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Measurement of the space-time extent of the hard-photon emitting source in heavy-ion collisions
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The correlation between the couples of high-energy photéns-@0 MeV) detected in the reactions in-
duced by a%®Ar beam on?’Al, '%Sn, and'®’Au 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 presented in Sec. IV. A summary and conclusions are given
in Sec. V.
The present availability of large-area and high-granularity
detectors for high-energy photons emitted in heavy-ion reac- Il. EXPERIMENTAL SETUP

tions at intermediate energies has permitted, in recent years, h ) ; q h tacili
the use of the intensity interferometry techniqué in the The experiment was performed at the GANIL facility,

H iati 27 11
study of the space-time characteristics of the emitting sourc%g‘;"AC“at'Zgl Al / (nl?Bt mg/ (t:rﬁ),'th ZSngéONElB \r/r;g/ crlﬁ), ﬁg‘/’;d
[2]. This is not of trivial importance since such a method of u (4.1 mg/cm) targets with a 95-MeV/nucleorrAr

analyzing photon-photon correlations can be used as geam

model-independent tool to shed light, in a definitive manner,
on the hard-photon production mechanism and time scale.
Unfortunately, the very small cross sections associated with The experimental setup used basically consisted of the
the presence of the many sources of a rather large bacBaF, ball of the MEDEA multidetector(see Fig. 1 It is
ground, such as neutral pion decays and cosmic-ray interatiade up of 144 trapezoidal scintillation modules of barium
tions with the detector, do not allow a direct and comparativeluoride (20 cm thick placed at 22 cm from the target point
study of multidimensional correlation functions. Also, the and arranged into six rings to cover the whole azimuthal
evaluation of the space-time characteristics of the source @ngular dynamics betweeh=40° andf=140° with respect
not straightforward at all. Furthermore, a very detailedt0 the beam direction. The whole subtended solid angle is
knowledge of the response function of the used detector tgP0out 10 sr over a useful surface of 0.55 very detailed

the couples of correlated photons and to the sources of noigleScription of this multidetector can be found in R,

is of crucial importance to extract reliable values of the emit-

A. Generalities

ting source parameters to be compared with the existing the- GEANT v3.15
oretical models. MEDEA
In this paper we present an extensive application of the BaF2 ball

intensity interferometry technique to the pairs of high-energy
photons E,>30 MeV) emitted in the reactions induced by
a 3Ar projectile on ?’Al, ?Sn, and°’Au targets at 95
MeV/nucleon. The presentation and discussion of the experi-
mental results are preceded by the description of a new
analysis method permitting the simultaneous determination
of both spatial and time extensions of the source through the
study of monodimensional correlation functions. Moreover,
much attention has been devoted throughout the paper to a
deep analysis of the influence of the real detector limitations
(both geometric and intrinsion the quantitative evaluation

of the photon-photon correlation.

The paper is organized as follows. Section Il contains a
description of the used experimental setup. Section Il is de-
voted to the study of the detector response both to the cor- FIG. 1. Global view of the Bafball of the MEDEA multide-
relation signal and to the sources of background. Results arector.
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FIG. 2. Fast component of the analogic signal vs total compo-f FIG. 3.I Tlmz_e |Of ﬂ'ght_ Vs tobtal cork?p?ner_lt oFf_theZanalogm S|gn|al
nent of the analogic signélipper pane| and time of flight vs total or n_eutra partic es{sta_yln% a 02\;e the line in Fig. 2, upper pane
component of the analogic signdbwer panel for particles, com- coming from the reactior°Ar +*Al at 95 MeV/nucIeon_, and de-
ing from the reactior?®Ar +27Al at 95 MeV/nucleon, and detected tecteq by one module of the BQEaII of the MEDEA multidetector.
by one module of the BaFoall of the MEDEA multidetector. In The line refers to the separation between photons and neutrons.
both figure lines refer to the separation between neutral particles
(photons and neutropsind charged particles. the total energye; +E, of the two detected photons which
are reported, for théAl target, in the upper panel and in the
lower panel of Fig. 4, respectively. The cuts drawn in both

High-energy photons have been selected and identified bganels of Fig. 4 select those photons coming frafhdecay.
means of the usual shape analysis of the analog signdlhey were chosen following the results of fidEANT3 [4]
coupled with the time-of-flight TOF) information. The start simulations performed to determine the detector efficiency as
for the TOF was given by the accelerator rf and the total timea function of the pion kinetic energy and detection arigke
resolution was about 800 ps. The capability of a single de-
tection module(taken as an examplef separatingy rays
from neutrons and other charged particles is shown in Figs. 2
and 3 which are relative to th€Al target. The energy cali-
bration for photons has been carried out using both a 6.13
MeV v-ray PuC source and the value of the energy deposited
by cosmic rays traversing two opposite detectors all along
their longest side. The energy dynamics in which photons
have been detected and identified spans from about 20 MeV

to 230 MeV but only those having an energy strictly greater S Y F R PR P

B. Photon identification

160
140

9, (deg)

than 30 MeV have been considered in the present analysis. £ +E, (MeY)
Only those 2% events where two photons were detected in 200 TR AMe
coincidence with at least two charged particles have been 180 -
kept. This condition has been imposed to reduce to a negli- 160 £
gible amount the background induced by cosmic radiation > 1‘2‘2 3
(see Sec. IIB B = b
2 80 b
P — £ e |
C. Neutral pion identification w0 b
In addition to high-energy photons, also neutral pions D8 T L S ST T
have been detected in the same experiment. They have been © 50 100 150 200 250 300 350 400
recorded in the whole solid angle and in the kinetic energy Ei+E; (MeV)

