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Pion shadowing as a tool to study the topology of heavy-ion collisions at intermediate energies
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The pion reabsorption effect has been exploited, through a new analysis technique, to study the topological
distribution of nuclear matter in the course of a heavy-ion collision at intermediate energies. The azimuthal
angular distribution of pions with respect to the reaction plane and the angular correlations between pions and
projectilelike fragments have been investigated. Quantitative estimations of the pion production time scale and
of the impact parameter range involved are provided. The experimental results are successfully compared with
the predictions of a microscopic theoretical model based on the solution of the Boltzmann-Nordheim-Vlasov
transport equation.@S0556-2813~97!00504-9#

PACS number~s!: 25.70.2z, 21.65.1f, 24.10.Nz
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I. INTRODUCTION

The study of heavy-ion collisions at intermediate bo
barding energies represents a unique tool to investigate
complex interplay between the attractive action of t
nuclear mean field and the repulsive one due to nucle
nucleon collisions. One of the most interesting challenge
this kind of physics is the determination, as a function
time, of the spatial distribution of the nuclear matter pres
all around the reaction site. The knowledge, as the reac
proceeds, of where the matter is and how excited it is, is
fact of extreme importance in the understanding of the fi
distributions of the physical observables.

In the analysis presented in this paper we tried to pur
this aim, taking advantage of the fact thatp mesons, which
are created in the early stages of a heavy-ion collision
intermediate energies@1,2#, are strongly interacting with the
surrounding nuclear matter. They can be rescattered an
reabsorbed with probabilities which are functions of th
kinetic energy and of the size and excitation energy of
systems which they interact with@3–7#. The existence of this
final state interaction, which has been so far claimed as
of the most important drawbacks in using pions as probe
the collision dynamics, has been here exploited, through
techniques, as an advantage to study the topological dist
tion of nuclear matter in the course of a heavy-ion collisi
at intermediate energies.

The next section is devoted to a description of the exp
mental setup, while Sec. III contains a review of the resu
concerning the azimuthal angular distribution of pions w
respect to the reaction plane and the angular correlations
tween pions and projectilelike fragments. In Sec. IV the p
dictions of a microscopic theoretical model are compa
with the data. A summary and conclusions are given in S
V.

II. EXPERIMENTAL SETUP

A view of a section of the used experimental setup wit
plane containing the beam axis is shown in Fig. 1. It ba
550556-2813/97/55~5!/2506~15!/$10.00
-
he

n-
to
f
t
n
n
l

e

at

/or
r
e

ne
of
w
u-

i-
s

e-
-
d
c.

a
i-

cally consists of the MEDEA multidetector@8# coupled with
a two-ring hodoscope of 16 plastic scintillators which w
added to cover the very forward angular range with resp
to the beam direction.

The experiment has been performed at the GANIL facil
using an36Ar beam at 95 MeV/nucleon impinging on27Al
and 112Sn targets whose thicknesses were 1.6 mg/cm2 and
0.8 mg/cm2, respectively.

A. MEDEA multidetector

In the experiment discussed in this article the MEDE
multidetector was made up of a ball of 144 BaF2 scintillators
~22 cm inner radius and 42 cm outer radius!, arranged in six
rings and covering the whole azimuthal dynamics betwe
u542° andu5138°, and of a wall of 120phoswichdetec-
tors ~2 mm130 cm total thickness!, arranged in five rings
and covering the whole azimuthal dynamics betwe
u510° andu530°.

1. Phoswich wall

In the forward-angle phoswhich detectors particle iden
fication has been carried out by means of the usual sh
analysis of the analog signal@8#. Two gates, the first one o
about 20 ns~called fast! and the second one of about 1ms

FIG. 1. A view of a section of the experimental setup with
plane containing the beam axis.
2506 © 1997 The American Physical Society
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55 2507PION SHADOWING AS A TOOL TO STUDY THE . . .
~called slow!, have been used to integrate the ionizatio
charge produced inside the detector by the hitting particl
As an example, Fig. 2 shows thefast-slowscatter plot rela-
tive to a module of the detector. Charge states fromZ51 up
to Z54 are clearly visible and easily separable. In the sm
inset, relative to a zoomed portion of the lower left corner
the whole figure,Z51 isotopes are also distinguishable.

Energy calibration has been achieved, for low-energy p
ticles (v,6–7 cm/ns, depending on the particle!, starting
from time-of-flight measurements and, for high-energy pa
ticles, using momentum-tagged secondary beams of char
particles~the so-calledBr technique in use at the GANIL
facility where the experiment was performed!. At low par-
ticle energies, energy resolution is mostly due to the tim
resolution of the beam pulse which was about 800 ps f
width at half maximum~FWHM!, while at high particle en-
ergies the error in the energy assignment is due to the e
inherent in the applied method. Typical values of~10–15!%
in the low-energy range and~2–4!% in the high-energy one
have been determined, as a function of the charge of
particle. The ‘‘punch-in’’ energy threshold, due to the finit
thickness of the thinnest element of the phoswhich, is abo
15 MeV for protons, 60 MeV forZ52 particles, and so on
for heavier fragments.

For hydrogen isotopes, which are directly identified i
Fig. 2, the mass assignment posed, of course, no probl
For heavier fragments, the mass of the most abundant i
tope has been~as usual! assigned to a given charge. The few
Z.4 particles have been assumed to haveZ55 and a mass
equal to 10 mass units.

