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Two-pion correlations and multiplicity efFects
in La on La collisions
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Bose-Einstein correlations of negative pions in heavy ion collisions have been investigated for the
reaction La + " La —+ 27r + A at 1.26 GeV/nucleon at two acceptances, centered at laboratory
observation angles of approximately 0' and 45 with respect to the beam axis. A scintillation counter
array downstream of the target was used to sample the charged particle multiplicity of each event
and hence give some information on the impact parameter of the collision. Including results from
previous experiments, space-time dimensions of the pion source are now available for mass-symmetric
collisions in the mass range of A = 40 to 139. The sources are oblate for nearly all systems, except
for La + La central collisions viewed near 45' in the laboratory (90' in the center of mass) where the
source is spherical. The perpendicular radius R~ is never less than 4 fm, regardless of the centrality
of the La + La collision. Purthermore, R& seems independent of the mass of the collision system.

PACS number(s): 25.75.+r

I. INTRODUCTION

Since the discovery by Goldhaber et al. [1, 2]
that proton-antiproton annihilations produce more like-
charged than oppositely charged pion pairs with small
momentum difference, many theoretical [3—20] and exper-
imental [21—36] studies have been done to investigate the
"Goldhaber-Goldhaber-Lee-Pais" (GGLP) efFect. The
correlation of two like particles is a consequence of the
quantum mechanical symmetry requirement imposed on
the wave functions of bosons. Bose-Einstein correla-
tions were first employed in radio astronomy by Hanbury-
Brown et al. [37] to measure the size of stellar objects;
similarly, Bose-Einstein correlations of pions, kaons, and
other particles can be used to determine the space-time
dimensions and chaoticity of particle sources (nonchaotic
or coherent sources do not show any Bose-Einstein corre-
lation efFects [7]). The determination of the dimensions of
hadronic sources in heavy ion collisions provides exper-
imental data for the test of transport calculations that
treat the complex collision process of a large number of
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nucleons. By grouping the data according to the charged
particle multiplicity it should be possible to measure the
space-time dimensions of the particle source as a func-
tion of the centrality of the collision. There have been
predictions [9, 16] of phase transitions from ordinary nu-
clear matter to quark-gluon plasma occurring in collisions
of highly relativistic nuclei. One probe might be Bose-
Einstein correlation measurements [12,38]. Although it is
generally agreed that Bevalac energies are well below the
threshold for the quark-gluon plasma phase transition,
understanding Bose-Einstein correlations at Bevalac en-
ergies is important as a base line for higher-energy work.

II. EXPERIMENT

In this work we continue the systematic investigation of
two-pion correlations in symmetric projectile-target sys-
tems at the I awrence Berkeley Laboratory Bevalac with
an experiment using a 1.26 GeV/nucleon issLa beam on
a "~'La target of 0.5 g/cm2 thickness. Negative pion pairs
were measured with the magnetic spectrometer Janus at
angles of 0' and 45' (laboratory) with respect to the
beam axis, the latter angle corresponding to approxi-
mately 90' in the center-of-mass (c.m. ) system. The ex-
perimental setup, described in detail by Zajc et aL [26]
and Chacon et al. [36], is shown in Fig. 1. The mag-
netic fields used are given in Table I. As an addition to
the previous setups, an array of 28 scintillation counters
(see Fig. 1, inset) was mounted 363 cm downstream of
the 45 target position to give some measure of the im-
pact parameter of each event. When taking the 0' data,
the downstream scintillator array was shifted laterally by
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radius parallel to the beam direction R~~, a lifetime ~,
and a chaoticity parameter A, the following correlation
function was fit to the data:

C(qJ. q~[ qo) = [1+Aexp((—q&Rz q)]R[[ qow )/2)]

MWPCs

where q~, q~~
are projections of the relative two-pion mo-

mentum q = (pq —p2) perpendicular and parallel to the
beam axis, qo is the energy difFerence ~Eq —Eg~, and B is a
normalization factor. The experimental correlation func-
tion is the ratio of the two-pion probability N2(pI, p2)
to the product of single-pion probabilities N(p):

Sc N2(pI. , p2)
N( )N(p )

(2)
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FIG. 1. Top view of the experimental setup. Inset: front
view of the multiplicity counter array with central scintillators
(labeled "C") and peripheral scintillators ("A").

