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Measurement of the space-time extent of the hard-photon emitting source in heavy-ion collision
at 100 MeV/nucleon
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The correlation between the couples of high-energy photons (Eg.30 MeV) detected in the reactions in-
duced by a36Ar beam on27Al, 112Sn, and197Au targets at 95 MeV/nucleon has been analyzed with the
intensity interferometry technique. Both the size and lifetime of the emitting source have been quantitatively
evaluated. Results support the nucleon-nucleon picture as the dominant hard-photon production mechanism.
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I. INTRODUCTION

The present availability of large-area and high-granula
detectors for high-energy photons emitted in heavy-ion re
tions at intermediate energies has permitted, in recent ye
the use of the intensity interferometry technique@1# in the
study of the space-time characteristics of the emitting sou
@2#. This is not of trivial importance since such a method
analyzing photon-photon correlations can be used a
model-independent tool to shed light, in a definitive mann
on the hard-photon production mechanism and time sc
Unfortunately, the very small cross sections associated w
the presence of the many sources of a rather large b
ground, such as neutral pion decays and cosmic-ray inte
tions with the detector, do not allow a direct and comparat
study of multidimensional correlation functions. Also, th
evaluation of the space-time characteristics of the sourc
not straightforward at all. Furthermore, a very detail
knowledge of the response function of the used detecto
the couples of correlated photons and to the sources of n
is of crucial importance to extract reliable values of the em
ting source parameters to be compared with the existing
oretical models.

In this paper we present an extensive application of
intensity interferometry technique to the pairs of high-ene
photons (Eg.30 MeV) emitted in the reactions induced b
a 36Ar projectile on 27Al, 112Sn, and 197Au targets at 95
MeV/nucleon. The presentation and discussion of the exp
mental results are preceded by the description of a n
analysis method permitting the simultaneous determina
of both spatial and time extensions of the source through
study of monodimensional correlation functions. Moreov
much attention has been devoted throughout the paper
deep analysis of the influence of the real detector limitati
~both geometric and intrinsic! on the quantitative evaluatio
of the photon-photon correlation.

The paper is organized as follows. Section II contain
description of the used experimental setup. Section III is
voted to the study of the detector response both to the
relation signal and to the sources of background. Results
550556-2813/97/55~5!/2521~12!/$10.00
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presented in Sec. IV. A summary and conclusions are gi
in Sec. V.

II. EXPERIMENTAL SETUP

The experiment was performed at the GANIL facilit
irradiating 27Al ~1.6 mg/cm2!, 112Sn ~0.8 mg/cm2!, and
197Au ~4.1 mg/cm2! targets with a 95-MeV/nucleon36Ar
beam.

A. Generalities

The experimental setup used basically consisted of
BaF2 ball of the MEDEA multidetector~see Fig. 1!. It is
made up of 144 trapezoidal scintillation modules of bariu
fluoride ~20 cm thick! placed at 22 cm from the target poin
and arranged into six rings to cover the whole azimut
angular dynamics betweenu540° andu5140° with respect
to the beam direction. The whole subtended solid angle
about 10 sr over a useful surface of 0.55 m2

. A very detailed
description of this multidetector can be found in Ref.@3#.

FIG. 1. Global view of the BaF2 ball of the MEDEA multide-
tector.
2521 © 1997 The American Physical Society
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B. Photon identification

High-energy photons have been selected and identified
means of the usual shape analysis of the analog sig
coupled with the time-of-flight~TOF! information. The start
for the TOF was given by the accelerator rf and the total tim
resolution was about 800 ps. The capability of a single d
tection module~taken as an example! of separatingg rays
from neutrons and other charged particles is shown in Figs
and 3 which are relative to the27Al target. The energy cali-
bration for photons has been carried out using both a 6.
MeV g-ray PuC source and the value of the energy deposit
by cosmic rays traversing two opposite detectors all alo
their longest side. The energy dynamics in which photo
have been detected and identified spans from about 20 M
to 230 MeV but only those having an energy strictly great
than 30 MeV have been considered in the present analy
Only those 2g events where two photons were detected
coincidence with at least two charged particles have be
kept. This condition has been imposed to reduce to a neg
gible amount the background induced by cosmic radiatio
~see Sec. II B 3!.

C. Neutral pion identification

In addition to high-energy photons, also neutral pion
have been detected in the same experiment. They have b
recorded in the whole solid angle and in the kinetic energ
range between zero and about 120 MeV through the sim
taneous detection of the couples of photons coming fro
their main decay mode@p0→2g, branching ratio (BR)
598.8%#. These photons are separated from others by im
posing severe conditions on the experimental distributions
the relative angleu12 and invariant massminv as functions of

FIG. 2. Fast component of the analogic signal vs total comp
nent of the analogic signal~upper panel!, and time of flight vs total
component of the analogic signal~lower panel! for particles, com-
ing from the reaction36Ar127Al at 95 MeV/nucleon, and detected
by one module of the BaF2 ball of the MEDEA multidetector. In
both figure lines refer to the separation between neutral partic
~photons and neutrons! and charged particles.
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the total energyE11E2 of the two detected photons whic
are reported, for the27Al target, in the upper panel and in th
lower panel of Fig. 4, respectively. The cuts drawn in bo
panels of Fig. 4 select those photons coming fromp0 decay.
They were chosen following the results of fullGEANT3 @4#
simulations performed to determine the detector efficiency
a function of the pion kinetic energy and detection angle~see