2. BaF2 ball

In the ball of barium fluoride detectors particle identifica
tion has been accomplished coupling thefast-slowtechnique

FIG. 2. Fast-slow scatter plot relative to a detector of the
phoswich wall. The word ‘‘transformed’’ means that bothfast and
slow components have been suitably linearly rescaled to make
plot orthonormal.
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~whose application is made possible here by the existence
two well-separated decay times of the BaF2 crystal! with the
time-of-flight information. Two differently attenuatedslow
signals~slow1and slow2!, belonging to two contiguous re-
gions of the whole energy dynamics, have been separat
digitized @8#. Typical fast-slowandtime-total~total 5 slow1
1 K 3 slow2! scatter plots relative to an element of the
detector are shown in Fig. 3 and Fig. 4, respectively. Ph
tons, which stay above the line drawn in Fig. 3 and belo
that one drawn in Fig. 4, appear very well separated fro
neutrons and charged particles~the photon peak in the time-

he
FIG. 3. Fast-slow scatter plot relative to a detector of the

BaF2 ball.

FIG. 4. Time-total scatter plot relative to a detector of the
BaF2 ball.
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2508 55A. BADALÁ et al.
of-flight spectrum has a total width of about 2 ns!. Hydrogen
isotopes are clearly visible and fragments with chargeZ52
have been correctly identified and separated. For the BaF2
ball we adopted the same charge-to-mass correspondence
for the phoswhich wall and we have assignedZ53 and a
mass equal to 7 mass units to the small amount of uniden
fied Z.2 fragments. Neutron/photon separation is also
shown in Fig. 5 where thetime-totalscatter plot is reported
for those events havingfast-slowcoordinates falling inside
the contour drawn in the inset of the figure.

Charged particles have been calibrated in energy using t
sameBr technique cited before. The calibration for low-
energy particles (E,25 MeV! has been slightly scaled in
accordance with Ref.@9# in order to take into account
quenching effects. The low-energy cutoff in the case of th
ball counters is about 10 MeV for protons and about 25 MeV
for Z52 fragments which represent together almost all par
ticles detected in the ball. The problem of energy resolutio
in the the BaF2 ball of MEDEA has been deeply analyzed
@10#. Realistic values of~2–4!% have been found in the ex-
periment discussed in the present article which are in agre
ment with those reported in Ref.@10#.

The g rays are detected in the BaF2 ball of MEDEA
simply by means of the calorimetric collection of the elec-
tromagnetic showers they induce into the detector materia
The determination of the energy and angles of the detecte
photons is carried out using the following procedure. All
modules having a value of the deposited energy differen
from zero are scanned in order to find the ‘‘most-touched’
detector~i.e., with the highest value of the deposited energy!.
Let us call it (imax, jmax), where the indexi ( i51,2,
. . . ,24) is anorder parameter running over the elements o
one ring and the indexj ( j51,2,. . . ,6) is an order param-
eter running over the useful rings of the ball. When this
detector is found the analysis code looks at all detector

FIG. 5. Time-total scatter plot relative to a detector of the
BaF2 ball. Only those events havingfast-slowcoordinates falling
inside the contour drawn in the inset of the figure have been plotte
as
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verifying the relation (imax2 i )21( jmax2 j )2<2 in order to
determine whether or not the electromagnetic shower spre
out in these neighboring modules. If none with a deposi
energy greater than its threshold is found, the photon ene
is fixed equal to the deposited energy in the central dete
and the polar and azimuthal detection angles are unifor
randomized within that detector. Otherwise, as is mostly
case, the energy of the photon-induced shower is obtaine
summing over all elements of the cluster and the pho
detection angles are evaluated as the averages of the c
sponding~randomized! angles of the single detectors of th
cluster, weighted over the deposited energy in each clu
element. When the energy and the detection angles of
first shower are determined and the shower multiplicity
greater than 1, the first ‘‘most-touched’’ detector and t
involved neighboring modules are excluded from the lo
and the program starts again to find a new ‘‘most-touche
detector. As has been shown in Refs.@8,11#, this kind of
procedure minimizes the sideward leakages of the sho
~the full side dimension of each detection module is nea
twice the Molière radius of barium fluoride!, ensuring a good
estimate of the detector response to photons. In order to
siderably reduce the background due to neutrons, the co
tion that the energy deposited in the central detector o
must be larger than 20 MeV is also applied to the data.

The energy calibration for photons has been carried
using both a 6.13-MeVg-ray PuC source and the value o
the energy deposited by cosmic rays entering the detec
along their longest side~the energy loss of those minimum
ionizing particles is about 6.7 MeV/cm for the BaF2). The
energy dynamics in which photons have been detected
identified spans from about 20 MeV to 230–250 MeV. T
response function of the ball counters of MEDEA to energ
tagged photons has been experimentally determined@12# and
successfully compared with Monte Carlo simulatio
@11,12#.