27 cm to compensate for beam steering by the C-magnet,
so that the beam was always centered on the array. The
gain of the photomultiplier tubes was adjusted to mea-
sure protons and light charged fragments. The attempt
to detect beam particles and heavy residues with the in-
nermost counters was not successful due to high counting
rates and excessive radiation damage to the scintillators.
Therefore, these counters were excluded from the final
analysis. This gives a hollow rectangular array with an
average angular detection range from 0.80' to 3.61' for
area "C" and 3.61' to 5.41' for area "A," in the 45'
setup (see Fig. 1, inset). The electronic event trigger was
the same as in previous experiments [30, 36]. That is,
the coincidence condition requires (1) a coincidence sig-
nal from the two scintillation counters before the Janus
magnet, (2) two separated hits in the two-plane scintil-
lator array after the magnet, and (3) the prompt signal
from the tracking wire chambers [36]. This trigger efFec-
tively selected those events where two negative particles
had passed through the spectrometer. Time and pulse-
height signals of each multiplicity counter were recorded
for each event.
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The Coulomb interactions between the pions and the
nuclear fragments, and between the pions themselves,
were taken into account as described by Chacon et O,l.

[36]. In Ref. [36], however, there was no tag counter ar-
ray for biasing the data sets toward difFerent mixes of
central and peripheral collisions. An average impact pa-
rameter had to be assumed, dividing the nuclear charge
into three groups at target (20'%%uo of the charge), central
(60%%ue), and projectile velocities (20%%ue). The data near

III. ANALYSIS

Assuming a Gaussian space-time source distribution
with radii perpendicular to the beam direction R~, a

p 12 — +i
D +

&++ 44+
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TABLE I. Field values for the spectrometer magnets.
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"C"-magnet (kG)

13.2
0.9

FIG. 2. Experimental 45' data and correlation function
fits for different projections: (a) C(q~), (b) C(qII), and (c)
~(qoic)
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TABLE II. Fit results of the 0' data for difFerent projectiles with [p&,~&] ) 50 MeV/c.
The results for Ar, Fe, and Nb are taken from Chacon et al. [36].

Projectile

Ri. (frn)
R,

~
(fm)

~ (fm/e)
A

y /NDF
g~Mp/NDF

Events

Ar

4.8 + 0.3
4.2 + 0.4

1+1.4—1.1
0.81 + 0.06

581/537
2979/2590

12 900

0 data~ [p»~j ]
) 50 MBV/c

Fe

4.8 + 0.2
2.7 + 0.3
2.7 + 0.6

0.88 + 0.03
939/729

2938/2420
32 000

5.1 + 0.2
4.4 + 0.3
3.9 + 0.4

1.11 + 0.03
1144/1087
3776/3235

49 400

5.3 + 0.3
3.7 + 0.7
4.7 + 0.9

1.08 + 0.06
1224/1113
4344/4277

28 000

90' (in the c.m. ) are rather insensitive to the Coulomb
correction, since the momentum difFerence of a pion pair
changes very little. Pions near the beam velocity are
more sensitive to this correction. In the La + La case
analyses were run using diferent tag array multiplicity
cuts, with various fireball model target, central, and pro-
jectile charge divisions, and exclusion limits of 50 MeV/c
or 250 MeV/c away from the beam velocity. With the
50 MeV/c exclusion, the different charge divisions did not
give results that differed significantly from each other,
and the results are expected to be less sensitive to the
charge division for the 250 MeV/c exclusion.

Final-state pion-pion hadronic interactions are ex-
pected to be small [17], and therefore are not considered
in the analysis. Details of the track-finding and data-
reduction procedures are given by Chacon [31]. The lab-
oratory momenta of the pion pairs analyzed were in the
range 300 to 900 MeV/c in the 0' acceptance, and 150 to
1000 MeV/c in the 45' acceptance. The final data sam-
ple consisted of 28000 (38500) pion pairs for t;he 0'(45')
measurement. For this symmetric system the source-size
analysis was carried out in the center-of-mass frame.