-
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FIG. 3. Time of flight vs total component of the analogic sign
for neutral particles~staying above the line in Fig. 2, upper pane!,
coming from the reaction36Ar127Al at 95 MeV/nucleon, and de-
tected by one module of the BaF2 ball of the MEDEA multidetector.
The line refers to the separation between photons and neutron

FIG. 4. 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 define those pairs of photons coming fromp0 decay.
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the next section!. The performances of the MEDEA multide
tector as a photon and neutral pion spectrometer for the s
experiment discussed in this paper have already been
lished in Refs.@5, 6#. Although many results will be reporte
in the following, the reader is referred to those papers
more details.

III. RESPONSE OF THE DETECTOR

Before even thinking about the realization of an expe
ment based on the Hanbury-Brown–Twiss~HBT! effect, it is
of fundamental importance to precisely know the respons
the detector to be used both for the correlation signal
wants to observe and to the background one expects to h
In this section we present the results of a study of the
sponse of BaF2 ball of the MEDEA multidetector performed
by means of fullGEANT3 @4# simulations. Further details o
the analysis procedure have been also discussed in R
@7–9#.

A. Response to the signal

1. Single photons

Theg rays are detected in the BaF2 ball of MEDEA sim-
ply by means of the calorimetric collection of the electr
magnetic showers they induce into the detector material.
determination of the energy and angles of the detected p
tons is carried out using the following procedure. All mo
ules having a value of the deposited energy different fr
zero are scanned in order to find the ‘‘most-touched’’ det
tor ~i.e., the one with the highest value of the deposited
ergy!. Let us call it (imax,jmax), where the index i
( i51,2,. . . ,24) is anorder parameter running over the el
ments of one ring and the indexj ( j51,2,. . . ,6) is an order
parameter running over the useful rings of the ball~the six
most-backward ones!. When this detector is found the anal
sis code looks at all detectors verifying the relati
( imax2i)21(jmax2j)2<2 in order to determine whether or no
the electromagnetic shower spreads out in these neighbo
modules. If none with a deposited energy greater than
threshold is found, the photon energy is fixed equal to
deposited energy in the central detector and the polar
azimuthal detection angles are uniformly randomized wit
that detector. Otherwise, as is mostly the case, the energ
the photon-induced shower is obtained by summing over
elements of the cluster and the photon detection angles
evaluated as the averages of the corresponding~randomized!
angles of the single detectors of the cluster, weighted o
the deposited energy in each cluster element. When the
ergy and the detection angles of the first shower are de
mined and the shower multiplicity is greater than 1, the fi
‘‘most-touched’’ detector and the involved neighborin
modules are excluded from the loop and the program st
again to find a new ‘‘most-touched’’ detector. As has be
shown in Refs.@3,7#, this kind of procedure minimizes th
sideward leakages of the shower~the full side dimension of
each detection module is nearly twice the Molie`re radius of
barium fluoride!, ensuring a good estimate of the detec
response to photons. It introduces, however, a lower thre
old in the relative angle between two simultaneously
tected photons of about 15°. In order to considerably red
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the background due to neutrons, the condition that the ene
deposited in the central detector only must be larger than
MeV is also applied to the data.

Figure 5 shows the mean value of the deposited energy
a function of the incident photon energy, in the case~a!
where one considers one single module~left panel! and in
the case~b! where one considers a complete cluster~right
panel!. When the energy deposited in the neighboring det
tors is properly included in the sum, the trend is more line
approaching the ideal dependence, given by the dashed
One rms deviation is reported as an error bar on the d
Moreover, to give an idea of the degree of accuracy in
knowledge of the detector efficiency for photons, in Fig.
the comparison between an input Boltzmann-like spectr
and that reconstructed after filtering through the detecto
shown.

2. Correlated photons

The correlation function between two photons, havi

wave vectorskW1 andkW2 , is defined as@10,11#

Fid~kW1 ,kW2![
P~kW1 ,kW2!

P~kW1!P~kW2!
5N

d6n

d3kW1d
3kW2
Y

FIG. 5. Mean value of the deposited energy in the central
tector ~single module of the BaF2 ball! and in the cluster as it ha
been defined in the text, as a function of the incoming photon
ergy. The dashed line is the linear~ideal! dependence. Error bar
indicate one-rms deviations.

FIG. 6. Comparison between an input Boltzmann-like pho
spectrum and that reconstructed after filtering through the dete
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d3n

d3kW1

d3n

d3kW2
D , ~1!

where P(kW1,2) and P(kW1 ,kW2) are the one-photon and two
photon inclusive distributions, respectively. The factorN in
Eq. ~1! follows from the relative normalization of these di
tributions. Taking into account the polarization of the ph
tons and assuming that~i! the coherent electromagnetic cu
rent can be neglected,~ii ! all neutron-proton collisions
produce the same magnitude of electromagnetic current,
~iii ! currents from different collisions have uncorrelated
rections, Neuhauser has shown@11# that the two-photon cor-
relation function assumes the form

F~kW1 ,kW2!511 1
2 @11~ k̂1• k̂2!