Neutral pions have been detected in the whole solid an
and in the kinetic energy range between 0 and about
MeV through the simultaneous detection of the couples
photons coming from their main decay mode@p0→2g,
branching ratio~BR!598.8%#. These photons are separat
from other pairs by imposing severe conditions on the
perimental distributions of the relative angleu12 and invari-
ant massminv as functions of the total energyE11E2 of the
two detected photons which are reported, for the27Al target,
in the upper panel and in the lower panel of Fig. 6, resp
tively. The cuts drawn in both panels of Fig. 6 select tho
photons coming fromp0 decay and derive from the resul
of full GEANT3 @13# simulations performed to determine th
detector efficiencye(Ep ,up) as a function of the pion ki-
netic energy and detection angle@11# ~see Fig. 7!. It is worth
stressing here that allp-event distributions reported in thi
paper have been corrected for pion efficiency and the er
have been propagated accordingly. From a technical poin
view this means that to plot all distributions reported in Fig
10–12, 14–18, and 20–23 each event has not been inclu
with a weight equal to 1 but equal to 1/e(Ep ,up). The ca-
pability of the MEDEA multidetector as a photon and neut
pion spectrometer has been both extensively simula
@11,12,14–16# and experimentally verified@7,8,14–17#. The
reader is then referred to those papers for more det

d.
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55 2509PION SHADOWING AS A TOOL TO STUDY THE . . .
Only as an example, which also gives an independent ch
of the energy calibration, Fig. 8 shows the comparison
tween the experimental invariant-mass distribution and
obtained by the simulation. The FWHM of the distribution
about 18% of the neutral pion rest mass (mp05135 MeV!.

B. Hodoscope

The forward hodoscope consisted of 16 2-mm-thick pl
tic scintillators arranged in two rings placed around the be

FIG. 6. Relative angle~upper panel! and invariant mass~lower
panel! versus total energy distributions of the pairs of photons
tected in the reaction36Ar127Al at 95 MeV/nucleon. In both plots
the contours defined by fullGEANT simulations~see text! select
those pairs of photons coming fromp0 decay.

FIG. 7. Detector efficiency forp0’s as a function of the pion
kinetic energy and emission angle.
ck
-
at

-
m

axis and divided into eight sectors each. The distance from
the target was 150 cm so that the first ring covered the pola
angles betweenu52.5° andu55° and the second one those
betweenu55° andu510°.

Charged particles were detected and identified by measu
ing both the energy loss and the time of flight. Figure 9
shows the scatter plot of the energy loss as a function of th
time of flight for an element of the hodoscope. Fragment
with charges betweenZ51 andZ58 are directly visible.
Heavier fragments with 9<Z<20 have been tagged using a
rough energy-loss calibration. The upper limit ofZ520, two
units larger than the projectile charge, has been fixed i
agreement with the existing systematics of experiment
where the mass of the fragments has been directly measure
The charge uncertaintyS using this procedure can be esti-

-

FIG. 8. Two-photon invariant-mass distribution relative to the
system36Ar127Al. The histogram is the result of fullGEANT simu-
lations.

FIG. 9. Scatter plot of the time of flight vs energy loss for a
detector of the hodoscope.
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2510 55A. BADALÁ et al.
mated to be equal to two charge units. Also in this case
mass of the most abundant isotope has been assigned
given charge.

The energies of the particles have been determined st
ing from their velocities and an absolute calibration has be
obtained using the known time-of-flight values of th
‘‘punch-in’’ Z51 andZ52 fragments. The energy resolu
tion, essentially due to the width of the rf signal, takes valu
between 10% and 20% going from the highest to the low
energies.

C. Trigger

In the present paper only those events where a pion o
high-energy photon (Eg.30 MeV! are detected in coinci-
dence with at least one charged particle have been kept

FIG. 10. Event distribution as function of the total detecte
charge and linear momentum~normalized to the projectile one!.
Data are relative to the27Al target.

FIG. 11. Impact parameter dependence of pion production cr
section relative to the reaction36Ar127Al at 95 MeV/nucleon.
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further analysis. This latter condition has been imposed
eliminate the background induced by the cosmic radiation
it has been discussed in greater detail in Ref.@15#.

III. RESULTS

A. Pion angular distribution with respect to the reaction plane

In recent years at least three different methods have b
established to determine the reaction plane in a heavy
collision: the sphericity tensor method@18#, the transverse
momentum analysis@19#, and the azimuthal correlation
method@20# ~the techniques based on the azimuthal angu
correlation between the fission fragments emitted from a
tating compound system should also be cited@21,22# even if
they are limited to a narrow beam energy regime!. The ap-
plicability of all of the above-mentioned methods heav

ss

FIG. 12. Charged particle multiplicity distribution forcomplete
events.

FIG. 13. Graphic representation of the reaction plane. T
X-Y system of reference is defined on a plane perpendicular to
beam axis~the beam axis is entering in it along theZ axis!. The
X axis is parallel to the impact parameter vector.



e

i

t
l-
e
ep-
has

e

r.

c

o

hal

55 2511PION SHADOWING AS A TOOL TO STUDY THE . . .
relies on the common necessary conditions that~i! the events
arewell measuredor ~as it is now usual to say! complete—
i.e., the momenta ofall particles emitted in each event ar
precisely determined—and~ii ! the problem of defining a re-
action plane has a solution—i.e., the impact parameters

FIG. 14. Distribution of the deviations from the mean of th

angle formed by theQW vector with the impact parameter vecto
Data are relative to the27Al target.

FIG. 15. Distribution of the relative angle between the two ve

torsQW I andQW II calculated with the two subevents I and II~see text!.
Data are relative to the27Al target.
n-

volved are significantly different from zero. The fulfillmen
of those conditions is of primary importance for the reliabi
ity of the conclusions of this kind of analysis, due to th
existence of low-energy thresholds and finite angular acc
tance for any real detector. The second one, in particular,

-

FIG. 16. Azimuthal angular distribution of pions with respect t
the reaction plane for the27Al target. In the upper-panel distribution

theQW vector has been calculated without the pion boost~see text!,
while in the lower-panel one this has been included.