range between zero and about 120 MeV through the simul-

taneous detection of the couples of photons coming from

their main decay mod¢w0—>2'y, branching ratio (BR) FIG. 4. Relative angléupper paneland invariant masfower
=98.8%)]. These photons are separated from others by impane) versus total energy distributions of the pairs of photons de-
posing severe conditions on the experimental distributions ofected in the reactior®Ar+27Al at 95 MeV/nucleon. In both plots,
the relative anglé,, and invariant mase,, as functions of the contours define those pairs of photons coming feghdecay.
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the next section The performances of the MEDEA multide- £ 300 gy 800 prrerrI T
tector as a photon and neutral pion spectrometer for the same < E P . 2 =
experiment discussed in this paper have already been pub- 7 E Single /i 3 E Array /i 3
lished in Refs[5, 6]. Although many results will be reported g R0t ,if El {7
in the following, the reader is referred to those papers for 5§ 1s0f- /‘ﬁ - 150 /i"i’/ —
more details. 5~ SN S N S 3
E b - :

ll. RESPONSE OF THE DETECTOR 8 ] r Ll

a eadfertalegnedanalaasliiegdl (NI STENI NSRRI NNNNENNAEENEE]

Before even thinking about the realization of an experi- 0 50 100150200250300 0 50 100 150200250 300

ment based on the Hanbury-Brown—TwistBT) effect, it is E, (MeV)

of fundamental importance to precisely know the response of 7

the detector to be used both for the correlation signal one |G, 5. Mean value of the deposited energy in the central de-
wants to observe and to the background one expects to hav@ctor (single module of the Bafball) and in the cluster as it has
In this section we present the results of a study of the repeen defined in the text, as a function of the incoming photon en-
sponse of Bagball of the MEDEA multidetector performed ergy. The dashed line is the lineéidea) dependence. Error bars
by means of fullGEANT3 [4] simulations. Further details on indicate one-rms deviations.

the analysis procedure have been also discussed in Refs.
[7-9]. the background due to neutrons, the condition that the energy

deposited in the central detector only must be larger than 20
MeV is also applied to the data.
A. Response to the signal Figure 5 shows the mean value of the deposited energy, as
a function of the incident photon energy, in the cdag
] . where one considers one single moddkft pane) and in
The y rays are detected in the Baball of MEDEA sim-  the case(b) where one considers a complete clustéght
ply by means of the calorimetric collection of the electro- pane)_ When the energy deposited in the neighboring detec-
magnetic showers they induce into the detector material. Thgys is properly included in the sum, the trend is more linear,
determination of the energy and angles of the detected phepproaching the ideal dependence, given by the dashed line.
tons is carried out using the following procedure. All mod- one rms deviation is reported as an error bar on the data.
ules having a value of the deposited energy different fromvioreover, to give an idea of the degree of accuracy in the
zero are scanned in order to find the “most-touched” dEteCknowledge of the detector efficiency for photons, in Fig. 6
tor (i.e., the one with the highest value of the deposited enthe comparison between an input Boltzmann-like spectrum

1. Single photons

ergy. Let us call it (max.mad, Where the indexi  and that reconstructed after filtering through the detector is
(i=1,2,...,24) is anorder parameter running over the ele- shown.

ments of one ring and the indgxj=1,2,...,6) is an order

parameter running over the useful rings of the litile six 2. Correlated photons

most-backward ong¢sWhen this detector is found the analy-
sis code looks at all detectors verifying the relation > S i
(i ma—) 2+ (imax—])?<2 in order to determine whether or not Wave vectork; andkp, is defined a$10,11]

the electromagnetic shower spreads out in these neighboring . o

modules. If none with a deposited energy greater than its Fd Ry P(ky,ka) d°n /
threshold is found, the photon energy is fixed equal to the (ki ko)=— - T ge on
deposited energy in the central detector and the polar and P(ky)P(ky) d*kid%k,
azimuthal detection angles are uniformly randomized within

that detector. Otherwise, as is mostly the case, the energy of Iy —

the photon-induced shower is obtained by summing over all A
elements of the cluster and the photon detection angles are
evaluated as the averages of the correspongamgiomized 108 I ° Reconstructed Spectrum
angles of the single detectors of the cluster, weighted over —— Input Distribution

the deposited energy in each cluster element. When the en-
ergy and the detection angles of the first shower are deter-
mined and the shower multiplicity is greater than 1, the first
“most-touched” detector and the involved neighboring
modules are excluded from the loop and the program starts ol i _
again to find a new “most-touched” detector. As has been E
shown in Refs[3,7], this kind of procedure minimizes the i iﬁ
sideward leakages of the show(ghne full side dimension of Y I B U |H
each detection module is nearly twice the Modigadius of ° 50 100 150 200 250
barium fluoride, ensuring a good estimate of the detector E, (MeV)

response to photons. It introduces, however, a lower thresh-

old in the relative angle between two simultaneously de- FIG. 6. Comparison between an input Boltzmann-like photon
tected photons of about 15°. In order to considerably reducepectrum and that reconstructed after filtering through the detector.