2#3 1
2 @ ur~k11k2!u2

1ur~k12k2!u2#

[11C2~kW1 ,kW2!, ~2!

wherek̂1 and k̂2 are unit vectors along the directions of th
two photons andr(k), as a function of the four-vectork, is
the four-dimensional Fourier transform of the normaliz

space-time densityr(rW,t) of the photon source. The term
@11( k̂1• k̂2)

2#, which reduces the maximum value of th
correlation function from 2 to 1.5, is due to the photon p
larization @11# and takes into account that orthogonally p
larized photons cannot interfere. If the energies of both c
related photons are sufficiently high (Eg1

,Eg2
>30–40 MeV), it is possible to neglect, in Eq.~2!,
ur(k11k2)u with respect tour(k12k2)u and, hence, the cor
relation function can be rewritten as

C2~kW1 ,kW2!5 1
4 @11~ k̂1• k̂2!

2#ur~k12k2!u2. ~3!

In order to obtain numerical estimates of the photon corre
tion function, we assumed, as usual@11#, the space-time den
sity as a spherically symmetric Gaussian function with u
correlated space and time coordinates:

r~r ,t !5
1

4p2R3t
exp~2r 2/2R22t2/2t2!, ~4!

whereR and t characterize the source radius and lifetim
respectively. Taking the four-dimensional Fourier transfo
of Eq. ~4!, it is possible to express Eq.~3! in terms of the

observablesqrel5upW g1
2pW g2

u andq05uEg1
2Eg2

u (c51):

C2~qrel ,q0!5 1
4 ~11cos2u rel!expS 2

qrel
2 R2

\2 DexpS 2
q0
2t2

\2 D
~5!

~u rel being the relative angle between the two photons!. This
is the form used in all simulations described in the followin

Many samples of correlated events have been gener
for various values ofR and t. In each of these events tw
photons, both having an energy larger than 30 MeV, h
been emitted in the laboratory frame in accordance wit
double differential cross section given by@6#:
-

nd
-

-

r-

-

-

,

.
ted

e
a

S d2s

dVdED
lab

}
1

Z S 12a1a
sin2u lab
Z2 DexpS 2

ZElab
E0

D , ~6!

where

Z5g~12bscosu lab! ~7!

and

g5~12bs
2!21/2. ~8!

The quantitybs5vs /c indicates the photon source veloci
in the laboratory frame,E0 is the inverse slope parameter
the source frame, anda accounts for the dipolar character o
the photon angular distribution from neutron-proton co
sions. In our calculationsbs , E0 , anda have been taken
from the results of the best fit of the inclusive photon spec
@6#. The correlation between couples of photons has b
imposed through Eq.~5! using a Monte Carlo technique.

Generally, both geometrical and physical limitations
real detectors prevent the complete knowledge of the
six-dimensional two-particle distribution reported in Eq.~1!.
Thus, the photon correlation function relative to filtere
events cannot be constructed from the ratio given in t
equation. In practice, the six-dimensional two-particle cor

lation functionP(kW1 ,kW2) is projected on an one- or, at mos

two-dimensional one,P(kW1 ,kW2)→A(q1),A8(q1 ,q2), where
qi are the so-called correlation observables. In our simu
tions we have used both the relative momentumqrel and the
relative energyq0 . They are the most natural choices sin
the emitting source has been parametrized through Eq.~5!.
To evaluate the quantityC(q), the correlation termA(q) is
then compared to a similar projection of some backgrou
sampleB(q), so that the experimental correlation function
given by

C~q!5
A~q!

B~q!
. ~9!

The uncorrelated termB(q) is usually evaluated either star
ing from inclusive events, advisable when they are availa
or using the event mixing technique@12#, i.e., creating arti-
ficial pairs by combining single particles coming from ra
domly chosen two-particle correlated events. In this work
have adopted the first method. This approach may be ju
fied considering that, in reactions between heavy ions p
ducing photons in the intermediate energy regime, the m
value of the inclusive high-energy photon multiplicity~leav-
ing out the case of no detected photon! is very close to 1 and,
thus, the residual two-particle correlations are negligible.

Typical correlation functionsC(qrel) andC(q0) of simu-
lated events filtered through the BaF2 ball of the MEDEA
multidetector are shown in Figs. 7 and 8, respectively, fo
given couple of values of the source parameters~R55 fm
andt510 fm/c!. As we are interested here only in the effe
of the experimental filter on the photon-photon correlati
function, those pairs of photons coming from the neut
pion decay have not been included in the simulations~see
next subsection for this!. In both figures, solid lines are rela
tive to the results of a best-fit procedure using the Gaus
functions
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C~qrel!5Aqrel
expS 2

qrel
2 R82

\2 D ~10!

and

C~q0!5Aq0
expS 2

q0
2t82

\2 D . ~11!

The aforementioned experimental limitation in the relat
angle between photons,u rel>15°, and the energy threshol
Eg1

, Eg2
.30 MeV makes it impossible to measure relati

momenta smaller than about 7.5 MeV/c and strongly re-
duces the detection efficiency up toqrel510–15 MeV/c.
Thus, only the points withqrel.15 MeV/c have been taken
into account in the fitting procedure.