FIG. 17. Comparison between the experimental pion azimut
distribution relative to the27Al target and the result of the best-fit
procedure discussed in the text using the function defined in Eq.~2!.
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2512 55A. BADALÁ et al.
to be checked very carefully since it is well known th
pions, which are here the particles of interest, are prefer
tially emitted in central collisions.

All events analyzed in this subsection have been requ
to verify thecompletenessconditions

0.8,ptot /pproj,1.2 ~1!

FIG. 18. Comparison between the experimental high-ene
photon azimuthal distribution relative to the27Al target and the
result of the best-fit procedure discussed in the text using the fu
tion defined in Eq.~2!.

FIG. 19. Geometrical~upper panel! and dynamical~lower panel!
pictures of the pion production process.
n-

d

and

0.8,Ztot /~Zproj1Ztgt!<1, ~2!

y

c-

FIG. 20. Distributions of the relative angle between a pion an
PLF. Upper panel refers to PLF’s with charge 7<ZPLF<9, while
lower panel refers to PLF’s with chargeZPLF>12. In both panels
the lower limit of the PLF velocity is 11 cm/ns. Data are relative
the 27Al target.

FIG. 21. Distributions of the relative angle between a neut
pion and a PLF havingZPLF>10 andVPLF>11 cm/ns. The upper
panel refers to the27Al target, while the lower panel refers to th
112Sn target.
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55 2513PION SHADOWING AS A TOOL TO STUDY THE . . .
whereptot andZtot are the momentum and the charge, resp
tively, of all particles detected in the event. The quant
pproj is the projectile momentum whileZproj andZtgt are the
charges of projectile and target, respectively. The event
tribution as a function of the total detected charge and lin
momentum~normalized to the projectile one! is shown, for
the 27Al target, in Fig. 10. The sample of analyzed events

FIG. 22. Event distribution as a function of the relative ang
and of the relative azimuthal angle~on a plane perpendicular to th
beam axis! between the pion and the PLF. Data are relative to
27Al target.

FIG. 23. Event distribution as a function of the relative ang
and of the relative azimuthal angle~on a plane perpendicular to th
beam axis! between the pion and the PLF. Data are relative to
112Sn target.
-

s-
r

s

that included in the black-contour box. It represents less t
1% of the total inclusive pion yield~corrected for the detec
tor efficiency!.

The dependence of subthreshold pion production on
same reaction studied here and at the same bombarding
ergy has been recently investigated with the same detect
Ref. @7# where the centrality of the collision has been relat
to the charge particle multiplicity through a procedure bas
on Monte Carlo simulations@23#. As a summary of the re-
sults obtained in that paper, Fig. 11 shows the pion prod
tion cross section for the27Al target as a function of the
impact parameter of the collision~a similar plot has been
obtained for the heavier target!. Impact parameter bins
b50–2 fm, b52–4 fm, andb54–7 fm correspond to the
charged-particle-multiplicity rangesn.8, 5,n<8, and
1<n<4, respectively. The pion production cross secti
presents a maximum betweenb51 fm andb53 fm and then
rapidly decreases for more peripheral collisions. Sincecom-
plete events are a very small fraction of all recorded pi
events, it is crucial to verify that pion production in the
special events has a similar dependence on the impact
rameter~i.e., the sample belongs to the same statistical po
lation!. Otherwise, the conclusions drawn from the analy
could be not general or, even worse, the determination of
reaction plane could be meaningless. Figure 12 shows
total charged particle multiplicity incompleteevents. The
distribution appears shifted to larger values ofn with respect
to that reported in Fig. 4 of Ref.@7# which is relative to all
pion events. Only the most peripheral bin (1<n<4), where
pion production is still very small, has, however, disappea
while the two most important impact parameter bins ha
been kept.

If one takes into account a plane perpendicular to
beam axis and defines on it a Cartesian system of refere
having theX axis parallel to the impact parameter vect
joining the two colliding nuclei and theY axis orthogonal to
it ~see Fig. 13!, the reaction plane is simply defined by
vectorQW on that plane. Hence, the reaction plane determi
tion relies on the evaluation of the components of theQW
vector @19# and/or the angle which it forms with the impa
parameter vector@20#. In this work we adopted the transvers
momentum analysis of Danielewicz and Odyniec@19# where
theQW vector is calculated, on an event-by-event basis, a
weighted vectorial sum over the momenta of all fragme
detected in the event:

QW 5S 1
n
D (
i51

n

(
j51,jÞ i

n

wj S pW j
'1

mjpW i
'

M2mi
1

mjpW p0
'

M2mp0
D , ~3!

wheren is the current event multiplicity,M5mproj1mtgt is
the total mass of the interacting system, andwj is a weight
for each particle of mass mj and rapidity
yj5(1/2)ln@(Ej1pj

i)/(Ej2pj
i)# defined as1mj if yj.yc.m.

and2mj if yj,yc.m. (yc.m. is the center-of-mass rapidity!.
The apex' over the particle momentum vectors indicat
that only their components orthogonal to the beam axis h
been considered. Moreover, in order to be safe from
possible stray angular correlation, particle detection ang
~which enter into the calculation of the momentum comp
nents! have also been randomized within the angular ran

e

e
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2514 55A. BADALÁ et al.
covered by the touched detector. The presence of the
(1/n) and of the first summation over the indexi means that,
for each event,n reaction planes are determined and th
their arithmetic mean is taken. Each time thei th detected
particle @usually called particle of interest~POI!# is left out

from the second summation over the indexj and theQW vec-
tor is calculated with the other (n21) fragments in the
event. The second term between parentheses in Eq.~3! takes
into account the momentum boost correction due to the l
of the POI in the event within the hypothesis that the wh
system of massM shared the recoil momentum. The justi
cation of the former assumption is based on the fact
pions are preferentially produced at the very beginning of
collision where the participant matter practically coincid
with the whole system. The advantage of this procedure
in the fact that it allows one to remove the so-called dist
tion of momenta~see Ref.@19#! which appears if one want
to study the azimuthal angular distribution of a given P
with respect to the reaction plane and includes it into
evaluation ofQW . The third term between parentheses in E
~3! takes into account the extra boost due to the momen
of the pion which is created during the reaction and is th
absent in the initial state. The quantitative significance of t
term will be discussed later on in this subsection.

