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Results are presented for pion interferometry measurements of 1.8A GeV Ar+ KC1 and Ar+ La, and

1.2A GeV Xe + La at the Lawrence Berkeley Laboratory Heavy Ion Spectrometer System. The param-

eters R, ~, A, , R„andR~~ are presented for all three projectile-target combinations. The correlation be-

tween the extracted size of the pion source and the centrality of the collision is investigated as well as the

freeze-out densities and the dependence of the source size on the mean momentum of the pion pairs.
The experimental setup and analysis are discussed and comparisons made with the results of others. The

phase space covered is at forward angles in the center-of-mass system.

PACS number(s): 25.75.+r

INTRODUCTION

Relativistic heavy-ion collisions have been studied in
experiments at the Lawrence Berkeley Laboratory BE-
VALAC for almost twenty years [1]. One of the primary
interests in these studies has been to investigate how nu-
clear matter behaves at the high temperatures and pres-
sures achieved in these collisions. As one cannot solve

directly the many-body problems present in analyzing
these heavy-ion collisions, the approach taken by many
theorists in this area of study is to describe these reac-
tions in the language of thermodynamics. This being the

case, one then talks about investigating the equation of
state of the nuclear matter in these collisions, and
measuring such parameters as the pressure, temperature,
volume, entropy, etc. [1].

A simple geometric model is usually used when
describing high energy nucleus-nucleus collisions. In this
model [2—4], commonly referred to as abrasion ablation
or participant spectator, when the two nuclei collide the
overlap regions of the two nuclei interact with one anoth-
er, forming a hot, dense, interaction region, while the
remaining parts of the projectile and target nuclei are left

largely unaffected aside from some excitation energy. It
is this interaction region which we wish to study.

As the pions that come out of these collisions are creat-
ed in the interaction region of these collisions, they are a
natural probe to use in the study of the overlap region.

To extract some measure of the volume of the interac-
tion region, and, if one knows the number of participants,
the density, one may use the correlations of identical par-
ticles [5—12]. This technique, commonly referred to as

the Goldhaber-Goldhaber-Lee-Pais (GGLP) or
Hanbury-Brown —Twiss (HBT) technique, and its applica-
tion to a few different projectile-target combinations is

the subject of this article. In addition to, and many
would say more interesting than, the space-time exten-
sion of the pion source, there are theories which indicate
that one may be able to use the magnitude of the pion
correlation effect to extract information on the degree of
coherence of the pion source. More complete details for
this experiment may be found in Ref. [13].

Experimental evidence for the existence of correlations
in particle momenta in high energy collisions due to the
type of statistics the particles obey, either Fermi-Dirac or
Bose-Einstein, was first reported about thirty years ago.
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In order to extract meaningful information from a parti-
cle correlation analysis, two general categories of ques-
tions require particular attention. These categories are
the following: (1) What other processes distort the parti-
cles momenta, in this case negative pions, corning from
the nuclear collisions, by how much are they distorted,
and how will it show up in the analysis? (2) What quanti-
ties is one actually measuring'?

crease in the magnitude of the two-pion enhancement due
to partial coherence of the emitted pions as well as other
physical processes [17] acting on the pions. Our final
two-pion correlation function is thus

C2(q, qo) =1+Re ( q 2R /2 —q0d/2)
(5)

or

C (q, q )=)+ye qx z q qo~
(6)

Intensity interferometry

The first experimental evidence that some measure of
the size of the pion source could be obtained from the
phase space density of the emitted pions momenta was
obtained by Goldhaber [14] et al. (GGLP effect) while
analyzing p-p annihilations in the late 1950s.

In the early 1970s a number of theorists [6—12], at
roughly the same time, realized that the GGLP effect was
analogous to the HBT effect [5] in radio and optical as-
tronomy. This lead to a much more straightforward
technique of analyzing the data to extract the space-time
information for the pion source.

The derivation of the pion correlation can be found in
many papers [9,10,15]. What one finds is that for two
identical bosons the correlation function is given by

c2(q qo)—= 1+ lp(q qol'

where q = lp(
—

p2 l
is the relative three-momentum,

q()=lE) E2l, and —p(q, qo) is the Fourier transform of
the pion emitting source distribution. To continue, one
must make some assumption for the form of this distribu-
tion. Following the work of Yano and Koonin [10] we
have chosen to use their Gaussian distribution for the
spatial and temporal distribution. This distribution is
parametrized as

( Pg/Ry f /R f /9)
p(r~, r, t ) = e (2)

or, with the assumption that R~ =R
~~,

as

(rt) e( —r /R —t /r)
R

R~ and R
~l

above refer to the directions transverse to
and parallel to the beam, respectively. Using this form
for p(r, t) leads to

(
—q2R /2 qor /2)—

C2 q, qo =1+e (4)

Notice that the expression for C2 above goes to the value
of two as q and qo both go to zero. This is merely due to
the property of bosons that the probability of a boson go-
ing into a state is twice as large if there is already a boson
in the state. In practice it has been observed that the ex-
perimentally determined correlation very seldom reaches
the value of two at the origin. To get a better fit to the
data it was first suggested by Deutschmann et al. [16]
that one put another fit parameter in front of the ex-
ponent in the function above. This parameter, typically
given the symbol lambda, is usually referred to as the
chaoticity or coherence parameter. It allows for a de-

the choice of form depending on whether one assumes the
source is spherical.

Experimental extraction of correlation function

The theoretical two-pion correlation function is defined
as the normalized ratio of the inclusive two-pion cross
section to the product of the single-pion cross sections
[11]. While this gives an exact definition of the correla-
tion function it is not the function which is actually fit to
the data. Experimentally one extracts a quantity which is
the pion pair distribution as a function of q and qo, or
some other parameters related to the pions separation in
phase space, for pairs formed from the same event, in
which one expects to see the enhancement in the distribu-
tion due to the Bose statistics, and divides this by the
same distribution for pion pairs, formed using pions from
different events, in which one expects most effects except
those due to the Bose statistics. We will refer to those
pairs in which one expects the correlation to manifest it-
self as correlated pairs, and those in which one does not
expect the effect as uncorrelated pairs.

The technique which was employed in this analysis to
form the uncorrelated pairs is most commonly known as
event mixing. With this scheme one forms the uncorre-
lated background pairs by mixing pions from different
events. It is clear that with this method most of the
hardware and software acceptances are automatica11y
taken into account, i.e., one can only use negative pions
which have come out of the analysis. When using this
method one must take great care to use as close to the
same type of events as possible in forming the correlated
and uncorrelated pairs. In this analysis care has been
taken to use exactly the same set of pions in both the
correlated and uncorrelated pion pairs.

What may seem at first to be a problem with this
method, namely, the conservation of energy, momentum,
charge, and various conserved quantum numbers turns
out not to be of concern in relativistic heavy-ion col-
lisions. The reason is that the two colliding nuclei supply
a large reservoir of energy and quantum numbers of
which the detected pions have but a small portion, thus
one does not expect any significant kinematic correlations
to affect the results.

We close this section with a few general remarks that
may answer some common questions concerning particle
correlation studies. The first point is that while most
processes that are measured in nuclear experiments are
the results of, and explained in terms of, either kinemat-
ics or dynamics, the basis of Bose-Einstein correlations is
neither. The bunching in phase space which one investi-
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gates in these studies is due solely to the quantum statis-
tics which apply to the particles being studied [12]. Any
correlations due to kinematics or dynamics represent the
systematic distortions in these analyses, which one hopes
to understand and correct for.

The other point which may lead to confusion is the
analogy that is often made between the correlations of
photons used by Hanbury-Brown and Twiss to measure
stellar radii, and the correlations, in this case of negative
pions, used to obtain some measure of the spatial and
temporal extent of a nuclear collision. As pointed out by
Cocconi [8], whereas in the case of the photons the in-
terference develops primarily in the region of the tele-
scopes used to detect the photons, far away from their
source, in the pion interferometry case the interference
develops near the source, as soon as the pions undergo
their last rescattering and leave the nuclear fireball.