The correlation function between two photons, having

102 | —

Counts
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d®n d°n d’o St Gap B ZEIab)

1
- (1) (m)labmz(l—a'f'a—zr)eXF( Eo

— | (6)
d®k; d%k,

. . - where
where P(k; ;) and P(ky,k,) are the one-photon and two-

photon inclusive distributions, respectively. The fadibin Z=vy(1— BsCOH)3p) )
Eq. (1) follows from the relative normalization of these dis-

tributions. Taking into account the polarization of the pho-and

tons and assuming théf the coherent electromagnetic cur- _ 212

rent can be neglectedji) all neutron-proton collisions y=(1-55) "% ®)
produce the same magnitude of electromagnetic current, a . - .
(iii) currents from different collisions have uncorrelated di—r?Idhe quantity8s=vs/c indicates the photon source velocity

rections, Neuhauser has shofiri] that the two-photon cor- in the laboratory framek, is the inverse glope parameter in
relation ’function assumes the form the source frame, andl accounts for the dipolar character of

the photon angular distribution from neutron-proton colli-
sions. In our calculation@s, Ey, and « have been taken

C ko)=14+ 1 K. k.)2]x L 2
Fki ko) =1+ 3[1+ (ki ko) *]X 2 [|p(ks ko) from the results of the best fit of the inclusive photon spectra

_ 2 [6]. The correlation between couples of photons has been

+[p(ki—k)|*] . . .
imposed through E(5) using a Monte Carlo technique.

=1+ Cz(ﬁl,ﬁz), 2 Generally, both geometrical and physical limitations of

real detectors prevent the complete knowledge of the full

wherek, andk, are unit vectors along the directions of the Six-dimensional two-particle distribution reported in E).

two photons angh(k), as a function of the four-vectds, is ~ 1hus, the photon correlation function relative to filtered

the four-dimensional Fourier transform of the normalized®Vents cannot be constructed from the ratio given in that
. oz equation. In practice, the six-dimensional two-particle corre-

space-time density(r,t) of the photon source. The term

[1+(I21-k2)2], which reduces the maximum value of the lation functionP(k;,k») i§ projected on an one- or, at most,

correlation function from 2 to 1.5, is due to the photon po-two-dimensional oneP(k,,k;)—A(q1),A'(q1,0,), where
larization[11] and takes into account that orthogonally po-d; are the so-called correlation observables. In our simula-
larized photons cannot interfere. If the energies of both cortions we have used both the relative momentymand the
related photons are sufficiently high E>(1’E*/z relative_ energydo- They are the most na_ltural choices since
>30-40 MeV), it is possible to neglect, in Eq2), the emitting source has been parametrized through(&g.

|p(ky+ k)| with respect tdp(k;—k»)| and, hence, the cor- To evaluate the quantit€(q), the correlation ternA(q) is
relation function can be rewritten as then compared to a similar projection of some background

sampleB(q), so that the experimental correlation function is
C2(|21,|22)= 111+ (kg ko) 2] p(kyi—ky)|2. ®) given by

A
In order to obtain numerical estimates of the photon correla- C(q)= g
tion function, we assumed, as us{ihl], the space-time den- (q)

sity as a spherically symmetric (_3auss.|an function with U"The uncorrelated terrB(q) is usually evaluated either start-
correlated space and time coordinates:

ing from inclusive events, advisable when they are available,

1 or using the event mixing techniqyé2], i.e., creating arti-
p(r,t)= —5—5 exp —r2/2R2—t2/27?), (4 ficial pairs by combining single particles coming from ran-

4m°RT domly chosen two-particle correlated events. In this work we

have adopted the first method. This approach may be justi-

'fied considering that, in reactions between heavy ions pro-

mducing photons in the intermediate energy regime, the mean
value of the inclusive high-energy photon multiplicifgav-

©

whereR and 7 characterize the source radius and lifetime
respectively. Taking the four-dimensional Fourier transfor
of Eq. (4), it is possible to express E@3) in terms of the

observables|=|p,,— p,,| andqo=|E, —E, | (c=1): ing out the case of no detected phot@very close to 1 and,
thus, the residual two-particle correlations are negligible.

) g% R? q37> Typical correlation function€(q,e) andC(q,) of simu-

Co(Grer Qo) = 4 (1+cOSOg)exp| — 72 |8 lated events filtered through the Baball of the MEDEA

(5) multidetector are shown in Figs. 7 and 8, respectively, for a
given couple of values of the source paramei@ts 5 fm
(0, being the relative angle between the two phojoiihis  and7=10 fm/c). As we are interested here only in the effect
is the form used in all simulations described in the following.of the experimental filter on the photon-photon correlation
Many samples of correlated events have been generatddnction, those pairs of photons coming from the neutral
for various values oR and 7. In each of these events two pion decay have not been included in the simulatisee
photons, both having an energy larger than 30 MeV, havaext subsection for thisin both figures, solid lines are rela-
been emitted in the laboratory frame in accordance with dive to the results of a best-fit procedure using the Gaussian
double differential cross section given [§: functions
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04 : , : event basis in a very complicated manner. To help in under-
standing, Fig. 9 shows the simulated two-dimensional
R =5 fm correlation functionC,(q,,do) for photons coming from a
4 source withR=5fm and 7=10 fm/c and detected by an
T = 10 fm/c ideal detectofnamely, 4t sr solid angle, infinite granularity,
infinite angular resolution, no thresholds, perfect photon-
R’ = 6.0+0.1 fm charged particle and photon-neutron separation, no neutral
pion background, complete cosmic-ray rejection,)etthe
condition g%,=q3 (c=1), which must hold for real par-
ticles, makes the distribution not symmetric with respect to
the g,e;=qo plane. The value of 0.5, expected for the maxi-
mum of the correlation function, is well reproduced and the
. . widths of the distribution, frongg and g, directions(see
100 150 200 Fig. 9, lower panels are in agreement with the input values
e (MeV/c) of R and 7. On the contrary, if one reports the quantities
C(q,ep @andC(qg) (as in Figs. 7 and )8 through an implicit
FIG. 7. Correlation functiorC(q,e) for photons emitted from a  integration process over the not-used variable, both maxima
source withR=5fm and r=10 fm/c. The events are filtered and widths are not reproduced, notwithstanding the shape
through the Bafball of MEDEA. Photons from neutral pion decay remaining roughly(but not exactly Gaussian. BotiR’ and
are not included into the simulation. 7' are larger tharR and 7, erroneously indicating a source
with space-time size larger than the real one. This is a crucial
q%R'? point in the intensity interferometry technique. In order to
C(Qrel):AqreleXP( Y (10) extract from data reliable values of source sizes and life-
times, one can either directly fit the bidimensional correla-
and tion function C,(q,,qo) Or the two monodimensional dis-
tributions C(q,e) and C(qgp). The application of the first
qu'Z method needs very good statistics, often unrealistic in actual
C(Go) =Aq, €XP — 2 (1D experiments. The second method is more suitable, as it is
shown Ref[8], even if it involves nested integrations of the
The aforementioned experimental limitation in the relativeasymmetricC,(q,e,0o). In any case, however, the results
angle between photong,=15°, and the energy threshold must be considered with great care. Both the relative angle
E,,, E,,>30 MeV makes it impossible to measure relative term in the correl_ation function and the detector efficiency
momenta smaller than about 7.5 M&Vand strongly re- makeR’ and 7’ different from the real source parameters,
duces the detection efficiency up the=10—15 MeVk. although they are gorrelatgd to th_em. Only th_rough a com-
Thus, only the points withy,,>15 MeV/c have been taken plete S|mulat|on is it possible to find the r.elathns petvveen
into account in the fitting procedure. these Wldths_ and the true andrva_lu_es. This point will be
In this most general case of randomly oriented couples offiScussed with much greater detail in Sec. IV.
photons the quantity,, is different fromq, and the polar-
ization term (1 cog6,,) in Eq. (5) changes on an event-by- B. Response to the background