The most crucial point in the reaction plane determinat
described by Eq.~3! is that it is evaluated as many times
the event multiplicity~each time removing from the com
plete event thei th particle of interest! and the final result is
the arithmetic mean over then different QW vectors. The
method is, therefore, the more reliable the more the extra
value ofQW is independent of the particular POI under co
sideration. That is true only if the error on the mean value
small. Figure 14 reports the distribution of the standard
viations of the angle formed by theQW vector with the impact
parameter vector. It appears very peaked to zero~as is ex-
pected to be! with a mean value of 37.8°62.6°. The good-
ness of the determination of the reaction plane strongly re
on the quality of the event completeness. In our experim
the multidetector covered the most forward polar ang
(umin52.5°) down to about 3 times the grazing angle for t
lighter system (ug

Al50.7°) and much better for the heavie
one (ug

Sn51.95°). Moreover, the detector granularity in th
forward direction (ntot5136 for u,30°) is almost 10 times
the mean value of the measured charged particle multipli
in completeevents (n̄.13). In order to estimate the accurac
of the procedure we randomly divided, following Ref.@19#,
each event into two subevents~I and II! and compared the
reaction planes extracted from these two subevents. In ac
dance with what has been observed in Ref.@20#, only events
with a multiplicity greater or equal to 6 have been conside
in order to have subevents with at least three fragments.
distribution of the relative angle between the two vect
QW I andQW II , calculated with the two subevents, is plotted
Fig. 15 for the 27Al target. The fact that the distribution i
not flat testifies to the determination of the reaction pla
~compare with Fig. 1 of Ref.@19#!.

The azimuthal angular distribution of pions with respe
to the reaction plane is reported, for the27Al target, in Fig.
16. In the upper-panel distribution theQW vector has been
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calculated without the pion boost@the third term between
parentheses in Eq.~3!#, while in the lower-panel one this ha
been included. As expected, the contribution from the p
boost is negligible. In both cases, however, it is clearly o
servable that pions are preferentially emitted in the direct
orthogonal to the reaction plane. In order to quantitativ
estimate the degree of asymmetry of the azimuthal distri
tion, in accordance with Refs.@24,25# a best-fit procedure
was performed using the function

f ~f!5S0@11S1cos~f!1S2cos~2f!#, ~4!

whereS0 is an absolute normalization factor, andS1 and
S2 are two parameters related to the asymmetry of the dis
bution on the reaction plane and perpendicularly to the re
tion plane, respectively. Starting fromS2, it is then possible
to define a factor of asymmetry@24,25#:

R5
def f ~90°!1 f ~270°!

f ~0°!1 f ~180°!
5
12S2
11S2

• ~5!

By their definitions, of course,S250 andR51 mean no
asymmetry at all. The result of the best-fit procedure
shown, for the27Al target, in Fig. 17. The values of the
parameters of the best fit as well as those of the redu
x2 and of the asymmetry factorR are reported in the secon
column of Table I. The found values ofS2 andR confirm,
within the statistical uncertainties, those extracted by
TAPS Collaboration for the reaction36Ar1 197Au at the
same bombarding energy@26#, where a completely differen
method has been used to determine the reaction plane,
the direction of a projectilelike fragment~PLF! having a
charge 14,ZPLF,17. It is, however, worth noting that while
the analysis performed in Ref.@26# concerns only the mos
peripheral collisions, our treatment uses more central co
sions as naturally involved in pion production.

The observedsqueeze-outof pions, with consequent pref
erential emission normal to the reaction plane, has been
cently accounted for by different microscopic theoretic
models which explicitly consider pion reabsorption
nuclear matter@27,28#. Up to now, however, the agreeme
with experimental data is only qualitative and the theoreti
interpretation is simply supported by the fact that the bu
aroundf590° appears or disappears as the possibility
pion reabsorption is turned on or off into the calculation
We are here able to give, for the first time, an incontrove
ible experimental proof of the fact that pion reabsorption

TABLE I. The values of the parameters of the best fit describ
in the text as well as the values of the reducedx2 and of the
asymmetry factorR are reported for pion events~second column!
and high-energy photon events~third column!. Data are relative to
the 27Al target.