Beam from
BEVALAC

Vl
5t

B42M3

IAQ3A

g/~ Q3B

EXPERIMENTAL SETUP

This experiment was performed using the Heavy Ion
Spectrometer System [18] (HISS) which is located at the
Lawrence Berkeley Laboratory BEVALAC. The HISS
facility was designed in a modular fashion to allow one to
configure its array of detectors to run a wide variety of
experiments.

The core of the HISS facility is the large superconduct-
ing dipole magnet. The HISS magnet has pole tips which
are 2.1 m in diameter separated by a 1 m gap. It has a
maximum central field strength of 3 T, and is mounted on
a rotating base.

The HISS configuration used for this experiment is
shown in Fig. 1. As the beam from the BEVALAC
comes down the evacuated beam line to the HISS experi-
mental cave it impinges onto a soft-collimator (scintilla-
tor with hole, put in as veto), monitor scintillator ar-
rangement ( V, and S, ), also in vacuum, which collimates
the beam accepted and sets all the timing in the trigger.
The beam continues down the beam pipe, through a di-

pole and three quadrupole magnets. The beam leaves
vacuum and traverses P„about 2.5 m of air, and P2. P,
and Pz are position sensitive scintillation detectors which

give the upstream vector for the beam. The beam then
goes through another soft collimator, scintillator arrange-
ment and enters the vacuum chamber of the HISS super-
conducting dipole. For this experiment the magnetic
field of the HISS dipole was pointing down (into the page)
and had a magnitude of 7 kG. The beam then strikes the
target located just off center in the HISS magnet. Any
surviving beam or projectile fragments then leave the
vacuum chamber, strike the trigger detector (V4), and
finally register in the fragment time-of-flight (TOF) wall,
following the dotted line in Fig. 1. The negatively
charged pions [produced around 0 in the center of mass
(c.m. )] and light positively charged particles and nuclei
( =90' in the c.m. ) travel through the HISS drift
chambers and strike the arc of TOF walls as shown in the
figure. The upstream beam vector obtained from P, and

Pz and the downstream vectors for the pions obtained
from the drift chamber are used to determine the pion's
momentum.

ment
k)

FIG. 1. Experimental setup. HISS B field is into the page
with a magnitude of 7 kG.

All of the targets used in this experiment were mount-
ed on a target wheel inside the HISS dipole vacuum
chamber.

The trigger detector referred to as V4 is the one which
determined the centrality of the events which the trigger
circuit accepted. It consisted of a 50 cm by 30 cm rectan-
gle of 3 mm thick Pilot 425 plastic Cherenkov radiator.
We choose to use a Cherenkov radiator to avoid the satu-
ration in the light output which one observes in plastic
scintillators for highly charged fragments. The radiator
was read out at both ends via adiabatic plastic light pipe
by 5 cm photomultiplier tubes. This scintillator was
mounted just downstream of the HISS vacuum chamber
such that the beam spot was centered on the detector's
active area. It was mounted with the long dimension
vertical, 235 cm downstream from the center of the HISS
dipole.

The TOF covering the fragmentation region consisted
of 15 individually wrapped plastic scintillator slats. Each
slat is 89.5 cm long, 10 cm wide, and 6 mm thick. The
slats are mounted vertically, long edge to long edge, in a
plane, on an aluminum frame. On each end of each slat
there is attached a tapered plastic light pipe which goes
to a 5 cm photomultiplier tube. We collected time and

analog information from each end of each slat in the data
stream. This TOF wall was incorporated into the experi-
ment to give information on the charge sum of any sur-

viving projectile fragments, and hence give us some
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means of estimating ihe impact parameter. %Pith ihe
gains we used for this wall one may extract the charge of
the projectile fragments down to about charge four.
Below this point one cannot clearly identify the charge
peaks.

The downstream tracking was done using the HISS
drift chamber [19] (DC). The overall dimensions of the
DC, as seen by a track, are 1.5 m vertically, 2.0 m hor-
izontally, and 1.4 m deep. The detector consists of fifteen
modular planes of drift cells. The planes are separated
from one another by 10 cm along a line normal to the
front plane of the DC, and are all contained in the same
gas volume. The planes have one of three types of wire
orientation, vertical, and tilted to the left or right of vert-
ical by 30'. The counting gas we used in the DC was P-
10 (90% argon, 10% CH4). The single plane position
resolution obtained was -700 pm and the single plane
efficiency of the chambers was approximately (within
=1%) 100%.

The TOF walls labeled T1 and T2 consist of twenty
slats each. Each slat is 10 cm wide, 300 cm tall, and 2.5
cm thick. There is a plastic, tapered light pipe attached
to each end of the slats which is coupled onto 5 cm pho-
tomultiplier tubes. From each tube we collect both ana-
log and time information.

The information from the TOF walls allows one to ex-
tract the velocity, and hence the mass of the particles for
which one gets tracks from the drift chamber. The arc of
the TOF walls covered the angles from about 10' to about
55' in the laboratory as shown in Fig. 1.

Targets and beams

We used two targets and two beams in this experiment;
they are specified in Tables I and II.

The values listed in Table I for the beam parameters P,
y, K.E., and P are the values at the target after correct-
ing for material upstream in the beam line. The values
given for the multiple Coulomb scattering (MCS) (eo) are
calculated for a pion with a laboratory momentum of 600
MeV/c which traverses half of the target thickness. The
effect of this MCS on the overall momentum resolution
for the pions is discussed in the section on the momentum
reconstruction and resolution. The column labeled I-z
gives the radiation lengths of the target materials.

The beam energies used are the maximum available
from the BEVA LAC for each beam. The target
thicknesses were chosen to give a sufficient data rate
while keeping the multiple Coulomb scattering and ener-

gy loss in the target tolerable.

TABLE II. Target parameters.

Target

KC1
La
Empty

Thickness (g/cm )

1.130
0.446

Lg (g/cm )

18.5
7.8

00 (mrad)

4.2
5.0

WXWI,VS&S

The analysis is performed in four passes through the
data. The main task in the first pass through the data is

Triggers

A LeCroy Programmable Logic Unit (PLU) was used
for defining the triggers in this experiment. This allows
one to switch between a fixed set of triggers, ensuring
reproducibility. The targets were cycled run to run to
minimize any time-dependent systematics in the data.

The following triggers were used in the experiment.
Beam Straight (BS)—:S, Vt.Sz V2. This trigger was

what we designated as the Beam trigger. It placed a
lower bound on the ADC signals for scintillators S& and
S2, and an upper bound for the soft collimators (hole
scintillators) V, and V2. The threshold on S2's discrimi-
nator was set at a level just below the signal for the beam,
thus eliminating beam tracks which interact in the vacu-
um window at the end of the beam pipe, P& or P2, or the
=3 m of air upstream of S2.

Soft—:BS-V4 hi. This trigger is very similar to the
trigger used by some members of the collaboration earlier
to select central (small impact parameter) events in pion
studies using the Streamer Chamber detector at the BE-
VALAC. As stated explicitly above, the trigger required
the BS trigger as well as the lack of a signal from a
discriminator connected to V4. This trigger correspond-
ed to a cutoff in the maximum projectile fragment charge
at about Z =11 or 12 for the Ar beam. This trigger was
not used for the Xe beam.

Hard=BS. V4 lo. This trigger was set to select central
events. The difference between this trigger and the soft
trigger is that the threshold on the discriminator used
was set such that the leading fragment charge for the
events accepted was something less than =3 for the Ar
beam.

Using the ratio of soft (hard) to BS triggers, corrected
for the dead time and the target out ratio, one may calcu-
late the cross section for satisfying the soft (hard) trigger.