1. Neutral pions

C(qrel)

real detector

without ° b

The most important source of background in photon-
photon correlation experiments is represented by neutral
pions whose production cross section is a sizable fraction of
the hard-photon cross section at these bombarding energies
[13]. As stated in Sec. Il, neutral pions are detected through
T =10 fm/c the simultaneous recording of the two photons coming from
their main decay channel. Figure 10 shows a simulated in-
variant mass distribution obtained with the real detector.
real detector Dots refer to the spectrum reconstructed only with the ener-
gies deposited in the two central detectors, while the solid

0.08 T T T

0.06 R =5fm by

0.04 T = 10.540.2 fm/c A

C(qo)

s 0
or without 7 1 line is the results obtained including the information coming
from the two surrounding clusters defined in Sec. Il A 1.
oo . . . Figure 11 shows, as an example, the comparison between the
o 50 100 150 200 invariant mass distribution obtained by the Balall of
qo (MeV) MEDEA from the 3%Ar+27Al reaction at 95 MeV/nucleon

and that simulated bgeAaNT3. The full width at half maxi-
FIG. 8. Correlation functiorC(q,) for photons emitted from a mum(FWHM) of the distribution is about 18% of the_ neutral
source withR=5fm and r=10 fm/c. The events are filtered Pion rest massrfi;o=135 MeV). In order to give an idea of
through the Bafball of MEDEA. Photons from neutral pion decay the degree of accuracy in the knowledge of the detector ef-
are not included into the simulation. ficiency for pions, the comparison between a realistic input
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CZ(QreI»QO)

FIG. 9. Bidimensional correlation function
50 100 150 20018 C,(9yel,0o) for photons emitted from a source
Trer (Me\//c) 200 Qo with R=5 fm and 7=10 fm/c (upper panel In

the lower panels the views from ttgg, and qq

045 045 3 axes are reported. The events are filtered through
PO 11— 04 an ideal detector.
| — e
03 3 0.3 S
025 SN 025 A
0.2 TN 0.2 Tl o
0.15 3 015 S
013 (IR ———
0.05 3 0.05 T oo
05 L L B B B
0 5 100 150 200 o 0 100 180 200
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pion spectrum and that reconstructed after filtering throughhe #° decay. The pion source has been treated in the usual
the detector is shown in Fig. 12. As has been shown in Sedramework of a moving source parametrization using the fol-
II, neutral pions can then be easily identified within, andlowing analytic form of the double-differential cross section
eventually subtracted from, the ensemble of two-photorj14]:

events imposing bidimensional conditions on the experimen-

tal distributions of the relative angle and invariant mass of d?c d?o
the two photons as functions of their total energy. (m) =pE’ oZdpda’ (12)
The background due to the neutral pion main decay chan- lab
nel has been taken into account by also including, in the
simulated correlated events, pairs of photons coming fronf'nere
E'=y(E—Bop COL)ap), (13
250_, T AN B ]
; y=(1-p5) "4 (14
200:— —:
o sl - 800 | _
[=} [ ] ©  exp. data
é 100:— _: [ — GEANT3
[ ] 2 400 -
r 1 E I
sof~ ] 3
onod® i 200~ —
PS N YR i
0 50 100 150 200
Invariant Mass (MeV) ol 1 o

50 100 150 200
Invariant Mass (MeV)

FIG. 10. Invariant mass spectrum of neutral pions coming from
GEANT3 simulations. Dots refer to the spectrum reconstructed only FIG. 11. Comparison between the invariant mass distribution
with the energies deposited in the two central detectors, while thebtained by the Bafball of MEDEA from the 36Ar+27Al reaction
solid line is the results obtained including the information comingat 95 MeV/nucleon and that simulated bgANT3 taking into ac-
from the two surrounding clusters. count all physical and geometrical characteristics of the detector.



MEASUREMENT OF THE SPACE-TIME EXTENT OF TH. .. 2527

Input Distribution
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FIG. 12. Comparison between a realistic input pion spectrum
and that reconstructed after filtering through the detector.