The reference sample, i.e. , the single-pion momentum
distribution of Eq. (2) with no Bose-Einstein correlations,
was generated using the event-mixing method [26, 31].
To remove the residual correlation in the "mixed-event"
sample, correlation function parameters [in Eq. (1)] from
a previous fit were taken, and used to generate (by event
weighting) a reference sample with the residual correla-
tion effect removed [26, 31]. This reference sample was
used to generate a new set of parameters by fitting the
correlation function to experimental data. These steps

mere repeated until the fit results were stable, which was
usually the case after 3—5 iterations. In Fig. 2 difFerent
projections of experimental data and correlation function
fits are shown for the 45' measurement. The differences
in shape between the correlation function used in the fit
[Eq. (1)] and the projections are due to the acceptance
weighting of the projections [36]. No significant devia-
tions from the simple Gaussian source model are evident,
such as higher-energy pp studies [35] have observed and
attributed to heavier mesons beyond the production en-
ergy of the Bevalac.

IV. RESULTS AND DISCUSSION

The dependence of the source parameters on the pro-
jectile mass number A for the 0' and 45' configurations
is given in Tables II and III, respectively, and is shown
in Figs. 3(a) and 3(b). Previous results for Ar, Fe, and
Nb have been taken from Chacon et at. [30, 36]. The

given here is restricted so that more than five counts
were required in a bin for it to be included in the cal-
culation. The gpM„ is a y based on the log-likelihood
function used in the principle of maximum likelihood fit,
and reduces to the usual y2 for sufficient statistics [26,
31]. NDF is the number of degrees of freedom.

For both observation angles the source exhibits an
oblate shape (B~ ) B~~) except in the case of Nb for
which the source is nearly spherical. The parameter B~
is fairly constant over the whole mass range at about
5.0 fm (0') and 4.5 fm (45'). The lifetime 7. strongly
increases with the mass number, mhereas the chaotic-
ity A seems to be increasing only in the 0' data. Note

TABLE III. Fit results of the 45' data for different projectiles with [p»~&] ) 50 MeV/c. The
results for Ar, Fe, and Nb are taken from Chacon et al. [36].

Projectile

R~ (fm)
R~~ (fm)
~ (fm/c)

A

K /NDF
g~Mp/NDF

Events

Ar

4.5 + 1.0
1.0 + 1.0
p p+2 ~ 3—0.0

0.72 + 0.10
138/156

1702/1662
3300

45 data~ ]p»&&j ] ) 50 MeV/c
Fe

4.0 + 0.65
1 5+0.55—0.9
1.7 + 1.7

0.66 + 0.06
381/403

2194/1925
8400

4.8 + 0.55
3.8 + 0.2
4.8 + 1.0

0.89 + 0.035
846/795

2612/2098
39 100

La

4.5 + 0.75
3.6 + 0.4
7.6 + 1.0

0.70 + 0.04
561/541

1958/1603
38 500
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(b) TABLE IV. Average detected multiplicity in the tag array
as a function of impact parameter, from FREESCO and GEANT

simulations of the experiment. The impact parameter is given
in units of the nuclear diameter (e.g. , b/b, „).
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FIG. 3. Gaussian source shape parameters as a function
of the mass number of the projectile (= target) for (a) 0' and
(b) 45' measurements.

that in the 0' configuration measurements A approaches
the value of 1, corresponding to a completely chaotic
source. The general trend in the 45' data seems to in-
dicate a chaoticity parameter of around 0.7. This is in
disagreement with nuclear cascade calculations [15] and
the "final-state shadowing" effect [8] which both predict
A values around or greater than unity. Fowler and Weiner
[13] attribute the lower chaoticity to an increase in stim-
ulated emission through 4 decay along the longer R~
axis.

The distribution of the charged-particle multiplicity

10

from the multiplicity array is shown in Fig. 4 for the
45' data. The average number of hits in the array for
both viewing angles is about three. The analysis of vari-
ous tag multiplicity cuts was carried out in the same way
for the 0' and 45' data. As mentioned in Sec. II it was
not possible to use the tag information from all the scin-
tillators within the full array. Despite periodic changing
of the mid-array scintillators struck by the beam, there
were radiation-damage effects and high-count-rate effects
that precluded their use in the final analysis.