In Table III we have summarized the trigger cross sec-
tions for the beams and targets used in this analysis.

Beam

TABLE I. Parameters of beams used.

z

Note P, y, K.E., and P are values at target.

K.E.
(a MeV)

P
(Gev/c)

Argon
Xenon

18
54

40
136

0.940 11
0.896 9

2.9336
2.261

1799
1175

102.663
256.726
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TABLE III. Summary of triggers. o.g„=pro(A& '+ A,' '), ro = 1.2 fm, and Ab and A, are the num-

ber of nucleons in the beam and target nuclei.

Beam

Argon
Argon
Xenon

Target

KCl thick
La
La

+geo

2.116
3.346
4.856

0 soft

1.428
2.438
3.844

~soft ~geo

67
73
80

~hard

0.555
1.358
1.75

~hard ~~geo

26
40
37

to construct the tracks in the drift chamber from the wire
hits (wires within an event which receive a valid TDC
value).

In the second pass through the data the tracks in the
drift chamber and the position and angle of the beam on
the target, given by P, and P2, are used to reconstruct
the m momenta.

In the third pass the correlated and uncorrelated pion
pairs are formed and placed into matrices. All the sys-
tematic corrections to be applied (Gamow, background
correlations, DC efficiency, etc.) are calculated and ap-
plied to the uncorrelated pairs.

In the fourth pass the multidimensional fitting is per-
formed on the matrices to obtain the best fit to the corre-
lation function and hence extract the spatial (R, or Rj
and R!!), temporal (r), and "chaoticity" (A, ) fit parame-
ters.

Momentum resolution

The momentum resolution for the experimental setup
was extracted using a combination of Monte Carlo simu-
lations and information contained in the data. The
effects accounted for are MCS in the target, MCS in all
material downstream of the target to the back (exit) side
of the DC, position and angle resolution of the DC, and
the error in the determination of a beam track*s position
on the target. Figure 2 shows the momentum resolution
in the c.m. frame. The squares represent the momentum
resolution when all the effects listed above are included.
The error in the momentum of the pions due to the posi-
tion resolution of the beam on the target cancels out to

1 0 ~ I I ! I I I 1 ! I I 1 I ! e I I I ! I I I I ! 1 I I I ! I ~ I I

8—

6—
hP/P

— (%)

.a - - MCS all + DC res.

—~ —Total

IPI c.m. MeV/c
\ ~ I I! I I I ~ ! I I I ~ ! I I I I! I I I I I I I I0

100 200 300 400 500 600 700 800

FIG. 2. Momentum resolution evaluated in the nucleon-

nucleon c.m. frame. Squares represent n momentum resolu-

tion due to all effects. Triangles include all effects except posi-

tion resolution on the target. This (triangles) is the resolution of
interest for this analysis.

first order in the correlation analysis as one wi11 always be
dealing with the relative momentum of the pions. The
triangles represent the resolution (b,P/P) of importance
in this analysis which is =2. 5% in the c.m. frame.

Particle identification

Using the velocity information from the TOF walls, we
observed that the negative particle spectrum contains
essentially only n. 's, as one would expect at these ener-

gies as the production cross sections for K are about
four orders of magnitude smaller I20] than for ~ . Thus,
for the negative pion correlation analysis presented here,
one need only separate the negatively charged particles
from the positively charged particles. One then identifies
all of the negatively charged particles as m. 's. The infor-
mation we use to distinguish between the positively and
negatively charged particles is the position-angle (in the
bending plane) correlation of the tracks in the drift
chamber. We calculate the contamination of the n. data
due to electrons, resulting from gammas from ~ decays
which convert in the target, to be less than 0.5%.

Systematic corrections

There are five systematic effects which were investigat-
ed in the analysis, three of which we have corrected for.
In all cases the systematic corrections are applied by
weighting the uncorrelated m pairs.

The first correction is for the detection efficiency of the
DC, due to both hardware and software, in finding close
tracks. It is crucial when one does a two- (or multiple-)
particle correlation analysis that one understands and
characterizes the efficiency of the tracking detectors and
software for finding close tracks within an event. As the
tracking efficiency is directly dependent on the geometry
of the DC cell structure (primarily depends on the verti-
cal wires for the tracking algorithm used), the efficiency
curve was parametrized as a function of the spatial sepa-
ration of the tracks. This is a very small correction used
in weighting the background pairs. The effect of this
efficiency correction on the HBT fits was very small (see
Table IV where we have included the results of the HBT
fits with no systematic corrections applied). The multipli-

city dependence of the efficiency curve was investigated
and found to be negligible over the range of multiplicity
observed in the data.

The second correction is for the effect due to the mutu-

al Coulomb repulsion between the pions in the correlated
pairs. For the repulsive Coulomb interaction between the
two ~ in a pair this penetration factor is the Gamow
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TABLE IV. Results for 1.8A GeV argon on KCl, hard trigger.

Systematic
Corrections

Applied

DC e%ciency
Gamow

Background

X X
X

X
X
X

R (fm)

~ (fm/c)

x'
NDF
Pr (X -X
89 847 correlated

4.46

0.0
0.56

753.2
726
0. 15

4.46

0.0
0.57

750.3
726
0. 18

~ pairs, 1389400 uncorrelated m pairs

4.51+0.14

0.0+ 1.1

0.76+0.05
750.0
726
0.18

4.30+0.14

0.0+ 1.1

0.78+0.05
745. 1

726
0.23

R~ (fm)

R() (fm)

~ (fm/c)

x'
NDF
Pr (X -X
88 709 correlated

4.51

3.44

1.98

0.55
2107.2
2081
0.28

pairs, 1357 500 uncorrelated n. pairs.

4.62+0. 18

3.63+0.33

1 08+1.12

0.75+0.04
2093.6
2081
0.39

4.39+0.15

3.48+0.30

1 30+0.90

0.77+0.05
2088.3
2081
0.43

factor [11]:

2~9 Pl ~CKG(ri)=, where g=
e 21'/ 1 "y go

—
g

The Garnow correction factor is applied to the un-
correlated pion pairs before the HBT function is fit. The
Gamow correction has a substantial (increases by =4cr )

effect on the A, parameter and a relatively small (increases
by =o /3) effect on the radius parameter (see Table IV).
For the argon on KC1, hard trigger data set, the applica-
tion of the Gamow correction raises the value of A, from
0.57 to 0.76 and raises the value of R from 4.46 to 4.51
fm. The magnitude of the correction on A, is very similar
to some earlier results [21].

The third correction is for residual correlations in the
uncorrelated pairs. This correction technique was first
derived and applied by Zajc [15] in his analysis of a pion
interferometry experiment using the Janus spectrometer
at the BEVALAC. Its purpose is to correct for the dis-
tortion in the single pion inclusive spectra due to the
Bose-Einstein correlations. The correction is performed
with an iterative procedure in which one weights the un-
correlated pion pairs [15].

For the Ar on KC1, hard trigger data set, this correc-
tion lowers the values for the radius parameter R by
slightly more than 1o., from 4.51 down to 4.30 fm. It has
no effect on the lifetime parameter r, leaving it at zero,
and increases the A, parameter by about half a 0., from
0.76 to 0.78.

The fourth systematic effect is that due to the finite
momentum resolution of the experimental setup. It was
seen that the effect of our finite momentum resolution
lowered the values of the HBT fit parameters by less than
2%, which corresponds to about one-half of the standard
deviation for the most precise fit. Due to the small mag-
nitude of this correction, and the approximate method in

which it is calculated [13], we note it for completeness
but it has not been apphed to any of the results presented
here.

