I III

p 4p 0 ~II)III'

M

Ni( O, pHe)X

8&=90;E&=150 NeV

I) !l ' ll &I

"i)

45«i'll, "ii
I I) ), I I

I I I I y
I

Au( O,pHe)X

8&=90;E&=150 MeV

- 88,=35
' '!I..

In~
ll ' ' ll

itxP. IQ

~ io-&

'U

k0

55 () I J

I /I I I1.
I
I'

ll

sppg4 I I I I I I I I I ( Ol)
II II II II

II

5~o I))I'II II) (xO$)
1)I I',

II,I I
ll
II

tl

ii
"

il "lui'li
I I I I I I

II

55

7go

" itic
EI

II
I

II"
I I I I I i I I I

'

CIIS

III I

li
xO.I

p,Il

()

'I. . . . I. . . ~ I . . ~ . I . . '

0 100' 200' 300
'I. . . . I. . . . I. . . . I . . '

0' 100' 800' 300'
I ~ 0 E 4 I ~ ~ I 4 I ~ ~ 4 ~ I ~ ~

0 i00 200 300

FIG. 15. Azimuthal distributions as in Fig. 14 but for polar angles covered by the "tonneau. " The limited azimuthal range is due
to the incomplete detector geometry (see Fig. 1).

97 ] 27

0
D

+
0
CO
CQ

0
O

I

O
O

0.4

0.0

0.4

0.0

0.4

O.o o
0

58N.

197A

)C '(
)(

~ I I

80

exp

~ tt 4
II ~K ~ MFM

o GFM

- "N1

0
He

I

20

~
19'V

ll

~ ~ gJ

Q!

liiI ~

40

FIG. 1.6. Experimental asymmetry parameter (see text) vs the polar angle for all targets (left) and calculated asymmetry parameter
(right). Full and open squares correspond to the MFM and GFM predictions, respectively. Dashed lines represent a linear best fit of
the experimental Al data and are reported on all figures as a guideline reference.



1742 A. BADALA et al. 45

ments. In fact, because of the relatively low excitation
energy of this primary fragments, the opening angle of
the particle flow produced by its decay is not very large.
In the hypothesis that this primary fragment undergoes a
boost due to the detected high-energy proton, the pro-
duced asymmetry could be quite intense.

We conclude this section by extracting the two main
aspects of the comparison between experimental and cal-
culated data: light charged particles multiplicity distri-
butions and spatial asymmetry of helium ions. The
overall experimental features, velocity distributions of
helium ions, multiplicity distributions, and absolute yield
of 150 MeV protons [19] are reasonably reproduced by
the MFM. Then sources producing high-energy protons
and helium ions could decay in a sequential mode.
Source sizes are slightly dependent on the irradiated tar-
get mass. Low azimuthal asymmetry shown in the Au
case cannot be due to the recoil of the fireball as calculat-
ed by the MFM but probably to the strong interaction of
this source with residual nuclear matter as the target
spectator. In this picture the emission time of high-
energy protons should be very short, of the same order of
the interaction time of the target and projectile.

IV. DYNAMICAL CALCULATIONS

The time and space distributions of the emitting source
can be exploited to a given extent by the use of dynamical
models which in a natural way take into account the in-
formation on the position of the interacting nucleons in
the phase space as well as the time evolution of the col-
lision process. These models, which are based on the nu-
merical solution of the Boltzmann-Nordheim-Vlasov

equation, have been recently used to study the emission
ofhard photons [12] and pions [19].

For this reason a dynamical calculation was carried
out by numerically solving the BNV equation with the
test particle method [4]. The time evolution of
N(AI+A2) test particles (where A& and Az are the
mass numbers of the colliding nuclei and N is the number
of test particles per nucleon) was followed by assuming a
Skyrme mean field with a K =200 MeV compressibility
in the Hamiltonian equation of motion. Each test parti-
cle was represented by a Gaussian function to generate a
smooth distribution in the phase space. Momentum
changes of the test particles were considered to be due to
individual nucleon-nucleon collisions. Nucleon emission
was allowed for in the simulation by comparison of the
kinetic energy of the involved particles and the Coulomb
barrier and checking for the presence of other particles in
the surroundings. About 100 test particles per nucleon
were employed in the calculations reported here. Since
the time evolution of the proton production does not de-
pend too much on the impact parameter, calculations
were performed at a given impact parameter, instead of
integrating over b, as it is usual to evaluate absolute cross
sections. However, to compare results on different tar-
gets, the impact parameters were chosen so as to give a
nearly constant b/R, value, R, being the target radius.