p0 events g events

S0 35.9063.46 13.5261.21
S1 0.08760.142 0.02260.126
S2 20.40860.166 20.01860.127
x2/NDOF 0.53 0.79
R 2.3760.94 1.0360.26
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the mechanism responsible for the azimuthal asymm
with respect to the reaction plane. We have imposed
samecompletenessconditions discussed before to the hig
energy photon events recorded in the same experiment
we have reconstructed the azimuthal distribution with resp
to the reaction plane. The result is shown in Fig. 18 toget
with the best-fit function described in Eq.~4!. The values of
theS parameters as well as those of the reducedx2 and of
the asymmetry factorR are reported in the third column o
Table I. R is equal to 1 within the statistical error and n
asymmetry is indeed observed. The validity of this resul
supported by the following arguments. Neutral pion prod
tion total cross sections for the studied systems have b
found to be more than one order of magnitude smaller t
hard photon production total cross sections@16# in agreement
with the existing systematics. Moreover, the inclusive mu
plicity distribution of high-energy photons (Eg.30 MeV! is
strongly peaked tong51 and the contribution of two-photo
events amounts to a very few percent~in those cases the use
multidetector experiences a high efficiency for pion detect
and pions are quite easily identifiable and eliminable!. Then,
a possible source of background in Fig. 18 could be o
represented by those events where only one photon com
from neutral pion decay is detected. This is, however, a n
ligible contribution because~a! the probability of such an
event is related to the pion production cross section a
hence, more than a factor of 10 smaller than the pho
production cross section, and~b! the detector efficiency for
one-detected-photon pion events is about half of that for t
detected-photons pion events. Furthermore, as a result o
negligible interaction of photons with the surroundin
nuclear matter, the presence of any structure in Fig.
would be explainable by collective effects~such as nucleus
nucleus bremsstrahlung production! in hard photon produc-
tion which are not expected in heavy-ion collisions in th
bombarding energy regime. The flatness of the distribut
plotted in Fig. 18 is, to the contrary, a model-independ
proof that incoherent nucleon-nucleon collisions play
mayor role responsible for the hard photon product
mechanism.

Both pions and high-energy photons are produced in
same class of elementary collisions and the compariso
their azimuthal distributions with respect to the reacti
plane then allows one to conclude that the observed as
metry in the pion distribution is due to the reabsorption
pions in the nuclear matter surrounding the interaction s
Moreover, the analysis of the shape of the distribution p
ted in Fig. 17 permits one to extract a simple pictorial vie
of the collision and quantitatively derive some consideratio
about its geometry and dynamics. To explain the fact t
more pions escape perpendicularly to the reaction plane
on the reaction plane, we have to admit that the two collid
nuclei are significantly aligned along the impact parame
direction and there must be a minimum effective value
b ~see the upper panel of Fig. 19!. In the case of the lighte
studied system,36Ar and 27Al nuclei have a value of the
nuclear radius of 4 fm and 3.6 fm, respectively (r 051.2 fm!.
So in order to have a geometrical configuration like th
shown in the upper panel of Fig. 19 the centers of projec
and target must be shifted by at least twice the differe
between their radii, i.e., about 1 fm. Significative pion pr
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duction should then occur in more peripheral collisions
qualitative agreement with what has been shown in Fig.
Besides geometry, also dynamics plays an important rol
determine the shape of the pion azimuthal angular distri
tion. In fact, we also have to admit that the projectile a
target are very close to each other when pions come out f
the colliding zone. This imposes an upper limit to the tim
scale of pion emission~see the lower panel of Fig. 19!. Start-
ing just after the touching point, pion production should
very close to its end when the emitting source has travele
distance of the same order of the diameter of the tar
nucleus~in the lower panel of Fig. 19 the more realist
situation of projectile and target cracking is not, of cour
reported!. Taking into account the velocity of the nucleon
nucleon center of mass and the sizes of the two interac
nuclei, it is easy to estimate a total pion emission time sc
of about 40–50 fm/c.

B. Angular correlation between the pion and PLF

The analysis performed in the previous subsection gi
only information about the matter distribution up and dow
the reaction plane but not on it. The parameterS1 of the
cosine expansion in Eq.~4!, which in principle provides a
quantitative evaluation of the asymmetry of the pion angu
distribution on the reaction plane, is in fact comparable w
zero within its error bar~see Table I! and no definitive con-
clusion can be drawn. Then, in order to improve and dee
the investigation, we have also analyzed the angular corr
tions between neutral pions and projectilelike fragments
tected by the hodoscope of plastic scintillators. Owing to
fact that pions are detected in the whole solid angle star
from the couples of photons coming from their main dec
mode, the lower limit in the relative angle between a pi
and a PLF is, in this experiment, strictly equal to zero. In t
rest of this subsection the condition ofcompletenessof the
event stated in the previous subsection has been relaxed
substituted with some constraints on both the charge
velocity of the projectilelike fragment.