The final systematic effect that we include here for
completeness is the Coulomb attraction between any
remaining projectile spectator fragment and the negative-
ly charged pions. These effects have been seen in in-
clusive pion studies [22] as an enhancement of the ratio of
the n. to ~+ cross sections for mornenta close to that of
the projectile. In previous experiments [15,23—25] at-
tempts have been made either to correct for this effect or
to cut out the data thought to be affected. To correct for
this effect one must either know, on an event by event
basis, the mass, charge, and momenta of the projectile
fragments, or one must choose what one believes to be a
reasonable distribution for these quantities. One then
corrects, on a component by component basis, the
momentum of the pions. The other method is to trans-
form all the pion momenta into the projectile frame and
then place a threshold on the pion momenta in this
frame.

We investigated the effect of this Coulomb attraction,
employing both of the techniques above, and concluded
this effect is negligible for this experiment. As the upper
limit of the effect is less than the uncertainty obtained in
fitting the data, and depends either on one's choice for
the projectile fragments and their moment, or on one' s

assumptions about the charge, size, and temperature of
the fireball, we do not apply this correction in the final
fits to the data. The size of the effect calculated is very
similar to that which others have found [15,25] doing this
type of analysis.

Phase Space acceptance

Figures 3, 4, and 5 show the acceptance of the experi-
mental setup due to constraints of both the hardware and
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FIG. 3. Inclusive momentum distribution for the ~, evalu-

ated in the nucleon-nucleon c.m. frame, for events with 2 or
more m.

FIG. 5. Acceptance for correlated m pairs. q and qo are the
relative momentum and energy, respectively, for the pairs. In-
creasing contour labels represent increasing numbers of counts.
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FIG. 4. Crosshatched regions in (a) and (b) show the acceptance for ~ in Ar on KC1 data set. X is in bending plane of HISS di-

pole, Yis vertical, and Z is along beam direction. The inclusive g„distribution shown in (c) has a mean of 5 and o =25 .
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the analysis software. All the plots shown in this section
are from the Ar on KC1, hard trigger data set. The coor-
dinates are defined such that P is the component of
momentum in the bending plane of the HISS dipole, P is

the vertical or out of bending plane component, and P, is

the component in the direction of the beam, i.e., longitu-
dinal component.

Figure 3 shows a histogram of the inclusive momentum

distribution for the negative pions in the nucleon-nucleon

c.m. frame which are accepted into the HBT analysis

(i.e., come from events with two or more n ). Figure
4(a) shows the acceptance in P„vsP„evaluated in the
nucleon-nucleon c.m. frame. Figure 4(b) shows the ac-

ceptance in P versus the magnitude of the momentum,

evaluated in the c.m. frame. Figure 4(c) shows the in-

clusive distribution of 8„in the c.m. frame for a random

subset of the pions used in the correlation analysis. They
come from a distribution of angles with a mean of about
—5' and a cr of about 25'.

Figure 5 shows the acceptance for the pion pairs, in

particular the distribution for the relative momentum of
the pairs (q) and the relative energy of the pion pairs

(qo). The increasing contour labels represent increasing

numbers of counts. Notice that only half of the q-qo

plane is populated. This is due to a constraint imposed

by relativistic kinematics.

RESULTS

The results are subdivided for the various beam-

target-trigger combinations. In each subsection we have

tabulated the fits to the two forms of the correlation func-

tion given below:

( — 8 /2 — 2/2)

and

For a perfect fit this function reaches its maximum value

of one-half. For a11 fits the range of the independent vari-

ables (i.e., q, qo, q j,qI ) was from 0 to 400 (MeV/c, MeV).
The tables given in the subsections also contain the

number of correlated and uncorrelated vr pairs used in

each of the fits. The variation in the number of m pairs
used in the various fits for a given beam-target-trigger
combination is due to the different numbers of matrix
bins used into which the pairs are placed [i.e., C(q, qo) or

C(q!,q!~,qo)] and the requirement that all bins used in

the fits contain at least five correlated pairs.

Hard trigger data

Argon on KCl

The trigger selected =26% of the geometric cross sec-
tion for the argon on KC1 system Ap. proximately 6.5&&

of the events accepted by the trigger contained two m

which were passed for further analysis. We collected ap-
proximately 1.2 to 1.5 million raw events and ended up
with =90000 correlated pion pairs which passed all the
cuts and acceptance limits. Bin widths of 10 MeV
(MeV/c) were used in the first set of fits in the table and
widths of 20 were used in the second set of fits

[C2(qj, qI, qo ) ]. The results are listed in Table IV.
Figure 6 shows the experimental correlation data (i.e.,

the distribution as a function of q and qo of the correlated

pairs divided by the same distribution for the un-

correlated pairs) in Fig. 6(a) and the fitted theoretical
correlation function in Fig. 6(b). The data and fit shown

correspond to the first set of fit parameters in Table IV,
with the DC efficiency and Gamow corrections applied.
Notice the expected enhancement in the ratio of correlat-
ed to uncorrelated ~ pairs in the low q-qo region. Bin
widths shown are 10 MeV/c by 10 MeV.

( 2+ 2 /rp 2Z 2 /'Z 2+/'Z)
(9)

The parameter N is merely a normalization factor and is

of no physical significance. All the fits for the symmetric
beam-target systems were performed in the nucleon-
nucleon center-of-mass system.

The results of the fits are shown with the following
combinations of systematic corrections applied: no
corrections, both the DC efficiency and the Gamow
corrections, and the DC efficiency, Gamow, and correc-
tion for Background correlations all applied. For the ar-

gon on KC1 hard trigger data, the results are also shown
with only the DC efficiency correction applied to illus-

trate how small this correction is. Where calculated, the
one cr errors in the fit are given for the parameters. Also
listed in the tables are the g and the number of indepen-
dent degrees of freedom (NDF) for the fit Using the. se
two quantities we have calculated what is known [26] as
the Upper tail area function u-sing the first approximation
to y . This Upper-tail area function (UTAF) gives the
probability of getting a value for y greater (or less) than
that measured. Its value is the percentage of the area of
the g distribution between the value for y which one
obtains from the fit to the nearest end of the distribution.
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FIG. 6. C(q, qo) vs q and qo for Ar on KC1, hard trigger data
set. (a) The experimental correlation data and (b) the fit. The
DC efticiency and Gamow corrections are applied.
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As the extracted lifetime parameter is zero for the data
and fit shown, and because historically others have shown
correlation results in this manner, Figs. 7(a) and 7(b)
show the same set of data and the fit, without and with
the DC efficiency and Gamow corrections applied, pro-
jected onto the q axis. The error bars shown are just the
statistical errors. The dashed lines are the fitted HBT
function.

When one plots the error contours, the correlation be-
tween the various fit parameters can be examined. Shown
in Fig. 8 are the error contours for the same data as
shown in Fig. 7(b), where the DC efficiency and Gamow
corrections are applied. The contours shown correspond
to the one and two standard deviation errors. The posi-
tive correlation shown between the chaoticity parameter
k and the radius parameter R is as one would expect: an
increase in R can be compensated for by an increase in A, ,
and has been seen by others. The lack of any correlation
between the radius and lifetime parameters (i.e., error
contours are parallel to the axes) is a consequence of the
large acceptance of the experimental setup, which has the
desirable effect of uncoupling the determination of the
two parameters.

Figure 9 shows the error contours for the spatial pa-
rameters R j and R

~~

versus those for the lifetime parame-
ter ~. Notice the correlation between the parameters R~~

and ~ and the lack of a correlation between the parame-
ters R~ and ~. This is to be expected due to the coupling
of the relative energy and the relative parallel momentum

1
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FIG. 8. 10. and 2o error contours for standard R,~,X fit.
Data are Ar on KC1, with the hard trigger. DC efficiency and
Gamow corrections are applied.

for pions observed near zero degrees.
It has been suggested by Beavis et al. [27] and by Pratt

[28] that one may be able to extract information about
the evolution of the pion emitting source by performing
the HBT analysis as a function of the mean momentum of
the pion pairs in the c.m. frame. Pratt's model incorpo-
rates the radial expansion aspects of the hot participant
region, as theorized by Siemens and Rasmussen [29], to
see how the pion interferometry analysis is affected.
What he finds is that the radius parameter R decreases
monotonically as a function of II. (K =p, +p~ ), and that1.5
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FIG. 7. The correlation function projected onto the q axis for
the data shown in Fig. 6. Uncertainties shown are statistical.
Notice the clear enhancement of the correlation region even in
the raw data.