Calculations were performed for low-energy (E~ =30
MeV) and high-energy (E~ = 150 MeV) protons emitted at
90', in order to look for possible differences in the corre-
sponding emission times. Figure 17 shows the time evo-
lution for the production of low-energy (left) and high-
energy (right) protons for the three targets. As can be
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FIG. 17. Predicted time for the production at 90' of 30 MeV (left) and 150 MeV protons (right), for the reactions induced by 94
MeV/nucleon ' 0 on various targets. Calculations have been made by a code based on the solution of the BNV equation (see text).
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seen, all the contribution to the cross section for high-
energy protons comes from the early stages of the in-
teraction process (within -20 fm/c), whereas low-energy
protons can be produced also in a later stage, up to
40—50 fm/c. This js in agreement with what expected
also for other energetic products, like pions [19]. Indeed,
in a later stage of the interaction process, the phase space
begins to be filled due to nucleon-nucleon collisions and
the availability of final state phase space channels is
greatly reduced. These times roughly correspond to
traversed distances of about 8 fm for 100 MeV/nucleon
' 0 ions, which are comparable with the size of the in-
teracting system. This means that a strong overlap of the
nuclear matter can be expected while the more energetic
protons are being emitted, with a corresponding large
final-state interaction between participant and spectator
nuclei. This is confirmed by the spatial distribution of
the interacting nucleons as derived by the BNV calcula-
tions.

The dynamical approach allows us also to follow the
equilibration of the system. This parameter can be asso-
ciated to the quantity Q =2(p, )/((p„)+(p~ ) ), where

p„,p, and p, are the ellipsoid axes in momentum space (z
axis is taken along the beam direction). The evolution of
this quantity with time is shown in Fig. 18 for the three
targets. It can be observed from this result that a nearly

complete equilibration (Q =1) is found for the Ni and
Au case at times around 20 fm/c, when the emission of
energetic protons is near its end. For the Al case, the
quantity Q stabilizes at values greater than one. Howev-
er, since the size of this fireball is smaller than the others,
one should look to what happens in correspondingly
smaller subsets of the spatial distribution. The same
figure also shows the trend which was extracted from the
dynamical calculations for the nuclear matter inside a
sphere of 3 fm radius, showing that equilibration is
achieved on the same time scale. The equilibration in
such a relatively short time, predicted by the present
dynamical calculations, justifies, in some way, the appli-
cability of statistical models to a rather fast particle emis-
sion. Thus the rather good agreement of statistical calcu-
lations with experimental data is not surprising.

V. CONCLUSIONS

Three targets spanning a large range of mass have been
irradiated with ' 0 at 94 MeV/nucleon. Low-energy
helium ions emitted from a source at intermediate rapidi-
ty have been observed in events in which a high-energy
proton is emitted at large angles. Yields and velocity dis-
tributions of these particles are well reproduced by a fire-
ball model which takes into account mean-field efFects as
well as the one-body dissipation and Pauli blocking. Spa-
tial correlations between these two observed particles
show that low-energy helium ions reQect a recoil effect
due to the large linear momentum taken by a 150 MeV
proton.

The multiplicity distributions of charged particles em-
itted by the fireballs relative to the three targets show
that sizes and energetics of the emitting sources do not
differ considerably with the target mass, thus suggesting
that the number of participant nucleons of the equilibrat-
ed sources are almost the same, as it can be calculated by
a modified fireball model (MFM).

On the contrary, the evolution of the azimuthal asym-
metry in the spatial distributions of the helium ions, as a
function of the target mass, is not compatible with this
conclusion. In fact, the vanishing azimuthal asymmetry
of the helium yields with the increasing target mass sug-
gests that the recoiling nuclear matter should be very
large for heavier targets compared to the source size ex-
tracted by experimental multiplicity distributions.

The apparent incoherence of these two aspects of the
present data can disappear assuming that the emission of
both high-energy protons and helium ions occurs during
the interaction of the colliding nuclei when all projectile
and target nucleons are in mutual interaction.

Indeed, emission time predictions, as well as phase-
space distributions of nuclear matter, in dynamical model
calculations show that high-energy proton emission is
very fast compared to the interaction time of the collid-
ing nuclei. In this time a large region of the nuclear
matter is equilibrated allowing, in principle, for the emis-
sion of other particles such as helium ions. The descrip-
tion of bound complex fragments in these dynamical
models is not yet done. Thus the correlation between
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helium ions and other particles cannot be obtained withir.
such a model, though calculations of many-body correla-
tion in dynamical models now become available [21].

In conclusion, the data analysis of our experiment
shows that kinematical effects such as the source recoil in
particular heavy ion collisions could help in the under-
standing of the topology of the colliding zone. A correct
and detailed description of the final-state interaction is
then a strong constraint on the various theoretical models

which would explicate the phenomenology of this kind of
processes.
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