In this most general case of randomly oriented couples
photons the quantityqrel is different fromq0 and the polar-
ization term (11cos2urel) in Eq. ~5! changes on an event-by

FIG. 7. Correlation functionC(qrel) for photons emitted from a
source withR55 fm and t510 fm/c. The events are filtered
through the BaF2 ball of MEDEA. Photons from neutral pion deca
are not included into the simulation.

FIG. 8. Correlation functionC(q0) for photons emitted from a
source withR55 fm and t510 fm/c. The events are filtered
through the BaF2 ball of MEDEA. Photons from neutral pion deca
are not included into the simulation.
f

event basis in a very complicated manner. To help in und
standing, Fig. 9 shows the simulated two-dimensio
correlation functionC2(qrel ,q0) for photons coming from a
source withR55 fm and t510 fm/c and detected by an
ideal detector~namely, 4p sr solid angle, infinite granularity
infinite angular resolution, no thresholds, perfect photo
charged particle and photon-neutron separation, no neu
pion background, complete cosmic-ray rejection, etc.!. The
condition qrel

2 >q0
2 (c51), which must hold for real par-

ticles, makes the distribution not symmetric with respect
the qrel5q0 plane. The value of 0.5, expected for the ma
mum of the correlation function, is well reproduced and t
widths of the distribution, fromq0 and qrel directions~see
Fig. 9, lower panels!, are in agreement with the input value
of R and t. On the contrary, if one reports the quantiti
C(qrel) andC(q0) ~as in Figs. 7 and 8!, through an implicit
integration process over the not-used variable, both max
and widths are not reproduced, notwithstanding the sh
remaining roughly~but not exactly! Gaussian. BothR8 and
t8 are larger thanR and t, erroneously indicating a sourc
with space-time size larger than the real one. This is a cru
point in the intensity interferometry technique. In order
extract from data reliable values of source sizes and l
times, one can either directly fit the bidimensional corre
tion functionC2(qrel ,q0) or the two monodimensional dis
tributions C(qrel) and C(q0). The application of the first
method needs very good statistics, often unrealistic in ac
experiments. The second method is more suitable, as
shown Ref.@8#, even if it involves nested integrations of th
asymmetricC2(qrel ,q0). In any case, however, the resul
must be considered with great care. Both the relative an
term in the correlation function and the detector efficien
makeR8 and t8 different from the real source parameter
although they are correlated to them. Only through a co
plete simulation is it possible to find the relations betwe
these widths and the trueR andt values. This point will be
discussed with much greater detail in Sec. IV.

B. Response to the background

1. Neutral pions

The most important source of background in photo
photon correlation experiments is represented by neu
pions whose production cross section is a sizable fraction
the hard-photon cross section at these bombarding ene
@13#. As stated in Sec. II, neutral pions are detected throu
the simultaneous recording of the two photons coming fr
their main decay channel. Figure 10 shows a simulated
variant mass distribution obtained with the real detect
Dots refer to the spectrum reconstructed only with the en
gies deposited in the two central detectors, while the so
line is the results obtained including the information comi
from the two surrounding clusters defined in Sec. III A
Figure 11 shows, as an example, the comparison betwee
invariant mass distribution obtained by the BaF2 ball of
MEDEA from the 36Ar127Al reaction at 95 MeV/nucleon
and that simulated byGEANT3. The full width at half maxi-
mum~FWHM! of the distribution is about 18% of the neutr
pion rest mass (mp05135 MeV). In order to give an idea o
the degree of accuracy in the knowledge of the detector
ficiency for pions, the comparison between a realistic in



e

gh

2526 55A. BADALÀ et al.
FIG. 9. Bidimensional correlation function
C2(qrel ,q0) for photons emitted from a sourc
with R55 fm andt510 fm/c ~upper panel!. In
the lower panels the views from theqrel andq0
axes are reported. The events are filtered throu
an ideal detector.
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pion spectrum and that reconstructed after filtering throu
the detector is shown in Fig. 12. As has been shown in S
II, neutral pions can then be easily identified within, a
eventually subtracted from, the ensemble of two-pho
events imposing bidimensional conditions on the experim
tal distributions of the relative angle and invariant mass
the two photons as functions of their total energy.

The background due to the neutral pion main decay ch
nel has been taken into account by also including, in
simulated correlated events, pairs of photons coming fr

FIG. 10. Invariant mass spectrum of neutral pions coming fr
GEANT3 simulations. Dots refer to the spectrum reconstructed o
with the energies deposited in the two central detectors, while
solid line is the results obtained including the information com
from the two surrounding clusters.
h
c.

n
-
f

n-
e
m

thep0 decay. The pion source has been treated in the u
framework of a moving source parametrization using the f
lowing analytic form of the double-differential cross sectio
@14#:

S d2s

dVdED
lab

5pE8
d2s

p82dp8dV8
, ~12!

where

E85g~E2b0p cosu lab!, ~13!

g5~12b0
2!21/2, ~14!

y
e

FIG. 11. Comparison between the invariant mass distribut
obtained by the BaF2 ball of MEDEA from the36Ar127Al reaction
at 95 MeV/nucleon and that simulated byGEANT3 taking into ac-
count all physical and geometrical characteristics of the detecto
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and

d2s

p82dp8dV8
}

1

4pm3

e28/t

2~t/m!2K1~m/t!1~t/m!K0~m/t!
.