FIG. 9. 1o. and 2o error contours for R~~ vs ~ and R~ vs ~.
Ar on KCl, hard trigger data set. Notice the coupling between
the parameters R

~~

and ~ and the absence of any coupling (error
contours parallel to axes) between R~ and ~. DC efficiency,
Gamow, and background correlation corrections are applied.



PION CORRELATIONS IN 1.8A GeV Ar ON KCl AND La. . . 2845

R decreases faster as the ratio of the energy in collective
expansion to thermal energy is increased. The physical
explanation Pratt gives for this effect is that the faster
pion pairs are most likely emitted from a point on the ex-
panding shell which is in the direction of K, and therefore
appear to come from a smaller effective source. He also
points out that another possible explanation could be that
as the pion-nucleon cross section falls off rapidly for rela-
tive energies above 140 MeV due to the delta resonance,
the fast pions may have a larger mean free path and
hence a higher probability of escaping during the early
stages of the collision while the source is small.

In Fig. 10 we show the results obtained when we
binned the pion pairs as a function of their mean summed
momentum in the nucleus-nucleus c.m. frame. The re-
quirement imposed to determine the binning was that
one get equal numbers of correlated m pairs with rela-
tive momentum (q) less than or equal to 50 MeV/c in
each bin. We imposed this requirement in an attempt to
get roughly equal sensitivity for the various HBT fit pa-
rameters in all the bins. The vertical error bars corre-
spond to the one sigma errors in the HBT fits. The hor-
izontal error bars correspond to the standard deviation
for the distribution of the mean pion pair momentum
within the bin. The fits shown have the drift chamber
efBciency and Gamow corrections applied.

The plots shown in Fig. 10 are suggestive of the trend
which Pratt predicts. If one believes that this effect is
manifesting itself in the plots, it appears that to investi-
gate the effect one should design an experiment which
has as low a cutoff in acceptance for pion momentum as
possible. It is also clear that one needs very good statis-
tics to pursue this type of study.

The apparent decrease in radius at a mean pion
momentum of = 150 MeV/c is very similar to results ob-
tained for 1.5A GeV Ar on KC1 data taken at the LBL
streamer chamber by Beavis et stl. [27]. The magnitude
of the effect we see is smaller than observed in their data,
although one must note that the range of the mean pion
momentum in our data is also smaller. As pointed out in
their paper, the decrease of the extracted radius as a
function of the pion momentum is consistent with a pion
fireba11 model in which the temperature decrease as the
source expands. In a later paper by the same group for
1.8A GeV Ar on Pb this effect of a decreasing radius as
one increases the mean value of the pion pair's momen-
tum was also observed [25].

Shown in Fig. 11 are the unnormalized inclusive m

cross sections versus the kinetic energy of the pions in the
c.m. frame, for three angles in the c.m. frame. The data
are from the 1.8A GeV argon on KC1, hard trigger data
set. The cross sections shown have not been corrected
with target out data. The error bars shown are just those
due to statistics. The main feature to notice in this plot is
the characteristic exponential falloff in the cross section
as a function of the pions kinetic energy.

For a slightly more quantitative evaluation of the in-
clusive ~ cross sections we have fitted a subset of the 22
cross sections to the following equation:
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tions versus kinetic energy in the nucleon-nucleon c.m. frame
for three angles. Data are Ar on KC1 with the hard trigger. Er-
rors shown are statistical.

Argon on lanthanum

The data presented in this section were taken using the
hard trigger. The cross section for satisfying this trigger,
for this system, corresponds to =40% of the geometric
cross section. We collected a total of around 320000 raw
events. Out of these we ended up with about 12000 to
13 000 correlated pion pairs (depending on whether 10 or
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Figure 12 shows the fit line and the value extracted for
what is commonly referred to as the slope parameter, Eo.
Shor et al. [20] measured this slope parameter for m. at
0' in the c.rn. frame for 2.0A GeV Si on Si, over a
similar range of pion kinetic energy, and obtained the
value ED=108+7 MeV. Nagamiya et al. [30] measured
the slope parameter for m. s at 90' in the c.m. frame from
2. 1 A GeV Ne on NaF. They obtained the value Eo = 102
MeV. The only point we wish to make with the above
plots, and the slope parameter measurement is the quali-
tative agreement between the inclusive invariant cross
sections measured by others and those from our data set.

20 MeV bins were used in the fit) and approximately
190000 uncorrelated pairs, which made it past all the
cuts and into the fitting routine.

There is an additional complication that comes into
question for asymmetric colliding systems such as the ar-

gon on lanthanum presented in this section. For sym-
metric systems one knows that independent of the impact
parameter, the interaction region, which is the source for
the pions, will reside in the nucleon-nucleon center of
mass (c.m. ), and thus this is the natural reference frame
in which to perform the HBT analysis. For asymmetric
systems it is not so obvious in which frame to perform
the analysis.

Beavis et al. [25] have shown, using the Streamer
Chamber at the BEVALAC, that for 1.8A GeV argon on

lead, the velocity for the pion source ranges from the n-n

c.m. frame for the lowest pion multiplicity events, to the
minimum c.m. velocity expected (using a geometric mod-

el prediction for the number of target nucleons involved)

for the highest pion multiplicity events.
Using the clean-cut geometric model for the collision,

one may calculate the number of nucleons sheared off of
the projectile and target nuclei as a function of the irn-

pact parameter. With this information one may then cal-

culate the center-of-mass velocity of the overlap region
(assuming full stopping in the c.m. ), which is the frame in

which the HBT analysis is to be performed, (i.e., the sup-

posed rest frame of the pion source to be measured). We
calculated this overlap region velocity for impact param-
eters of 0 (P, =0.5588) and 2.1 fm (P, =0.5704).
The 2.1 frn case corresponds to the rnaximurn impact pa-
rameter such that the argon nucleus is completely occlud-
ed by the lanthanum nucleus.

To see what effect this choice of frame has on the HBT
analysis we transformed all the pions into the two frames
and performed the fits. In both frames the lifetime pa-
rarneter came out to zero. Within the reasonable range
of rest frames for this experiment, the variations in the
parameters R and k were all within one o. of one another.

One expects the combination of our central collision
trigger, and the requirement that all events in the analysis
have at least two m within the spectrometer's accep-
tance, to heavily bias the events toward those with a
small impact parameter. On this basis we believe that the
true average rest frame for the pion source is probably in
the range of 0.5588 ~P, (0.6. As the dependence of
the fit parameters on the choice of frame is small (relative
to the uncertainties) in this region, and a choice must be
made, all fits for the Ar on La are performed in the frame
with P, equal to 0.5704 (b =2. 1 fm). The results are
listed in Table V.

Xenon on lanthanum

K.E. (MeV)
I i i i I I i I I i I i i i & I i & & i I i i & i I00

200 250 300 350 400 450 500 550 600

FIG. 12. Fit to the 22 m. inclusive cross sections from Fig.
11. The fitted slope parameter agrees quite well with those seen

by others.

The results for a 1.2A GeV xenon beam incident on a
lanthanum target are listed in Table VI. This set of data
was taken using the hard trigger. The cross section for
satisfying this trigger, for this system, corresponds to
= 37%%uo of the geometric cross section. A total of
=320 000 raw events were collected for this
configuration, out of which we ended up with about
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TABLE V. Results for 1.8A GeV argon on La, hard trigger.