To determine the correlation between tag multiplicity
and impact parameter, the FHEESCO cascade-coalescence
code of Fai and Randrup [39] was used to generate sim-
ulated events for diferent impact parameters. The tag
array geometry and magnetic fields were incorporated
in the GEANT [40] simulation code with the input of
FREESCO events. At first, as Table IV shows, the tag
array multiplicity (using 100 simulated events for each

10

6$

0
CL

10

10

~~
CO

0)
Cl

JD
G$

O
CL

M=2

M&4

I l I l I

5 10 15 20 25 30
Tag Multiplicity

0 0.2 0.4 0.6 0.8
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FIG. 4. Distribution of the charged particle multiplicity
detected by the multiplicity array for 45' data.

FIG. 5. Probability density as a function of impact pa-
rameter for two multiplicity cuts in the tag array.
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impact parameter) appears to be of little value, as the
impact parameter is a double-valued function of the mul-
tiplicity. Obviously the multiplicity is low for the most
peripheral collisions, but it is also low for the most central
collisions since these violent central collisions throw most
of the charged particles to wider angles than the 5.5' sub-
tended by our array H.owever, the events measured have
two negative pions detected in the Janus spectrometer,
and this strongly biases the events toward central colli-
sions because of the spectrometer's small acceptance.

Another program was used to fold together the tag ar-
ray multiplicity, Poisson statistics, and the two-pion trig-
ger probability. The simulated tag array multiplicity was
scaled downward somewhat to reproduce the observed
average multiplicity. The calculated impact-parameter
distributions for two tag multiplicity cuts are shown in
Fig. 5. The pion production probability has suppressed
the large impact parameters so that the multiplicity is
now a positive monotonic, if broad, measure of the im-
pact parameter. Note that the relationship between the
detected multiplicity and the centrality of the collision
is reversed from that of a 4n detector —larger detected
multiplicity is less central and smaller detected multiplic-
ity is more central.

For the 0' data, the selection of two-pion events ac-
cording to multiplicity does not have a statistically sig-
nificant effect on the source parameters, as demonstrated
in Fig. 6(a) and Table V. The various cuts on the mul-
tiplicity in the array (M) are indicated, along with the
unbiased data ("unbd"). In contrast to the 0' data, the
requirement of low multiplicities in the 45' data causes
the source shape to become more oblate, and the selec-
tion of high multiplicities leads to almost spherical source
shapes [see Fig. 6(b) and Table VI]. In an attempt to ex-
tract a set of peripheral collisions, the zero-hit condition
was relaxed to also include events that had pulse-height
overflows, the idea being that heavy beam residues either
passed (undetected) through the center of the multiplic-
ity array or caused an overflow in the innermost ring of
counters (this condition is denoted "M=(OF" in Fig. 6,
and in Tables V and VI). Since FREESCO does not gen-
erate heavy fragments (only coalescence fragments up to
mass = 30), it is not possible to have confidence in the
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FIG. 6. Gaussian source shape parameters for different
multiplicity requirements on (a) 0' and (b) 45' data. Results
with no multiplicity requirements are labeled "unbd" (for un-

biased), and the zero multiplicity condition "M = 0OF" is
explained in the text. The data set labeled "M ( 2P" shows
the effect of a projectile-frame momentum cut (]p»»]
250 MeV/c rather than the usual cut of ]p&, &] ) 50 MeV/c)
on a M ( 2 multiplicity data sample.

impact-parameter selection of the condition M = 0OF.
It is inherently difficult to simultaneously determine

w and the size parameter along the line of observation,
and many confidence contour plots were presented in
Ref. [36]. The uncertainties quoted take the usual con-
servative estimate [41] from the confidence contour plots.
The uncertainties shown in Fig. 6 take into account the
correlation of the components of B and the lifetime v. .
Thus, the Bnite value reported for 7. is statistically sig-
nificant, and with the large number of events within a
small solid angle it is not necessary to force 7. to zero, as
in some earlier streamer-chamber studies.

TABLE V. Source parameters for the 0' measurement with varying biases imposed through
multiplicity cuts. For an explanation of the symbols, see the text.