~15!

E, p, E8, andp8 are the pion total energies and linear m
menta in the laboratory and source frame, respectively.u lab
is the detection angle in the laboratory frame andm is the
rest mass of the neutral pion.K0 andK1 are the modified
Bessel functions of order 0 and 1, respectively, also kno
as MacDonald functions@15#. The source parameters are re
resented by the slope parametert and the velocity of the
source in the laboratory frame,b0 . In our simulations we
used the values ofb0 andt extracted from the best fit of th
measured inclusive spectra@6#. In order to take into accoun
the measured values of the pion (sp) and hard-photon
(sg) total production cross sections@6#, aneutral pionevent
~two correlated photons coming from thep0 decay! has been
generated everysg /sp uncorrelated inclusive events. As a
example, Figs. 13 and 14 show the filtered correlation fu
tionsC(qrel) andC(q0) for simulated events containing als
couples of photons coming fromp0 decays. In order to com
pare the results, the same input source parameters~R55 fm
andt510 fm/c! have been chosen. The neutral pion sig
is confined in the high-relative-momentum part of t
C(qrel) spectrum and its presence does not affect sign
cantly the determination ofR8. On the contrary, it is distrib-
uted practically everywhere in theC(q0) distribution, com-
pletely destroying the information about the lifetime of t
emitting source. This information can be, however, rec
ered. In fact, Fig. 15 shows theC(q0) correlation function
under the conditionqrel,70 MeV/c which rejects those pho
tons coming from thep0 decay. As one can see, the tim
correlation signal is restored andt8 turns out to be the sam
of that extracted from data without neutral pion contamin
tion. The fact that the shape of theC(q0) correlation func-
tion becomes approximately Gaussian has been verified
many different but realistic cuts onqrel .

FIG. 12. Comparison between a realistic input pion spectr
and that reconstructed after filtering through the detector.
n
-

-

l

-

-

-

or

2. g-gp0
events

Another source of noise, related to neutral pion decay
associated to those two-photon events where only one p
ton comes from the source under investigation and the ot
one from ap0 decay not completely detected due, for e
ample, to the geometrical efficiency of the real detector. T
process, involving the existence ofgùp0 coincidence
events, is a second-order one with respect to that discus
before, but its contribution cannot bea priori neglected be-
cause it is related to the unknown cross section ra
s(g1ùg2 ,Eg1 ,g2

.30 MeV)/s(gùgp0
,Eg,gp0.30 MeV).

In spite of the fact that it is thus impossible to put this kin
of event into the same set of all correlated events and look
the resulting correlation function, we have anyway evalua
its contribution in the relative momentum and energy dist
butionsA(qrel) and A(q0) of the two photons. As an ex-

FIG. 13. Correlation functionC(qrel) for photons emitted from a
source withR55 fm and t510 fm/c. The events are filtered
through the BaF2 ball of MEDEA. Photons from neutral pion decay
are included into the simulation.

FIG. 14. Correlation functionC(q0) for photons emitted from a
source withR55 fm and t510 fm/c. The events are filtered
through the BaF2 ball of MEDEA. Photons from neutral pion decay
are included into the simulation.
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ample, Fig. 16 shows the comparison between theA(qrel)
filtered distribution ofg-g correlated events~R55 fm and
t510 fm/c, upper panel! and that one ofg-gp0

events
~lower panel!. Independently of the relative weights, the tw
spectra are located in different ranges of the relative mom
tum and, hence, the two contributions can be quite ea
identified and separated.

3. Cosmic rays

The noise induced in the photon-photon correlation sig
by the cosmic radiation arises from the fact that cosm
muons, traversing the modules of a real photon multide
tor, can originate inside it couples of showers complet
similar to those due to the photons coming from the target
order to study this background, a large number ofm mesons
~about 106! have been generated and their interaction w

FIG. 15. Correlation functionC(q0) for photons emitted from a
source with R55 fm and t510 fm/c satisfying the condition
qrel,70 MeV/c. The events are filtered through the BaF2 ball of
MEDEA. Photons from neutral pion decay are included into
simulation.