Systematic
Corrections

Applied

R (fm)

~ (fm/c)

None
Gamow+ DC,&

Background

X

4.01
0.0

X

4.11+0.28

0.0+1.0

X
X

3.88+0.28

0.0+1.0

x'
NDF
UTAF
12293 correlated ~ pairs,

0.80
186.2
178
0.26

191640 uncorrelated m pairs

1.02+0. 12
191.0
178
0.16

1.05+0. 13
193.3
178
0.12

R~ (fm)

R() (fm)

v (fm/c)

x'
NDF

UTAF
9485 correlated ~ pairs,

4.60

3.88

0.0
0.82

564.0
548
0.24

138 710 uncorrelated vr pairs

4.82+0.45

3.80+0.53

0.0+1.90
1.06+0. 13

562.3
548
0.26

4.63%0.40

3.82+0.50
0.0+2.0

1.10+0.14
559.5
548
0.30

10000 correlated m. pairs which passed all the cuts and

made it into the HBT analysis.
There are a few points to notice in Table VI. The first

is the rather large (relative to the previous data sets)

value for the lifetime parameter w in the standard R, ~, A,

fit. As is the case with every fit performed in this experi-

rnent, however, due to the large error on v it is still con-

sistent with zero. In the second set of fits presented in

the table one sees that, given the freedom, the fits return

a large value for the parallel radius and again return life-

time parameters of zero. This is another illustration of
the coupling between qo and q~~, and hence the fit param-

eters ~ and R~~, one expects for interferometry studies

centered on zero degrees. Whereas the fit source shapes
for both the Ar on KC1 and the Ar on La were oblate, the
Xe on La results above indicate a prolate (R

~~

)R~ ) pion
source.

Soft trigger data

This section contains the results for the Ar on KC1
data taken with the soft trigger. The cross section for
satisfying this trigger, for this system, corresponds to
=67%%uo of the geometric cross section.

Our goal with this trigger was to see if we could show a
direct correlation between the impact parameter of the

TABLE VI. Results for 1.2A GeV xenon on La„hard trigger.

Systematic
Corrections

Applied

None
Gamow+DC, &

Background

X
X X

X

R (fm)

~ (fm/c)

x'
NDF

UTAF
10241 correlated m pairs,

5.15

4.60

0.53
218. 1

158
5x10

162 280 uncorrelated ~ pairs

5.40+0.8

3.60+3 6

0.80+0. 19
218. 1

158
5x10

4.90+0.75

3 44+1.9

0.76+0.17
220.25

158
2x10-'

R~ (fm)

R(( (fm)

v (fm/c)

x'
NDF

UTAF
8155 uncorrelated m pairs,

5.11

8.75

0.0
0.60

455.8

394
1.2x10-'

123 720 uncorrelated ~ pairs

5.56+0.63

7.94+1.5
0.0+3.60
0.90+0.18

451.8
394

2.3 x10-'

5.40+0.65

7.70+ 1.40
0.0+3.60
0.91+0.18

450.0
394

3.0x10-'



2848 W. B. CHRISTIE et al.

ger

10 3

10 2

I » i I i &» I i I

100 200 300 400 500 600
V4 ADC

FIG. 13. Histograms of the ADC (proportional to the projec-
tile fragment charge) for the Cherenkov radiator (V&) with
software requirements of 1, 2, and ~ 3 m. observed within our
acceptance. Ar on KC1, soft trigger data. Notice the expected
biasing toward central collisions as one requires 2 or more m.

collision, as deduced from the charge of the leading pro-
jectile fragment, and the extracted HBT radius parame-
ter. We collected a total of =500000 raw events with
this trigger, out of which we ended up with =17400
correlated m. pairs.

As one would expect with a trigger of this sort, when
one imposes the software requirement that an event must
have two negative pions within our experimental accep-
tance there is a heavy biasing toward central events. This
effect can be seen in Fig. 13 which shows a histogram of
the signal in the Cherenkov (V4) radiator used in the
trigger for various cuts on the number of ~ observed.

The table of results for this beam-target-trigger com-
bination is organized a little differently than the previous
three sections. We again show the results of fits to the
two forms of the correlation function, but the results are
also given for three different requirements on the max-
imum fragment charge observed in the fragment TOF

wall (placed to detect projectile fragments, see Fig. l).
The criterion used to determine the placement of this cut
was that there be approximately equal numbers of corre-
lated ~ pairs above and below the cut.

For the results shown in Table VII, bin widths of 10
MeV/c (MeV) were used in the first set of fits (R, r, k, ) and
widths of 20 MeV/c (MeV) were used in the second sets
of fits. The dc efficiency and Gamow corrections are ap-
plied in all the fits shown. The background correlation
correction is not applied.

The results shown in Table VII exhibit the trends
which one would expect. The fit value for the standard
radius parameter R is largest for the cut selecting the
lower portion of the fragment wall charge spectrum,
smallest for the high cut, and in between the high and
low when no cut is made. This behavior is also shown in
the perpendicular (R~ ) and parallel (R

~~

) radius parame-
ters, although for the parallel radius parameter in partic-
ular the uncertainties are large.

While we cannot make a definitive statement based on
these soft trigger data that we see a correlation between
the size of the leading fragment ( ~ impact parameter)
and the extracted radius of the pion source, the trends in
the results are suggestive that this correlation exists. We
believe that a data set of this type could answer this ques-
tion if one either acquired a very large data sample with a
similar trigger, or devised a trigger which contained a
two-pion requirement in addition to a selection on the
leading fragment charge.

DISCUSSION

Up to this point we have shown that there is an
enhancement in the two-pion cross section for pions
which are close to one another in phase space. We have
also shown that if one makes the assumption that the
pion emitting sources are Gaussian in space and time (the
time part to a lesser degree as this analysis technique is

TABLE VII. Results for 1.8A GeV argon on KC1, soft trigger.

Part of fragment wall ADC distribution All Low High

R (fm)

~ (fm/c)

x'
NDF

UTAF
Number of correlated m. pairs

4.55+0.35

0+2.0
0.68+0. 1

590.4
606
0.27

17 428

4.83+0.48

0+2.8

0.70+0. 15

535.6
479

0.005

8822

4.30+0.48

0+2.8

0.65+0. 14
382.5

428
0.012
7484

Rj (fm)

~ (fm/c)

x'
NDF

UTAF
Number of correlated ~ pairs

5.01+0.45

071—o o6

833.76
713

6X 10

14 646

5.72+0.7

4 33+1 1

0 80+o.2o

516.6
431

4X10 '
6721

4.75+0.50

2.41+

0+2.40

0 58+0.14

391.4
366
0.09
5730
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not very sensitive to the lifetime parameter) we get a
good fit to the shape of the theoretical correlation func-

tion, and for this data set we can extract fairly precise
values for the HBT fit parameters. We present here some
simple geometric arguments for the size of the system
which set the scale that one would expect.

For the spatial parameter, R, the natural quantities
with which to compare are the geometric size of the pro-
jectile nucleus and of the interaction region (IR) in the
nucleus-nucleus collision. We have tabulated the calcu-
lated sharp sphere rms radii (SSRR) for each projectile
and for two bounds on the number of participant nu-

cleons, the fit radii converted to equivalent SSRR, and

the ratios of the calculated to fit volumes, in Table VIII.
To convert the fit radii to the equivalent SSRR, one

multiplies the values in the results tables by the factor
1.52 (see Appendix). The lower bound on the number of
participant nucleons is calculated via the abrasion por-
tion of the abrasion-ablation model by equating the
abrasion cross section with that of the hardware trigger
for each system (i.e., 0.555 b for the Ar on KC1 data).
This is surely an underestimate for the number of partici-
pants as only a small fraction of the events accepted by
the trigger contain two or more pions and one expects a
biasing toward central events. The upper bound on the
number of participants is clearly just the sum of the nu-

cleons in the system for the symmetric case (i.e., 80 for
Ar on KC1) and approximately 116 for the Ar on La sys-
tem (see discussion in Ar on La results section). The er-
rors shown on the ratio are those due the errors in the fit

values of R ~ and R II.