As an example, two distributions of the relative ang
between a pion and a PLF are shown in Fig. 20 for
27Al target. In both panels the lower limit of the PLF veloc
ity has been set to 11 cm/ns~about 90% of the beam veloc
ity!. The upper panel refers to PLF’s with charg
7<ZPLF<9, while the lower panel refers to PLF’s wit
chargeZPLF>12. As the charge~and size! of the PLF in-
creases, a dip is evidenced in the distribution for small re
tive angles due to the shadowing induced by the presenc
the projectilelike fragment. Beyond an angle of 90°–10
the distributions become rather flat independently of
charge of the projectilelike fragment. Figure 21 shows
other two distributions of the relative angle between a neu
pion and a PLF havingZPLF>10 andVPLF>11 cm/ns. The
upper panel refers to the27Al target, while the lower pane
refers to the112Sn target. Besides the dips at small relati
angles, which are equally present in both distributions wit
depth proportional to the target size, it is worth observi
here the large-relative-angle part of the two spectra. In
case of the lighter target it is quite flat fromup-PLF570° up
to up-PLF5180° ~as already observed in Fig. 20!. In the case
of the heavier one, on the contrary, it is flat only in the ran
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2516 55A. BADALÁ et al.
70°,up-PLF,130°, while a strong increase is observed
larger values of the relative angle. The explanation of t
effect can be found in the localization of the pion sour
inside the colliding system. In the case of the27Al target, the
participant region seems, in a first-order approximation, to
roughly spherical, while in the case of the112Sn target the
pion source appears strongly placed in the backward he
sphere and fewer pions are reabsorbed if they are emitte
the opposite direction with respect to the projectilelike fra
ment. More comprehensive information is provided by t
distribution of events as a simultaneous function of the re
tive angle up-PLF and of the relative azimuthal angl
ufp2fPLFu ~on a plane perpendicular to the beam axis! be-
tween the pion and the PLF, which is shown in Fig. 22
the 27Al target and in Fig. 23 for the112Sn target. Both
figures have been obtained imposing the same condition
in Fig. 21. The thick black lines drawn atufp2fPLFu590°
divide the space in two parts: the near side~closer to the
projectile! and the far side~closer to the target!. At small
relative anglesup-PLF,30°–40° for the lighter target, the
shadow of the projectile spectator is clearly observable
large relative azimuthal angles, while some space is left o
for the escape of pions in the far side. As the relative an
increases, the situation is turned upside down. The near
is much more populated than the far side where the la
masses of the participant and of the target spectator pre
most of the pions from passing through.

The attentive reader should anyhow bear in mind, to ca
the meaning of Figs. 20–23, that they do not repres
simplephotographsof the reaction site but rather the supe
imposition of the frames of a sort ofvideo tapetaken during
the time window in which pions are produced and avera
over a range of impact parameters. This statement is of g
importance for a correct understanding of the compari
with theoretical calculations which is presented and d
cussed in the next section.

IV. COMPARISON WITH A THEORETICAL MODEL

The experimental results discussed in the previous sec
have been compared with the predictions of a microscop
theoretical model based on the solution of the Boltzma
Nordheim-Vlasov ~BNV! transport equation@2,7,29#. Re-
cently, this model has been successfully used to explain
existing phenomenology of both subthreshold-pion@7,16,17#
and hard-photon@16,30# data in heavy-ion collisions at inter
mediate energies. For a detailed description of the model
reader is referred to Ref.@2# and references therein.

An important feature of the model, which is here of pa
ticular relevance, is the fact that it takes explicitly into a
count the pion reabsorption@7#. Whenever and wherever
pion is created inside the colliding system, its path is f
lowed inside the nuclear medium, assuming it moves i
straight line determined by its momentum versorp̂p . Thus,
before escaping from the reaction site, the pion has to tra
an effective distance dynamically dependent on the den
of the surrounding medium and given by

deff~rWp ,p̂p ,t !5
1

r0
E
0

1`

r~rWp1 p̂ps,t !ds, ~6!
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where (rWp ,t) are the pion space-time coordinates,s is the
generic length of the pion path,r is the nucleon density a
the time when the pion is created, andr0 is its saturation
value for normal nuclear matter. The pion escape probab
is then defined as Pesc5exp(2deff /l0) where l0

5(sabsr0)
21 represents the absorption mean-free path

normal nuclear matter. In all the calculations reported in t
section we have used the parametrization of Hu¨fner and
Thies @31# for the dependence ofl0 on the pion kinetic en-
ergy. This method of treatment of the pion path insi
nuclear matter represents a step forward with respect to w
has been made so far. To this respect, Fig. 24 shows
comparison between the effective distance distributions p
dicted by BNV calculations for the two targets and the sh
values^R& calculated using the geometrical parametrizat
described in Ref.@32#. As an example of the compariso
between BNV calculations and experimental data, op
squares plotted in Fig. 11 are relative to the prediction of
model for the impact parameter dependence of pion prod
tion in the reaction36Ar1 27Al at 95 MeV/nucleon.

All the information one can derive from a dynamic
model such as BNV about the time dependence of the to
ogy of the collision is contained in the so-called density pl
as functions of time, i.e., the distributions of the nucle
matter in the nucleus-nucleus center-of-mass frame at dif
ent time steps. The contour plots of the projections on
plane perpendicular to the beam axis of the thr
dimensional density distributions relative to the27Al and
112Sn are reported in Figs. 25, 26 and in Figs. 27, 28, resp
tively. Figures 25 and 27 refer to calculations perform
with an impact parameterb51 fm, while Figs. 26 and 28
refer to calculations performed with an impact parame
b53 fm. Those values ofb have been chosen because in t

FIG. 24. Comparison between the effective distance distri
tions predicted by BNV calculations and the sharp values^R& com-
ing from the geometrical parametrization described in Ref.@32#.
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rangeb,4 fm the model foresees most of the pion produ
tion cross section~see Fig. 11!. Each of Figs. 25–28 contains
nine panels, one for each 5-fm/c time step fromt50 to
t540 fm/c. The instantt50 is defined as the time when the

FIG. 25. BNV calculations: the projections of the center-o
mass density distribution on a plane perpendicular to the beam a
are reported for the system36Ar127Al at 95 MeV/nucleon at dif-
ferent time steps. The instantt50 is defined as the time when the
two colliding nuclei touch each other. The calculations have be
performed with an impact parameterb51 fm.

FIG. 26. Same as Fig. 25 with an impact parameterb53 fm.
-two colliding nuclei touch each other. The upper limit of 40
fm/c has been chosen looking at the time distribution of the
total pion production cross section which is reported, for the
27Al target, in Fig. 29~a similar picture has been obtained

xis

n

FIG. 27. BNV calculations: the projections of the center-of-
mass density distribution on a plane perpendicular to the beam axi
are reported for the system36Ar1112Sn at 95 MeV/nucleon at dif-
ferent time steps. The instantt50 is defined as the time when the
two colliding nuclei touch each other. The calculations have been
performed with an impact parameterb51 fm.