FIG. 16. Filtered relative momentum distributions ofg-g corre-

lated events~R55 fm and t510 fm/c, upper panel! and g-gp0

events~lower panel; see text!.
n-
ly

l
c
c-
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the BaF2 ball of the MEDEA multidetector has been studie
by means of fullGEANT3 simulations@8,9#. Cosmic muons
have been created with a kinetic energy of 2 GeV, wh
represents a realistic mean energy of the muon flux at
level @16#, and with an angular distribution proportional t
cos2u, where u is the minimum angle between the muo
momentum and the vertical direction. Only those events g
erating two showers inside the BaF2 ball of MEDEA, each
having a total deposited energy greater than 30 MeV, h
been considered for further analysis. The percentage of
kind of filtered events over the total number of genera
ones was about 25%. Taking into account the abso
cosmic-ray intensity at sea level~without the correction due
to the geomagnetic latitude of the experimental site! and the
dimensions of the detector, it is straightforward to calculat
value of the total expected cosmic rate of about 200–250
Considering that, because of the time resolution of
BaF2 modules, all photons coming from the target are ge
erally gathered in about 2 ns, over realistic total coinciden
windows of about 80–100 ns, the expected cosmic rate un
the ‘‘photon peak’’ is 4–5 Hz. Taking also into account th
the probability of a cosmic muon to be detected as two d
tinct showers, each having an energy larger than 30 MeV
about 25% on the average, the final rate of the real cos
background in the process under study is about 1–2 Hz. T
number has to be compared with 1.8p0 per second detecte
in the 27Al( 36Ar,p0) reaction at 95 MeV/nucleon. Fortu
nately, this huge contribution can be reduced to a neglig
value simply by imposing the detection of charged partic
in coincidence with photons. In fact, unlike fast plastic sc
tillators, barium fluoride detectors exhibit typical recove
times in the order of 1ms. Thus, in order to avoid undesire
pileup effects, the beam currents are usually limited to h
ing not more than 104 reactions per second. This means th
if one works with a typical total coincidence window o
about 100 ns, only one beam pulse over 103 contains a physi-
cal reaction. Considering also the dead time of the data
quisition system, the expected cosmic rate in the BaF2 ball,
after imposing then.0 condition, decreases to abo
331024 Hz. Although this value is very small, the cosm
radiation background could, however, still represent a pr
lem for very long runs as those necessary for photon-pho
correlation measurements. In order to investigate this s
ject, we reconstructed from simulated events the relative m
mentum and energy distributionsA(qrel) andA(q0) of the
two photons generated from a cosmic muon. Figure
shows the comparison between theA(qrel) filtered distribu-
tion of g-g correlated events~R55 fm andt510 fm/c, up-
per panel! and that of two-shower cosmic events~lower
panel!. Also, in this case, independently of the absolute n
malization, the two spectra are located in very differe
ranges of the relative momentum. Hence, the couples
showers coming from cosmic radiation, even if they a
present, cannot modify at all the information contained in
photon-photon correlation function.

4. g conversion

Barium fluoride scintillators are in principle also sens
tive, by their nature, to thee1e2 pairs coming fromg con-
version which could represent a background in the study
photon-photon correlation. Because of the fact that all
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MEDEA multidetector operates in a vacuum, inside a b
scattering chamber@3#, the only possible sources ofg con-
version are the target and a thin layer of Teflon and alu
nized Mylar, 200mm thick, which wraps each module@3#.
The pair production cross section@4# for photons having an
energy greater than 60 MeV~the minimum one to produce
two 30 MeV showers! takes values in the range of 0.01–
mb for all possible atomic numbers. This means that, tak
into account the target thicknesses used in this experim
and the total yield of more than 60 MeV photons, the pro
ability that ae1e2 pair can be produced inside the target
about 1028. The number ofe1e2 pairs generated in the
layers of Teflon and aluminized Mylar could be considera
larger but, since the two particles are in this case produ
very close to one~and only one! scintillator, the condition on
the minimum relative detection angle (u rel>15°) reduces
near to zero the probability thatg conversion could originate
two distinct showers into the detector.

IV. RESULTS

The relative momentum distribution of all two-photo
events detected in the reaction36Ar127Al at 95 MeV/
nucleon is reported in Fig. 18. Solid circles refer to tho
couples of photons coming fromp0 decay, i.e., standing in
side the contours drawn in Fig. 4, while open circles refer
those couples of photons standing outside the conto
drawn in Fig. 4. These latter pairs of photons, producing
large bump centered around 80–100 MeV/c, are relative
both to ‘‘badly’’ detected pions~the tail of the invariant mass
distribution reported in Fig. 11! and tog-gp0

events~see
lower panel of Fig. 16!. True g-g events are expected t
place themselves in the lowest part of the relative momen
spectrum. The absence of values ofqrel lower than about
10 MeV/c is due to the limitation imposed both in the min
mum energy and relative angle of the two detected photo

In order to evaluate the correlation function, the relat
momentum distribution plotted in Fig. 18 has been divid
by that obtained folding the inclusive photon events throu
the event-mixing technique@12#. The normalization factor

FIG. 17. Filtered relative momentum distributions ofg-g corre-
lated events~R55 fm and t510 fm/c, upper panel! and two-
shower cosmic events~lower panel!.
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takes explicitly into account the different run times of th
two sets of events. The correlation distribution 11C(qrel),
as a function of the relative momentum, is reported in
upper panel of Fig. 19. The three above-cited contributio
are visible: a peak, due to neutral pions~centered around
140 MeV/c!, a large bump, due to ‘‘badly’’ measured pion
and tog-gp0

events~between 50 and 150 MeV/c!, and the
photon-photon correlation signal~for qrel,45 MeV/c!. The
solid line passing through the points refers to the result o

FIG. 18. Relative momentum distribution of two-photon even
detected in the36Ar127Al reaction at 95 MeV/nucleon~solid histo-
gram!. Solid circles refer to those pairs of photons coming fro
p0 decay, i.e., standing inside the contours drawn in Fig. 4, wh
open circles refer to those pairs of photons standing outside.