FIG. 13. Correlation functio©(q,e) for photons emitted from a
source withR=5fm and =10 fm/c. The events are filtered
through the Bafball of MEDEA. Photons from neutral pion decay

and are included into the simulation.
, 2. y- y“o events
d’o 1 e /" . . .
————— . 5 . Another source of noise, related to neutral pion decay, is
p'<dp'dQ’  4m7m® 2(7/m)“K(m/7)+ (7/m)Kqo(m/7)

associated to those two-photon events where only one pho-
ton comes from the source under investigation and the other
one from an° decay not completely detected due, for ex-
ample, to the geometrical efficiency of the real detector. This
process, involving the existence ofN#° coincidence
events, is a second-order one with respect to that discussed
before, but its contribution cannot lzepriori neglected be-

B | functi ¢ order 0 and 1 tivel 5o K cause it is related to the unknown cross section ratio
essel functions of order 0 and 1, respectively, also known =30 MeV)/o(yN WO,E%WO>3O MeV).

as MacDonald functionfgl5]. The source parameters are rep- U(ylo Y2:Ey o ) ’ S
resented by the slope parameteand the velocity of the In spite qf the fact that it is thus impossible to put this kind
source in the laboratory framgg,. In our simulations we of event into the same set of gll correlated events and look at
used the values g8, and 7 extracted from the best fit of the the resulting correlation function, we have anyway evaluated
measured inclusive specii@]. In order to take into account its <_:ontr|but|on in the relative momentum and energy distri-
the measured values of the piow ) and hard-photon PutionsA(dr) and A(qgo) of the two photons. As an ex-
(o) total production cross sectiof§], aneutral pionevent

(two correlated photons coming from thd decay has been

generated every, /o, uncorrelated inclusive events. As an 3.0 . . .
example, Figs. 13 and 14 show the filtered correlation func-
tions C(q,e) andC(qy) for simulated events containing also 25 R=5fm R
couples of photons coming fromo decays. In order to com- T = 10 fm/c ]
pare the results, the same input source paramé®etrd fm 20 q
and 7= 10 fm/c) have been chosen. The neutral pion signal real detector
is confined in the high-relative-momentum part of the
C(g,e) spectrum and its presence does not affect signifi-
cantly the determination d®’. On the contrary, it is distrib-
uted practically everywhere in thé(qg) distribution, com-
pletely destroying the information about the lifetime of the 05|
emitting source. This information can be, however, recov- _ a0
ered. In fact, Fig. 15 shows the(qy) correlation function 00 c = pros - e
under the_cond|t|om1,e|< 70 MeV/c which rejects those ph_o— qo (MeV)

tons coming from ther® decay. As one can see, the time

correlation signal is restored and turns out to be the same

of that extracted from data without neutral pion contamina- F|G. 14. Correlation functiol©(qg) for photons emitted from a
tion. The fact that the shape of ti@&(qo) correlation func-  source withR=5fm and r=10 fm/c. The events are filtered
tion becomes approximately Gaussian has been verified fahrough the Bagball of MEDEA. Photons from neutral pion decay
many different but realistic cuts o . are included into the simulation.

(19

E, p, E’, andp’ are the pion total energies and linear mo-
menta in the laboratory and source frame, respectivily.
is the detection angle in the laboratory frame ands the
rest mass of the neutral pioK, and K; are the modified

with 7°

C(qy)

mmmnmimﬁm%@@ﬁﬁ%ﬁﬁ%ﬁ % %
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the Bak ball of the MEDEA multidetector has been studied

0.10 T T T
by means of fullGEANT3 simulations[8,9]. Cosmic muons
have been created with a kinetic energy of 2 GeV, which
00s t 1 represents a realistic mean energy of the muon flux at sea
5 R=51m level [16], and with an angular distribution proportional to
ool B 7 = 10 fm/c _ cogd, where ¢ is the minimum angle between the muon
S i momentum and the vertical direction. Only those events gen-
154 G < 70 MeV/c erating two showers inside the BabBall of MEDEA, each
oosr  § real detector ] having a total deposited energy greater than 30 MeV, have
i e been considered for further analysis. The percentage of this
ooz g with m . kind of filtered events over the total number of generated
P % ones was about 25%. Taking into account the absolute
ﬁ % . . cosmic-ray intensity at sea levebithout the correction due
%% 50 Too 150 200 to the geomagnetic latitude of the experimental)sited the
qo (MeV) dimensions of the detector, it is straightforward to calculate a

value of the total expected cosmic rate of about 200—250 Hz.

FIG. 15. Correlation functio©(qo) for photons emitted froma CONSidering that, because of the time resolution of the
source withR=5fm and r=10 fm/c satisfying the condition BaF> modules, all photons coming from the target are gen-
0,er<70 MeV/c. The events are filtered through the Badall of erally gathered in about 2 ns, over realistic total coincidence

MEDEA. Photons from neutral pion decay are included into theWindows of about 80—100 ns, the expected cosmic rate under
simulation. the “photon peak” is 4—5 Hz. Taking also into account that

the probability of a cosmic muon to be detected as two dis-
tinct showers, each having an energy larger than 30 MeV, is
about 25% on the average, the final rate of the real cosmic
background in the process under study is about 1-2 Hz. This