One observation that is generally true for all the exper-
irnental results using two-particle interferometry to mea-
sure source sizes in relativistic heavy-ion collisions is that
the radii one measures are usually greater than the radii
of the colliding system. The explanation for this observa-
tion is that the correlations which one measures in the
relative momentum and energy of the particles, in this
case pions, are those that exist after the last rescattering
of the particles as they escape from the interaction re-
gion. The density which one calculates using the mea-
sured HBT spatial parameters and a measured or as-
sumed number of nucleons participating in the collision is
thus commonly referred to as the freeze-out density for
the particular particle used for the interferometry
analysis (equivalent to last column in Table VIII). Due to
the large m.-N scattering cross section pion interferometry
is expected to yield information on the later, cooler stages
of an expanding system.

With the errors as shown, and the assumptions made
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FIG. 14. Summary plot of R, vs RII for three systems stud-
ied. 10. error contours are shown. Dashed line is for reference
and represents R&=RII. DC eSciency, Gamow, and back-
ground correlation corrections are applied for all three fits
shown.

for the number of participant nucleons, there does not
appear to be any dependence of the freeze-out density on
the size of the colliding system. This is consistent with
what one would expect from the simple rescattering argu-
rnent. If it is indeed true that the freeze-out density mea-
sured via the HBT analysis is independent of the mass of
the colliding system, one could argue that the HBT tech-
nique measures the size of the systems at the same point
in the evolution of the participant regions of the col-
lisions. This would support the interpretation of the spa-
tial HBT parameters as actually being a useful measure
somehow proportional to the spatial distribution of the
pion source.

None of the source shapes measured in this experiment
is spherical (within one sigma), although the argon on
lanthanum source is very close. In Fig. 14 we show the
perpendicular and parallel radii for the three central col-
lision data sets. What is shown on the plot are the one cr

error contours for the three system. The dashed 45' line
is for reference purposes and corresponds to R~ equal to
RII. The first feature to note is that the errors in R~ and
R

II
are essentially uncorrelated, as the axes of the error

contours are parallel to the coordinate axes. The next
feature to notice is that the uncertainty in RII is larger
than the uncertainty in R~. This is as one would expect
for a study at zero degrees in the c.m. frame due to the
coupling between RII and ~. The next feature to note is
the very slight dependence of the perpendicular radii on
the size of the colliding system. For the Ar on KC1 and

TABLE VIII. Calculated freeze-out densities. The lower bound on the number of participant nucleons ( A,~ ) is derived by equat-
ing the abrasion and trigger cross sections. The upper bound for the symmetric systems are the sum of the nucleons in the beam and
target nuclei. For Ar on La the upper bound is the number of participants when the Ar nucleus is just occluded by the La nucleus.

Data
set

R beam

1.2A b„
(fm)

A IR
(Assumed)

Lower Upper

Rgg (fm)
1.2A yR

Lower Upper

R „,(fm)
1.52R F;,

Po
(% of NND)

Lower Upper

Ar on KC1
Ar on La
Xe on La

4.10
4.10
6.11

30-80
42-116
70-271

3.72-5. 17
4.17-5.85
4.95—7.76

6.67
7.04
8.21

5.29
5.81

11.70

22+3—59+7
25+5—70+15
15+5—59+18
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Ar on La data this could be interpreted as an indication
that the size of the projectile is the determining factor for
the size of the pion source as determined via HBT analy-
ses. Finally, notice that whereas the source shapes for
the Ar on KC1 and Ar on La are oblate in the c.m. frame,
the source shape as measured for the Xe on La system is
prolate. We do not know of any arguments that would
explain this effect. To investigate this effect further, we
recently ran a follow-up experiment using the HISS facili-
ty to get a more precise measurement using 1.2A GeV

La on La. Preliminary analysis indicates the source
shape is oblate.

The main feature which shows up in the data for the
lifetime parameter ~, for all the fits, is that the fit is very
insensitive to ~. The insensitivity of the fit to the value of
r is consistent with what Yano and Koonin [10]predicted
in their theoretical formulation. This insensitivity is
clearly seen by looking at the errors given for ~ in the re-
sults tables.

Another prevailing feature of the lifetime parameter is
that in all cases presented here the errors were such that
if the fit value of ~ was not identically equal to zero, the
errors on the parameter were such that within one o all
the measured values of ~ were consistent with zero. The
parameter which showed the largest coupling to ~ was
the parallel radius. This coupling between the parallel ra-
dius, which is a function of the relative parallel momen-
turn, q~~, and ~, which is a function of the relative energy
of the m. pairs, is to be expected in pion interferometry
at angles close to 0' in the c.m. system, due to the tight
correlation between parallel momentum and energy.
This is illustrated graphically in Fig. 9 for the Ar on KCl
data set, and can also be seen by looking at the results
table for the Xe on La data set.

The usual interpretation of the lifetime parameter is
that it is a measure of the time over which the pions are
emitted. If one was to apply this interpretation to the re-
sults presented here one would conclude that the pions all
escape from the pion source instantaneously. This is not
the conclusion we draw from the results. We merely con-
clude that as predicted this type of analysis is insensitive
to the lifetime parameter.

This brings us to the chaoticity parameter A, . The his-
torical interpretation of this parameter has been that it
allows for a decrease in the magnitude of the two-pion
enhancement due to partial coherence of the emitted
pions as well as other correlations imposed on the pions.
Assuming that one has correctly accounted and corrected
for all kinematic and dynamic correlations in the single-
and double-pion distributions, it has been theorized that
the subsequent value of the chaoticity parameter may
give a measure of the degree of coherence of the pion
source [11].

If one uses the value obtained for A, in the fits to the
central Ar on KC1 data (A, =0.7S), and solves for the ra-
tio of coherent to chaotic pions using the formalism of
Ref. [11],one ends up with the result that the number of
chaotic and coherent pions are approximately equal. As
the value for A, obtained from the fit to the asymmetric
Ar on La data is approximately equal to one, the calcula-
tion would say that all the pions in this data set are from

a chaotic source.
One of the same authors referenced for the arguments

given above, in a subsequent paper [17],emphasized that
unless one has an exclusive data set, and hence can elimi-
nate the averaging over unobserved final states inherent
in inclusive measurements, any interpretation one makes
of the A, parameter will be suspect at best. One of the ex-
amples given of these "ensemble correlations" is the sha-
dowing of the pions, as a function of their angle of emis-
sion in the reaction plane of the collision, due to any tar-
get or projectile spectator matter.

Another reason that one should be careful in interpret-
ing the A. parameter as having physical significance is the
large effect which the Gamow correction has on A, , and
therefore the faith that one must put in this correction.

In the data set and fits presented here, the only com-
ment we would like to make on this parameter is that for
both the symmetric data sets (Ar on KC1 and Xe on La)
the values of this parameter are about equal and less than
one, whereas for the asymmetric data set (Ar on La) the
value is about equal to one.

7
~ = E684H

o = "central"
x= all inelastic5-:

4 --R
rms

- (fm)

)(2—
1--

4
p He

0 I I I I I l I I I

0 1 2

I I I I
i

I 1 I I

(1
(

)(
r ) f

)( )(

4'Ar
Ne

I I I I I i I i I I

A1g3 /I, 4
P

I I I I
I

I 1 I

)(

YIl

- - - = 1.21A
1/

P

s4„,i32„,
Nb

I I i I I I I I

5 6

FIG. 15. Comparison with results of others. The dashed line
represents the "effective nuclear radius. " Filled circles are data
from this experiment.