FIG. 19. Upper panel: correlation distribution 11C(qrel), as a
function of the relative momentum, for the pairs of photons d
tected in the36Ar127Al reaction at 95 MeV/nucleon. Solid curve
are relative to the result of a best-fit procedure~see text!. Lower
panel: corresponding detector efficiency.
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best-fit procedure using the sum of three Gaussian funct
(c51):

C~qrel!5lR8e
2 qrel

2 R82/\21A1e
2 ~qrel2q1!2/2s1

2

1A2e
2 ~qrel2q2!2/2s2

2
, ~16!

one for each component.R8 is the width of the spatial cor
relation signal. Other curves in the same figure refer to e
of the three contributions. For the sake of correctness,
first two points in the correlation distribution, havin
qrel,15 MeV/c, have been not included in the fitting be
cause the evaluated detector efficiency for this correla
function, reported in the lower panel of Fig. 19, shows
steep falloff to zero below that value of the relative mome
tum. An efficiency greater than 1 is not surprising as it
defined as the ratio between the detector efficiencies for
numerator and the denominator of the correlation funct
defined in Eq.~9! @8#. The relative-momentum correlatio
functions for the other two used targets are reported in F
20. The extracted values of the widthR8 are summarized, for
all targets, in the second column of Table I.

The correlation distributionsC(q0), as functions of the
relative energy, are plotted, for the various targets, in F

FIG. 20. Correlation distribution 11C(qrel), as a function of the
relative momentum, for the pairs of photons detected in
36Ar1112Sn ~upper panel! and 36Ar1197Au ~lower panel! reactions
at 95 MeV/nucleon.

TABLE I. Values of the measured source parametersR8 and
t8 and those of the extracted onesR andt, for the various studied
systems.

System R8 ~fm! R ~fm! t8 (fm/c) t ~fm/c!

36Ar127Al 3.161.2 0.860.4 2.661.7 2.061.0
36Ar1112Sn 4.061.4 1.760.7 6.161.4 6.361.8
36Ar1197Au 3.261.0 2.261.1 9.061.9 9.961.9
ns
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s.

21 and 22. Only those couples of photons havi
qrel,45 MeV/c have been taken into account to make tho
plots. The solid curves are the results of best-fit procedu
using the function (c51)

C~q0!5lt8e
2 q0

2t82/\2, ~17!

wheret8 is the width of the temporal correlation signal. I
this case all the points have been included in the fitting d
to the shape of the evaluated detector efficiency for this c

e

FIG. 21. Upper panel: correlation distributionC(q0), as a func-
tion of the relative energy, for the pairs of photons detected in
36Ar127Al reaction at 95 MeV/nucleon and havin
qrel,45 MeV/c. Solid curve is relative to the result of a best-
procedure~see text!. Lower panel: corresponding detector effi
ciency.

FIG. 22. Correlation distribution 11C(q0), as a function of the
relative energy, for the pairs of photons detected in
36Ar1112Sn ~upper panel! and 36Ar1197Au ~lower panel! reactions
at 95 MeV/nucleon and havingqrel,45 MeV/c.
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relation function which is reported, for the27Al target, in the
lower panel of Fig. 21. The extracted values of the wid
t8 are summarized, for all targets, in the fourth column
Table I. It is worth noting that, changing the value of t
upper threshold ofqrel in the realistic relative momentum
region between 40 and 50 MeV/c, all of the extracted values
of t8 resulted in being consistent among themselves wit
their error bars.

As has been discussed in detail in Ref.@8# and reported
here in Sec. III A2, the distortion effect due to the interfe
ence between the polarizations of the two emitted photo
always present in the correlation function, and that due to
detector efficiency makeR8 and t8 different from the real
source parameters. These effects are also not simply add
and operate at the same time in a very complicated w
depending both on the values of the source parameters
on the detector geometry. So in order to unfold the searc
values ofR andt from the measured ones ofR8 andt8 we
performed a lot of fullGEANT3 simulations of the detection
of pairs of correlated photons by the BaF2 ball of the
MEDEA multidetector and we submitted the simulat
events to the same analysis technique described and use
experimental data. Some input values of the source par
etersR and t ~close to the region of interest! together with
the corresponding output onesR8 andt8, extracted from the
best fit of the simulated correlation functionsC(qrel) and
C(q0) ~after filtering through the detector!, are reported in
Tables II–IV for the various targets. Owing to the fact th
the interesting regions of the planes (R,t) are quite small
and the chosen grids in those planes are rather close

TABLE II. The values of the source parametersR andt used as
input of the simulation described in the text are reported toge
with thoseR8 and t8 extracted from the best fit of the relativ
momentum and energy correlation functions after filtering throu
the detector. The data refer to the27Al target.

R ~fm! t ~fm/c! R8 ~fm! t8 (fm/c)

0.5 1 2.9460.51 1.9361.11
0.5 2 3.1560.47 2.8960.78
0.5 3 2.8660.23 3.3660.25
0.5 5 3.2560.19 4.8960.17
1 5 3.5560.22 4.9060.16
1.5 1 4.1160.55 2.6160.73
1.5 2 3.1760.24 2.0260.91
1.5 3 3.1560.20 3.7960.46

TABLE III. The same as Table II for the112Sn target.