FIG. 28. Same as Fig. 27 with an impact parameterb53 fm.
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for the heavier target!. Most of the pions are created in th
time window between 15 fm/c and 30 fm/c, while at t540
fm/c pion production is completely exhausted. It is wor
noting how the model reproduces the value of the pion em
sion time scale extracted in Sec. III from experimental d
and justifies the hypothesis made about the elementary
duction mechanism.

In the time interval in which pions are produced, all de
sity plots evidence a squeezing of the interacting matter,
dicating the existence of a reaction plane. The azimuthal
gular distribution of pions with respect to the reaction pla
has been calculated by the BNV model and it is reported,
the lighter target, in Fig. 30. It is important to stress that
calculation has been integrated over all impact parameter
the upper panel of the figure the pion escape probab
defined before has been considered, while in the lower on
has been set equal to 1~no reabsorption!. In both panels the
solid curves refer to the best-fit function defined in Eq.~4!.
From the relative comparison of the two distributions, it a
pears evident how the pion azimuthal asymmetry has to
ascribed to the existence of the final state interaction re
ducing what we have found experimentally. The flying pa
in a direction perpendicular to the reaction plane is mu
shorter than the one parallel to it, even taking into acco
the fact that in the central region the nuclear density ha
calculated value which is about 1.2 times its saturation va
The agreement with data is, however, only qualitative. T
extracted theoretical value of the asymmetry factor avera
over all impact parameters (R51.2160.01) is, in fact, only
half of that derived from the experiment~even if the experi-
mental value has an error of 40%!. A realistic explanation of
this discrepancy can be found in the fact that the model d
not contain, in its present form, either multiple creatio
absorption steps or the pion rescattering whose size coul

FIG. 29. BNV calculations: the total neutral pion productio
cross section in the36Ar127Al reaction at 95 MeV/nucleon is re
ported as a function of time.
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of the same order of magnitude of reabsorption. Moreov
the reaction plane is not calculated using the same proced
defined for experimental data, i.e., starting from the m
menta of all particles emitted in the event, but it is given b
the model itself. Because of the one-body character of
distribution function entering in the transport equation, th
problem is, however, insurmountable. Complex fragme
are not defined at all in the model and it is not then possi
to make an event generator of it.

The localization of the pion source and the distribution
nuclear matter on the reaction plane as a function of time c
also be studied by the BNV model looking at the density-p
projections on a plane containing the beam axis and the
pact parameter vector. The contour plots of these projecti
are shown in Figs. 31 and 32 for the27Al target and in Figs.
33 and 34 for the112Sn target. Figures 31 and 33 refer t
calculations performed with an impact parameterb51 fm,
while Figs. 32 and 34 refer to calculations performed with
impact parameterb53 fm. The half-plane withXc.m..0 is
the near side while that withXc.m.,0 is the far side. It is
straightforward to observe how the density plots reported
the panels at the time steps betweent515 fm/c and t530
fm/c clearly explain the observation of enhanced/reduced
sorption in selected directions.

V. SUMMARY AND CONCLUSIONS

Pion shadowing due to the strong absorption effect h
been used as a powerful tool to study the topology of hea
ion collisions at intermediate energies. Pions have been u
just like x rays to obtain, as a function of time, someradio-

FIG. 30. BNV calculations: the neutral pion azimuthal distribu
tion with respect to the reaction plane is reported for the syst
36Ar127Al at 95 MeV/nucleon. In the upper panel the probabilit
of pion reabsorption is taken into account, while in the lower one
has been set to zero. In both panels the continuous curves refe
the best form of the fit function defined in Eq.~2!.
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graphsof the spatial distribution of the interacting nuclea
matter all around the reaction site. The analysis of the a
muthal angular distribution with respect to the reaction pla
and of the angular correlation between pions and projecti

FIG. 31. BNV calculations: the projections of the center-o
mass density distribution on a plane containing the beam axis~the
Z axis! and the impact parameter vector~parallel to theX axis! are
reported for the system36Ar127Al at 95 MeV/nucleon at different
time steps. The calculations have been performed with an imp
parameterb51 fm.

FIG. 32. Same as Fig. 31 with an impact parameterb53 fm.
i-
e
e-

like fragments has allowed us to estimate the pion production
time scale and to establish a lower limit in the impact param-
eter.

The experimental results have been successfully com

ct

FIG. 33. BNV calculations: the projections of the center-of-
mass density distribution on a plane containing the beam axis~the
Z axis! and the impact parameter vector~parallel to theX axis! are
reported for the system36Ar1112Sn at 95 MeV/nucleon at different
time steps. The calculations have been performed with an impac
parameterb51 fm.

FIG. 34. Same as Fig. 33 with an impact parameterb53 fm.



ca
im
re
iv

evi-
ter-
tter

2520 55A. BADALÁ et al.
pared with the predictions of a microscopic theoreti
model, based on the solution of the Boltzmann-Nordhe
Vlasov transport equation, which takes into account pion
absorption in a dynamical way. Theoretical calculations g
ev

i-
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gi

gi
d
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a good description of the observed phenomenological
dence, but a more refined treatment of pion final state in
actions in nuclear matter has to be realized to attain a be
quantitative agreement.
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