Comparison with results of others

Comparison of the results obtained here with other
pion interferometry experiments is facilitated by the com-
pilation of results in this field published by Bartke [31].
To make a comparison of the extracted radii meaningful,
Bartke has tabulated all the necessary conversion factors
which one must apply, depending on the experimenter's
choice of the theoretical framework to follow and the
source distribution to use. All of the radius values plot-
ted have been converted to the root-mean-square (rms)
values.

For the results presented here the appropriate conver-
sion factor is &3/2 (i.e., multiply values from the results
tables given earlier by &3/2. This conversion factor is
discussed in the Appendix). In Fig. 15 we have plotted
the values from Bartke's compilation in essentially the
same format as he used and included some recent results
of Chacon et al. [23,24] as well as the results reported
here. The dashed line shown on the plot corresponds to
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what Bartke refers to as the "effective nuclear radius"
and was derived from a series of inelastic (interaction)
cross section measurements for various nuclei [32]. The
data points for carbon and argon have been spread out a
bit to separate the points. The arrow on the x axis points
to the appropriate position for argon. The data points
appear to exhibit a scaling with Ap

As shown earlier, the extracted pion source shapes do
not appear to be spherical; thus, it is interesting to com-
pare the source shapes with those measured by others.
There are only five results that we are aware of in
nucleus-nucleus collisions where the shape of the source
has been investigated. Beavis and the Riverside group
[29] extracted a spherical source shape for 1.5 A GeV ar-

gon on KC1 in their studies using the LBL streamer
chamber. Within their uncertainties, however
(R~=5.03+0.47 fm, R~~=5. 11+1.17 fm), their results

agree with those presented here. The same group also in-
vestigated [25] the source shape for 1.8A GeV argon on
lead and extracted radii that were spherical
(Rj =5.67+0.54 fm, R~~=5. 16+0.50 fm) within uncer-
tainties.

Chacon [23] et al. extracted an oblate source shape for
1.7A GeV Fe on Fe. More recently, the same group [24]
have done a source shape analysis for 1.8A GeV argon
on KC1, at 0', using the Janus spectrometer at the
BEVALAC. Their results (R ~ =4.8+0.3+0.07 fm,
R =4.2+0.4+0.2 fm, ~=1.1+& &+0.4, A, =0.81
+0.05+0.03 ) agree within uncertainties with those
presented here in all four fit parameters. In the same pa-
per they give results for 1.543 GeV Nb on Nb in which
they extracted a spherical source shape.

CONCLUSIONS

The results obtained for argon on KC1 are more precise
than any yet published for this well studied system. The
results presented here for xenon on lanthanum represent
the heaviest system yet reported using pion correlations.
While the results of the data set taken with the peripheral
collision trigger do not allow us to make a conclusive
statement about the correlation between the size of the
leading projectile fragment and the extracted size of the
pion source, the results are suggestive of the trend which
one expects (the smaller the projectile fragment the larger
the size of the pion source). The source shapes extracted
are oblate for the argon on KCl and lanthanum data, and
prolate for the xenon on lanthanum data, although pre-
liminary analysis of a more precise follow-up La on La
experiment suggests that this source is also oblate.

The HISS facility is well suited to pion correlation
studies. The large phase space acceptance of the HISS
system uncouples to a large degree the determination of
the HBT fit parameters and reduces the size of any accep-
tance related correlations in one's background pion pair
distribution.
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APPENDIX: CONVERSION FACTORS

In this appendix we briefly discuss the conversion fac-
tors which are commonly used in two-particle correlation
analyses. Recall that in deriving the two-particle correla-
tion function one finds that

~2(q qp)=1+ Ip(q, qp)l',

where p(q, qp) is the Fourier transform of the pion emit-
ting source distribution. At this point one must choose a
distribution for p(r, t). In Yano and Koonin's formula-
tion [11],which we have used in this analysis, a Gaussian
distribution was chosen which was parametrized as

r2 g2p&(r)dr~ce' " 'dr .

In this discussion we ignore the time component of the
distributions for simplicity. This leads to a correlation
function of the form

C2(q, qp) =1+e
When one fits this function to the data and quotes a ra-
dius parameter, the quantity being quoted is thus this pa-
rameter R, which is dependent on how one chooses to
parametrize the Gaussian function.

The trouble that arises is that different theoretical for-
mulations have used different algebraic forms for their
Gaussians and hence one must be careful when compar-
ing the quoted radius parameters from different groups.
As an example, some formulations parametrize their
Gaussians as

—r l2Rp2(r)dr ~ce " ~ dr .

This leads to a correlation function of the form

RCz(q, qp) =1+e
One may easily see that the extracted radius parame-

ters for the two Gaussian parametrizations given above
will differ by a factor of &2. Recognizing this problem,
Bartke and Kowalski [33] suggested that if the results are
quoted using the root-mean-square (rms) radii of the
Gaussians this ambiguity can be avoided. This is illus-
trated below.

Using p, above,

f "p,(r)dr 4nc f "r e " ~ dr
0 0
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FIG. 16. The long dashed line represents correlation function
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FIG. 17. Bartke's conversion factor. Same quantities as
those plotted in Fig. 16 (see Fig. 16 caption) with spherical ra-
dius parameter equal Q —', times the Gaussian radius parameter.

Using pz above,

.'. r, ,=g ', R„. —

f r p2(r)dr A.cf r e "~"dr
=3R'=(r') .'. r, , =&3 R, .

f p&(r)dr 4mc f r e r l2R dr—
0 0

As we have already seen, &2R2 =R, ; therefore, two different groups could analyze the same experimental data, using
the di6'erent parametrizations for their Gaussians, and get the same result if they compare their rms radii.

Bartke and Kowalski also give various conversion factors to convert the extracted radius parameters (for example,
R, and Rz above) to the rms radii for an equivalent sharp sphere with the pion emitters distributed uniformly inside.
These conversion factors are calculated by equating the rms radii of the Gaussian distributions with those for a uniform
sphere, as illustrated below.

For a uniform spherical distribution
R„ R„f r dr 4mf r dr 3R2

n n " („2)R„ R„f dr 4mf r dr
0 0

Equating this to the rms radius for p, above,

Q—,'R„=Q—,'R, . '. R„=Q—,'R, .

The conversion factors which Bartke and Kowalski
have tabulated for converting to the rms radii for the
various Gaussian parametrizations are correct and ap-
plicable to two-particle interferometry analyses. We do
not believe the same can be said for their conversions to
uniform spheres. The factors are correct but they are not
applicable to two-particle interferometry analyses [34].
The problem lies in the fact that it is the Fourier trans-
form of the Gaussian and the uniform spherical distribu-
tions between which one wants to convert. Goldhaber,
Goldhbar, Lee, and Pais [14] showed in their pioneering
paper that the Fourier transform of a Gaussian and a uni-
form spherical distribution are almost identical (within
=2% everywhere) if one multiplies the width parameter
for the Gaussian by the appropriate constant.

Figure 16 shows the two-pion correlation function de-
rived using a uniform spherical distribution (%s), the
same function derived using a Gaussian distribution
(%G), and the difference between the two (%G —%s). In
the plot we have used qi instead of C2(q) to be consistent
with GGLP's notation. In Fig. 17 we show the same plot
where we have used the conversion factor between the
Gaussian and spherical distributions given by Bartke and
Kowalski [33].

It is clear from the comparison of Figs. 16 and 17 that
the deviation between the correlation functions which
one derives using the uniform spherical and Gaussian dis-
tributions of pion emitters is smaller when one applies
GGLP's conversion factor.

From GGLP's paper the appropriate conversion factor
between the Gaussian and the uniform sphere is 1.52 if
one uses the Yano-Koonin formulation (p, ), and 2.15 if
one uses a Gaussian parametrization of type p2.
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