R ~fm! t ~fm/c! R8 ~fm! t8 (fm/c)

1 10 4.4860.20 8.9960.20
1.5 3 3.1560.20 3.7960.46
1.5 5 3.6660.15 4.9260.16
1.5 10 4.1260.12 8.6760.17
2 5 4.0260.12 5.0160.15
2 10 4.5060.11 8.9160.18
3 5 4.3860.11 4.9960.15
3 10 5.0160.09 8.7860.16
f
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expanded the unknown functionsR(R8,t8) andt(R8,t8) as
second-order polynomials whose free parameters have t
fitted to the values ofR8 and t8 extracted from simulated
data. So the problem of findingR andt for the three studied
systems reduces to an interpolation ofR(R8,t8) and
t(R8,t8). The extracted values ofR andt are reported in the
third and fifth columns of Table I for the various targets. It
worth noting that the values ofR andt for the 27Al target are
consistent, within the statistical uncertainties, to those
tracted in Ref.@2# where first-order functions ofR8 and t8
were used.

As has been pointed out in Ref.@10#, however, the nu-
meric value ofR represents only one~the other ist! of thes
values of the assumed space-time distribution of the sou
and it is, hence, not directly comparable with any observa
A more reliable quantity is the root-mean-squared rad
r rms, which, in the hypothesis of a spherical symmet
source, is written as

r rms5A^rW•rW&5)R. ~18!

The values ofr rms for the three studied system are reported
the second column of Table V. In heavy-ion collisions
around 100 MeV bombarding energy, hard photons
thought to come from incoherent nucleon-nucleon collisio
which take place, in the very first phase of the reacti
within the overlap region between the two nuclei@17#. Using
the geometrical estimation@18# of the number~averaged
over the impact parameter! of the participant nucleons pro
ducing two hard photons,

^Npn&gg[^Npn~Npn21!&b ~19!

~whereNpn is the number of first proton-neutron collisions!,
it is possible to calculate the Gaussian radius@19# of the
two-nuclei overlap zone through the formula

Rov5A 2
5 ~1.2̂ Npn&gg

1/3!. ~20!

er

h

TABLE IV. The same as Table III for the197Au target.

R ~fm! t ~fm/c! R8 ~fm! t8 (fm/c)

1.5 3 3.1560.20 3.7960.46
1.5 5 3.6660.15 4.9260.16
1.5 10 4.1260.12 8.6760.17
2 5 4.0260.12 5.0160.15
2 10 4.5060.11 8.9160.18
3 5 4.3860.11 4.9960.15
3 10 5.0160.09 8.7860.16
4 10 4.0860.37 9.9660.33

TABLE V. The values of the root-mean-squared radiusr rms are
compared, for the three studied systems, with those of the ove
radiusRov and those of the total radiusRtot .

System r rms ~fm! Rov ~fm! Rtot ~fm!

36Ar127Al 1.460.7 1.95 7.56
36Ar1112Sn 3.061.2 3.00 9.75
36Ar1197Au 3.861.9 3.35 10.94
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The values ofRov for the three systems are reported in t
third column of Table V. The agreement with ther rms’s is
very good. Furthermore, both series of values are very m
different from the sums of projectile and target ra
Rtot51.2(Ap

1/31At
1/3) which are reported for comparison i

the last column of Table V. Our data are also in agreem
with much more refined calculations based on the resolu
of microscopic transport equations. In a recent paper, in f
Barzet al. @20# have successfully reproduced the experim
tal correlation functions relative to the27Al target with a
Boltzmann-Uehling-Uhlenbeck~BUU! calculation based on
first-chance nucleon-nucleon collisions.

V. SUMMARY AND CONCLUSIONS

The chaoticity and the strong space-time localization
the source emitting high-energy photons in heavy-ion co
sions at intermediate energies, foreseen by present m
scopic theoretical models@17#, allow and justify the use of
the intensity interferometry technique as a method of an
sis of experimental data aiming to provide valuable inform
tion, both on the geometry and dynamics of the collision,
an almost model-independent way.
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In this article we have exploited the HBT effect for a
extensive study of photon-photon correlation data relative
the reactions36Ar127Al, 36Ar1112Sn, and 36Ar1197Au at
95 MeV/nucleon and obtained with the BaF2 ball of the
MEDEA multidetector.

Great care has been devoted to a detailed evalua
through realistic Monte Carlo simulations, of the detec
response both to the signal under investigation and to
sources of background. A new method, also based on c
puter simulations, has been proposed and verified to ge
formation both on the source size and lifetime.

Experimental results are in agreement and validate
picture of the hard-photon production mechanism due
first, single, and incoherent nucleon-nucleon collisions. T
values of the spatial size of the source, for the various s
tems, are in fact very small and compatible with the radii
the geometric overlap volumes between the two collid
nuclei. The source lifetimes are in agreement, at least for
lightest used target, with BUU calculations based on fir
chance proton-neutron collisions. They steadily increase
function of the target mass possibly due to the presenc
projectile stopping effects which have already been obser
for the same systems at the same bombarding energy@21#.
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@6# A. Badalà, R. Barbera, A. Palmeri, G. S. Pappalardo, F. Rig

A. C. Russo, G. Russo, and R. Turrisi, Phys. Rev. C55, 2506
~1997!, the preceding paper.
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@8# A. Badalà, R. Barbera, A. Palmeri, G. S. Pappalardo, F. Rig
A. C. Russo, G. Russo, and R. Turrisi, Nucl. Instrum. Metho
Phys. Res. A351, 387 ~1994!.
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