770
7]: 10 fmfe, ulp;()jer padne)l t?ndf :Eat Oln,? ofy-y ht e\f[ﬁntf number has to be compared with 18 per second detected
(lower panel. Independently of the relative weights, the o ;"o 275|(36ar 0) reaction at 95 MeV/nucleon. Fortu-

spectra are located in different ranges of the relative momer}iately, this huge contribution can be reduced to a negligible

it(ijg]ntﬁir:e((jj’ a?r?(;](;% g;gté\go contributions can be quite eaSII30alue simply by imposing the detection of charged particles
P : in coincidence with photons. In fact, unlike fast plastic scin-
tillators, barium fluoride detectors exhibit typical recovery
times in the order of Jus. Thus, in order to avoid undesired
The noise induced in the photon-photon correlation signapileup effects, the beam currents are usually limited to hav-
by the cosmic radiation arises from the fact that cosmidng not more than 1Oreactions per second. This means that,
muons, traversing the modules of a real photon multidetecf one works with a typical total coincidence window of
tor, can originate inside it couples of showers completelyabout 100 ns, only one beam pulse ovet ¢ontains a physi-
similar to those due to the photons coming from the target. Ircal reaction. Considering also the dead time of the data ac-
order to study this background, a large numbejahesons quisition system, the expected cosmic rate in the Bz,
(about 16) have been generated and their interaction withafter imposing the»>0 condition, decreases to about
3xX 10 * Hz. Although this value is very small, the cosmic
radiation background could, however, still represent a prob-

ample, Fig. 16 shows the comparison between Al(g,)
filtered distribution ofy-y correlated event$R=5 fm and

3. Cosmic rays

250 . : : lem for very long runs as those necessary for photon-photon
3 2y events | correlation measurements. In order to investigate this sub-
. & R=5fm ject, we reconstructed from simulated events the relative mo-
UE 150 . “’m T =10 fm/c ] mentum and energy distributio®(q,) and A(q,) of the
= 100} o real detector wo photons generated from a cosmic muon. Figure
= 1 detect t hot ted f F 17
sof ¢ “’mm 1 shows the comparison between théq,) filtered distribu-
" Soen, . tion of y-vy correlated eventR=5 fm and =10 fm/c, up-
’ ' T per panel and that of two-shower cosmic evenfl®wer
3 oo, . *;"e“ts E pane). Also, in this case, independently of the absolute nor-
~ tooof mmmm m S ‘fnm/c g malization, the two spectra are located in very different
o mor o P real detector | ranges of the relative momentum. Hence, the couples of
500 P showers coming from cosmic radiation, even if they are
< o F h f diat f th
250F EJ” present, cannot modify at all the information contained in the
0 eset = - o = photon-photon correlation function.

Are (MeV/c) 4. y conversion

Barium fluoride scintillators are in principle also sensi-
FIG. 16. Filtered relative momentum distributionsgfy corre-  tive, by their nature, to the* e~ pairs coming fromy con-
lated eventsR=5 fm and =10 fm/c, upper pangland y- y’TO version which could represent a background in the study of
events(lower panel; see text photon-photon correlation. Because of the fact that all the
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250 T T : 1600
200 2y events 1
o~ @m R=51fm 1400
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FIG. 17. Filtered relative momentum distributionspfy corre- P eeeed e, ‘?‘ ..,..m,., o,

lated events(R=5fm and =10 fm/c, upper panel and two- 0 20 40 50 80 100 120 140 160 180 200
shower cosmic evenidower panel. Qret (MeV/C)

MEDEA multidetector operates in a vacuum, inside a big F|G. 18. Relative momentum distribution of two-photon events
scattering chambefi3], the only possible sources gfcon-  detected in thé®Ar +27Al reaction at 95 MeV/nucleofsolid histo-
version are the target and a thin layer of Teflon and alumigram. Solid circles refer to those pairs of photons coming from
nized Mylar, 200um thick, which wraps each modu[8].  #° decay, i.e., standing inside the contours drawn in Fig. 4, while
The pair production cross secti¢d] for photons having an open circles refer to those pairs of photons standing outside.
energy greater than 60 Melthe minimum one to produce

two 30 MeVv shower)stakes values in the range of 0'01_.1 takes explicitly into account the different run times of the
ub for all possible atomic numbers. This means that, taklnq

into account the target thicknesses used in this experimen\fv0 sets of events. The correlation distributior C(de),

and the total yield of more than 60 MeV photons, the Iorob_as a function of the relative momentum, is reported in the
ability that ae*e™ pair can be produced inside the target is " :
abou>t/ 108 The nF:meer ofe*%‘ pairs generated ingthe are visible: a peak, due to neutral piofeentered around
layers of Teflon and aluminized Mylar could be considerablyl40 MeVic), a large bump, due to “badly” measured pions
larger but, since the two particles are in this case produce@nd toy-y™ events(between 50 and 150 MeV), and the
very close to on¢and only ongscintillator, the condition on  photon-photon correlation signéior g,<45 MeVi/c). The

the minimum relative detection angle,{=15°) reduces solid line passing through the points refers to the result of a
near to zero the probability thatconversion could originate

two distinct showers into the detector.

upper panel of Fig. 19. The three above-cited contributions

102 T T T

IV. RESULTS

The relative momentum distribution of all two-photon
events detected in the reactioffAr+2’Al at 95 MeV/
nucleon is reported in Fig. 18. Solid circles refer to those
couples of photons coming from° decay, i.e., standing in-
side the contours drawn in Fig. 4, while open circles refer to
those couples of photons standing outside the contours
drawn in Fig. 4. These latter pairs of photons, producing the

1+C(qrel)

1071

large bump centered around 80-100 MeVi/are relative g af s ]
both to “badly” detected pionsthe tail of the invariant mass g 3 o ]
distribution reported in Fig. )land to y-y”o events(see P f: 7 e ) ]
lower panel of Fig. 16 True y-y events are expected to = okl . = E“:z: “m“’“’“’“’mmmio

place themselves in the lowest part of the relative momentum
spectrum. The absence of values @f, lower than about
10 MeV/c is due to the limitation imposed both in the mini-
mum energy and relative angle of the two detected photons. giG. 19. Upper panel: correlation distribution+C(q,e), as a

In order to evaluate the correlation fUnCtion, the relativefunction of the relative momentum, for the pairs of photons de-
momentum distribution plotted in Fig. 18 has been dividedtected in the®*Ar+27Al reaction at 95 MeV/nucleon. Solid curves
by that obtained folding the inclusive photon events throughare relative to the result of a best-fit procediisee text Lower
the event-mixing techniqugl?]. The normalization factor panel: corresponding detector efficiency.