Class

Ri (fm)
Rl (fm)
~ (fm/c)

5.6 + 0.5
3.6 + 1.1
4.5 + 1.4

1.12 + 0.10

0 data
M&2

5.2 + 0.4
3.8 + 0.8
4.3 + 1.2

1.12 + 0.08

5.5 + 0.5
3.9 + 0.9
5.4 + 1.0

1.08 + 0.08

M&2
5.4 + 0.4
3.7 + 0.9
4.9 + 1.1

1.06 + 0.08

Class

R~ (fm)
Rii (fm)
7. (fm/c)

5.6 + 0.5
3.2 + 1.3
4.9 + 1.4

1.16 + 0.11

unbd

5.3 + 0.3
3.7 + 0.7
4.? + 0.9

1.08 + 0.06



1664 H. BOSSY et al. 47

TABLE VI. Source parameters for the 45' measurement with varying biases imposed through
multiplicity cuts. For an explanation of the symbols, see the text.

Class

R~ (fm)
R~~ (fm)
r (fm/c)

A

3.5 + 1.4
3.8 + 0.6
8.0 + 1.6

0.74 + 0.07

45' data
M&3

4.1 + 1.2
3.7 + 0.5
7.6 + 1.4

0.76 + 0.06

5.9 + 0.9
3.8 + 0.5
6.7 + 2.1

0.72 + 0.06

M&2
6.1 + 1.0
3,4 + 0.5
6.4 + 2.3

0.74 + 0.07

Class

Rg (fm)
R)~ (fm)
r (fm/c)

A

7.4 + 1.3
1.3 + 0.8
3 0+3.6—3.0

0.62 + 0.08

M &2P
4.0 + 1.6
3.2 + 0.6
6.9 + 1.9

0.67 + 0.07

unbd

4.5 + 0.8
3.6 + 0.4
7.6 + 1.0

0.70 + 0.04

Comparing the M ) 4 (less central) and M & 2 (most
central) parameter sets in Fig. 6, the 0' pion data show
almost no impact-parameter dependence, with a moder-
ately oblate source shape and a chaoticity parameter A

near unity. On the other hand, the 45' (laboratory) pion
data have an oblate source shape for the most central
and a spherical source shape for the intermediate impact
parameters. (There is no information in this data set
on very peripheral reactions. ) Neither r nor A show any
significant dependence on impact parameter.

As discussed in Sec. III, it was verified that the mul-
tiplicity dependence in the 45' data is not an artifact of
the Coulomb correction. However, demanding that the
pions have a projectile frame momentum greater than
250 MeV/c leads to a nearly spherical source shape, sim-
ilar to the unbiased one. This case is shown for multiplic-
ity M & 2 in Fig. 6 and in Table VI (denoted "M & 2P").
Thus these 90' c.m. more central events have their most
energetic pions showing a spherical source and those be-
tween 50 MeV/c and 250 MeV/c in the projectile frame
showing an oblate source. This puzzling behavior might
be a hint for future theoretical studies to pay attention
to side-splash and moving-source effects [11].

The multiplicity dependence of source radii determined
by two-particle correlation measurements has been inves-
tigated earlier by others. In Refs. [29, 32, 35] no such
multiplicity dependence has been found, whereas Refs.
[22—25, 27, 33] report an increase of the radius with in-
creasing multiplicity (centrality) of a collision.

Our downstream array had insuflicient solid angle to
establish a reaction plane. Future studies might aim at
measurements of the three radius parameters of an el-
lipsoidal source with respect to the reaction plane. The
question of pion rescattering might then be better re-
solved.

V. SUMMARY

In this study we extended the determination of space-
time dimensions of pion sources in symmetric heavy-ion
collisions using Bose-Einstein correlations to the higher
mass system issLa. As in previous measurements, the
radius perpendicular to the beam axis has been found
to be larger than the radius in the beam direction. Our
results do not follow an Ai/s dependence of the radii
on the mass of the projectile [42] but are nearly con-
stant. The chaoticity parameter A shows only small vari-
ations with the projectile mass, whereas the lifetime in-
creases for heavier projectiles. For the 0' observation an-
gle the source shows almost completely chaotic behavior
(A = 1), and at the 45' (90' c.m. ) angle the chaoticity
is reduced (A —0.7). The tag multiplicity dependence
of the 90' c.m. data is puzzling, and the fit parameters
for the 0' data are independent of the tag multiplicity.
Perhaps these results can be a guide for analysis of next-
generation heavy-ion pion interferometry experiments us-

ing time projection chambers.
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