Qrel (MeV/c)
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102E 0.8 T T T

Qras < 45 MeV/c

0.6 -

14+C(qem)

i |

o L Lo d b i b Lo b Lo a by
0 20 40 60 80 100 120 140 160 180 200

Gu (MeV/c) Y | : | -
107 o] 4 mt ]
F fe] Y 4
[
. 21 .
E :) eassasésasaﬁlr“%mmmmmmmmlmmmmmmﬁﬂmmﬁﬁ i} ¥ 7
0 50 100 150 200
do (MeV)
o e FIG. 21. Upper panel: correlation distributi@{q,), as a func-
¢} 20 40 60 80 100 120 140 180 180 200 . . . .
Moy tion of the relative energy, for the pairs of photons detected in the
Qe (MeV/c) BAr+27Al  reaction at 95 MeV/nucleon and having

0,e<45 MeV/c. Solid curve is relative to the result of a best-fit

FIG. 20. Correlation distribution £ C(q,.), as a function of the ~Procedure(see text Lower panel: corresponding detector effi-

relative momentum, for the pairs of photons detected in theSiency-

36Ar+1125n (upper paneéland %6Ar+*°7Au (lower panel reactions )
at 95 MeV/nucleon. 21 and 22. Only those couples of photons having

0,e<45 MeV/c have been taken into account to make those
best-fit procedure using the sum of three Gaussian function@lots. The solid curves are the results of best-fit procedures

(c=1): using the function ¢=1)
2 1232 e N2 2 _ — q2r' 252
C(Ore) =Npr€™ %l M7 Aje™ (Grei= 61727 C(do) =\, e %7 7", 17)
+Ae” <qrerqz)2/205, (16) where 7’ is the width of the temporal correlation signal. In

this case all the points have been included in the fitting due
one for each componerR’ is the width of the spatial cor- 0 the shape of the evaluated detector efficiency for this cor-

relation signal. Other curves in the same figure refer to each
of the three contributions. For the sake of correctness, the

first two points in the correlation distribution, having :
0e<15 MeV/c, have been not included in the fitting be- o Sepr i,
cause the evaluated detector efficiency for this correlation °F
function, reported in the lower panel of Fig. 19, shows a 3 2'2 3 Q< 45 MeV/c
steep falloff to zero below that value of the relative momen- & | % , %
tum. An efficiency greater than 1 is not surprising as it is y E
defined as the ratio between the detector efficiencies for the os £
numerator and the denominator of the correlation function o Bt Mt
defined in Eq.(9) [8]. The relative-momentum correlation 0 20 40 60 80100 120 140160180 200
functions for the other two used targets are reported in Fig. . % (MeV)
20. The extracted values of the wid& are summarized, for s B
all targets, in the second column of Table I. s B BArL AL

The correlation distribution€(qg), as functions of the 25 |
relative energy, are plotted, for the various targets, in Figs. E - Q<45 MeV/c

© 1.5 F

TABLE I. Values of the measured source parameffsand T E
7' and those of the extracted onRsand 7, for the various studied 05 —
systems. ®0 20 40 ‘6IOI ' ‘slo' ' '1(|>6 ' '1£5 ' '140' Héd K Héd 200
System R’ (fm) R (fm) 7' (fm/c) 7 (fm/c) % (MeV)
38Ar+27Al 31*12 0.8:04 26:1.7 2.0:1.0 FIG. 22. Correlation distribution + C(q), as a function of the

36Ar+1125n 40-14 1707 6.1+x14 6318 relative energy, for the pairs of photons detected in the
36Ar+1978 3.2+1.0 22+1.1 9.0+1.9 9.9+1.9 36Ar+11%Sn (upper panéland %6Ar+1°"Au (lower panel reactions
at 95 MeV/nucleon and having,,<45 MeV/c.
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TABLE Il. The values of the source paramet&snd rused as TABLE IV. The same as Table IlI for thé®’Au target.
input of the simulation described in the text are reported togethet
with thoseR’ and 7’ extracted from the best fit of the relative R (fm) 7 (fm/c) R’ (fm) 7' (fm/c)
momentum and energy correlation functions after filtering through
the detector. The data refer to tR&l target. 3 3.15:0.20 3.78:0.46
1.5 5 3.66:-0.15 4.92-0.16
R (fm) 7 (fm/c) R’ (fm) 7' (fmic) 1.5 10 4.12-0.12 8.67:0.17
2 5 4.02:£0.12 5.01-0.15
0.5 1 2.94-0.51 1.931.11 2 10 456-0.11 8.910.18
0.5 2 3.15:-0.47 2.8%:0.78 3 5 4.38-0.11 4.99-0.15
0.5 3 2.86-0.23 3.36:0.25 3 10 5.0 0.09 8.78-0.16
0.5 5 3.25-0.19 4.8%-0.17 4 10 4.08-0.37 9.96-0.33
1 5 3.565:0.22 4.90-0.16
15 1 4.1 0.55 2.610.73
15 2 3.170.24 2.02:0.91 expanded the unknown functio®R’,7’) andr(R’,7’) as
15 3 3.15-0.20 3.79-0.46 second-order polynomials whose free parameters have to be

fitted to the values oR’ and 7’ extracted from simulated
data. So the problem of finding and 7 for the three studied
relation function which is reported, for tiéAl target, in the  systems reduces to an interpolation &{(R’,7') and
lower panel of Fig. 21. The extracted values of the width7(R’,7"). The extracted values & andr are reported in the

7' are summarized, for all targets, in the fourth column ofthird and fifth columns of Table | for the various targets. It is
Table 1. It is worth noting that, changing the value of the worth noting that the values & and for the 2’Al target are
upper threshold ofy, in the realistic relative momentum consistent, within the statistical uncertainties, to those ex-
region between 40 and 50 Med&//all of the extracted values tracted in Ref[2] where first-order functions dR’ and 7’

of 7' resulted in being consistent among themselves withirwere used.

their error bars. As has been pointed out in Rdfl0], however, the nu-

As has been discussed in detail in Rf] and reported meric value ofR represents only onghe other isr) of the o
here in Sec. llIA2, the distortion effect due to the interfer-values of the assumed space-time distribution of the source
ence between the polarizations of the two emitted photonsand it is, hence, not directly comparable with any observable.
always present in the correlation function, and that due to thé& more reliable quantity is the root-mean-squared radius
detector efficiency mak®&' and 7’ different from the real r,,s, which, in the hypothesis of a spherical symmetric
source parameters. These effects are also not simply additieurce, is written as
and operate at the same time in a very complicated way
depending both on the values of the source parameters and I rms= <F. F>=V§R. (18)
on the detector geometry. So in order to unfold the searched
values ofR and 7 from the measured ones Bf and+' we  The values of ,,sfor the three studied system are reported in
performed a lot of fullcEANT3 simulations of the detection the second column of Table V. In heavy-ion collisions at
of pairs of correlated photons by the Baball of the around 100 MeV bombarding energy, hard photons are
MEDEA multidetector and we submitted the simulatedthought to come from incoherent nucleon-nucleon collisions
events to the same analysis technique described and used fghich take place, in the very first phase of the reaction,
experimental data. Some input values of the source paranyithin the overlap region between the two nugle]. Using
etersR and 7 (close to the region of interastogether with ~ the geometrical estimatiofil8] of the number(averaged
the corresponding output on&$ and 7', extracted from the over the impact paramefeof the participant nucleons pro-
best fit of the simulated correlation functio®(q,,) and ducing two hard photons,
C(qq) (after filtering through the detectorare reported in _
Tables 111V for the various targets. Owing to the fact that {Npn 5= (Npn(Npn=1))s (19

the interesting regions of the planeR, ) are quite small (whereN,,, is the number of first proton-neutron collisions
and the chosen grids in those planes are rather close, Weig possible to calculate the Gaussian radit§] of the

two-nuclei overlap zone through the formula

TABLE lIl. The same as Table Il for thé'?Sn target.

— /2 1/3
R (fm) 7 (fmic) R’ (fm) + (fmic) Rov=V3(L2ANp) Y. (20
1 10 4.48-0.20 8.99-0.20 TABLE V. The values of the root-mean-squared radig, are
15 3 3.15-0.20 3.79-0.46 compared, for the three studied systems, with those of the overlap
15 5 3.66-0.15 4.92-0.16 radiusR,, and those of the total radiug;.
15 10 4.12-0.12 8.67-0.17
) s 4.02-0.12 copols | System fms(fM) Ry (fm) Ry (fm)

2 10 4.50-0.11 8.91-0.18 36Ar-+27Al 1.4+0.7 1.95 7.56
3 5 4.38-0.11 4.99-0.15 36Ar+1125n 3.0:1.2 3.00 9.75
3 10 5.01-0.09 8.78-0.16 3eAr+197au 3.8+1.9 3.35 10.94
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The values ofR,, for the three systems are reported in the In this article we have exploited the HBT effect for an
third column of Table V. The agreement with thg,ss is  extensive study of photon-photon correlation data relative to
very good. Furthermore, both series of values are very mucthe reactions®°Ar+27Al, 3°Ar+*12sn, and *°Ar+'Au at
different from the sums of projectiie and target radii 95 MeV/nucleon and obtained with the Baball of the
Rio=1.2(A2+A{™) which are reported for comparison in MEDEA multidetector. _ _
the last column of Table V. Our data are also in agreement Great care has been devoted to a detailed evaluation,
with much more refined calculations based on the resolutiofhrough realistic Monte Carlo simulations, of the detector
of microscopic transport equations. In a recent paper, in facfesponse both to the signal under investigation and to the
Barzet al.[20] have successfully reproduced the experimen-Sources of background. A new method, also based on com-
tal correlation functions relative to th&’Al target with a  Puter simulations, has been proposed and verified to get in-
Boltzmann-Uehling-UhlenbeckBUU) calculation based on formation both on the source size and lifetime.

first-chance nucleon-nucleon collisions. Experimental results are in agreement and validate the
picture of the hard-photon production mechanism due to
V. SUMMARY AND CONCLUSIONS first, single, and incoherent nucleon-nucleon collisions. The

values of the spatial size of the source, for the various sys-
The chaoticity and the strong space-time localization oftems, are in fact very small and compatible with the radii of
the source emitting high-energy photons in heavy-ion colli-the geometric overlap volumes between the two colliding
sions at intermediate energies, foreseen by present micrauclei. The source lifetimes are in agreement, at least for the
scopic theoretical modeld 7], allow and justify the use of lightest used target, with BUU calculations based on first-
the intensity interferometry technique as a method of analyehance proton-neutron collisions. They steadily increase as a
sis of experimental data aiming to provide valuable informa-function of the target mass possibly due to the presence of
tion, both on the geometry and dynamics of the collision, inprojectile stopping effects which have already been observed
an almost model-independent way. for the same systems at the same bombarding erj@dly
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