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necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
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Results are presented for pion interferometry measurements of 1.8 ‘A GeV Ar + KCI
and Ar + La, and 1.2:-A GeV Xe + La at the Lawrence Berkeley Laboratory Heavy Ion
Spectrometer System (HISS). The parameters R, 7, A, Ry, and Ry, are presented for all
three projectile - target combinations. The correlation between 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.
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INTRODUCTION

Relativistic heavy ion collisions have been studied in experiments at the
BEVALAC for almost twenty years!. One of the primary interests in these studies has
been to investigate how nuclear matter behaves at the high temperatures and
pressures achieved in these collisions. As one cannot solve directly the many - body
problems present in analyzing these heavy - ion collisions, the approach taken by most
theorists in this area of study is to describe these reactions 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, etcl.

A simple geometric model is usually used when describing high energy nucleus
- nucleus collisions. In this model,2 - 4commonly referred to as abrasion - ablation or
cascade - evaporation, when the two nuclei collide the overlap regions of the two nuclei
interact with one another, 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 created 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 system, and, if one knows the
number of participants, the density, one may use the correlations of identical particles?
- 12 This technique, commonly referred to as the Goldhaber, Goldhaber, Lee, and Pais
(GGLP) or Hanbury-Brown, Twiss (HBT) technique, and its application to a few
different projectile - target combinations is the subject of this report. In addition to, and
many would say more interesting than, the space - time extension 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 reference 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. In order to extract
meaningful information from a particle correlation analysis, two general categories of
questions require particular attention. These categories are:

1.) What other processes distort the particles momenta, in this case negative
pions, coming from the nuclear collisions, by how much are they distorted, and how will
it show up in the analysis? |

2.) What quantities is one actually measuring?

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 Goldhaberl4 et al (GGLP effect) while analyzing ;- p annihilations
in the late 1950s.

In the early 1970s a number of theorists®-12, at roughly the same time, realized
that the GGLP effect was analogous to the HBT effect> in radio and optical astronomy.
This lead to a much more straight-forward 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(a,90) =1 + Ip(q.q0)F (1)
where q = | p; - p2 | is the relative three momentum, qg = | E; - E3 |, and p(q,qp) is the
Fourier transform of the pion emitting source distribution. To continue, one must make

some assumption for the form of this distribution. Following the work of Yano and



Koonin!® we have chosen to use their Gaussian distribution for the spatial and temporal

distribution. This distribution is parameterized as:

2.2 2 2 .
1 - 5 -2
pry, 1y ) = 2R31 c( Ry ///R /) ?) (2)

or with the assumption that R; = Ry, as:

1 +2/R2 _ 22
Pt = gz e TR, 3)

R and Ry; above refer to the directions transverse to, and parallel to, the beam,

respectively. Using this form for p(r,t) leads to:
Colaqp) =1+ TR /2- I@ 4)

Notice that the expression for Cp above goes to the value of two as q and qg both go to
zero. This is merely due to the property of bosons that the probability of a boson going
into a state is twice as likely if there is already a boson in the state. In practice it has
been observed that the experimentally 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.1¢ that one put another fit parameter in front of the exponent 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 decrease in the magnitude of

the two pion enhancement due to partial coherence of the emitted pions as well as

other physical processes!? acting on the pions. Our final two - pion correlation function

is thus:
2
Cxqao) =1+ CCRE2 -4 P 5)
2.2, 2 2
Ca(qL.aa0) = 1 + AeCURIZYR)/2-q707) ©

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.!



While this gives an exact definition of the correlation 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 qg, or some other parameters related to the
pions separation in phas'e space, for pairs formed from the same event, in which one
expects to see the enhancement in the distribution 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 itself 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
uncorrelated background pairs by mixing pions from different events. It is clear that
with this method most of the hardware and software acceptances are automatically
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 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 collisions. 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 kinematics or dynamics, the basis of Bose-Einstein
correlations is neither. The bunching in phase space which one investigates in these
studies is due solely to the quantum statistics which apply to the particles being
studied!2. 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 G.
Cocconi8, whereas in the case of the photons the interference develops primarily in the
region of the teleséopes 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.

EXPERIMENTAL SETUP

This experiment was performed using the Heavy lon Spectrometer System!8
(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 superconducting dipole magnet. The
HISS magnet has pole tips which are 2.1 meters in diameter separated by a 1 meter
gap. It has a maximum central field strength of 3 Tesla, and is mounted on a rotating
base.

The HISS configuration used for this experiment is shown in figure 1. As the
beam from the BEVALAC comes down the evacuated beam line to the HISS

experimental cave it impinges onto a soft-collimator (scintillator with hole, put in as



veto), monitor scintillator arrangement ( V1 and S1), 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 dipole and three quadrupole magnets. The beam leaves vacuum
and traverses P, about 2.5 m of air, and P>. P; and P, are position sensitive
scintillation detectors which give the upstream vector for the beam. The beam then
goes through another soft-collimator, scintillator arrangement and enters the vacuum
chamber of the HISS superconducting dipole. For this experiment the magnetic field of
the HISS dipole was pointing down (into the page) and had a magnitude of 7 kG. Thc
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 figure 1. The negatively charged pions (produced around 0° in the center-
of-mass (cm)) and light positively charged particles and nuclei (= 90° in the cm) 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 P and the downstream vectors for the
pions obtained from the Drift Chamber are used to determine the pion's momentum.

All of the targets used in this experiment were mounted 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
rectangle of 3 mm thick Pilot 425 plastic Cherenkov radiator. We choose to use a
Cherenkov radiator to avoid the saturation 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 two inch 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 fifteen 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 2 inch photomultiplier tube.We collected TDC and ADC information
from each end of each slat in the data stream. This TOF wall was incorporated into the
experiment to give information on the charge sum of any surviving projectile fragments,
and hence give us some means of estimating the impact parameter. With the gains we
used for this wall one may extract the charge of the projectile fragments down to about
charge four. Below this point one can not clearly identify the charge peaks.

The downstream tracking was done using the HISS Drift Chamber!® (DC). The
overall dimensions of the DC , as seen by a track, are 1.5 m vertically, 2.0 m
horizontally, and 1.4 m deep. The detector consists of fifteen modular planes of drift
cells. The planes are separated from one another by ten 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 vertical
by 30°. The counting gas we used in the DC was P-10 (90% Argon, 10% CHj4). The
single plane position resolution obtained was ~ 700 um 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 2 inch photomultiplier tubes. From each
tube we collect both ADC and TDC information.

The information from the TOF walls allows one to extract 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 lab as

shown in figure 1.



Targets and Beams

We used two targets and two beams in this experiment, they are specified in
tables 1 and 2.

The values listed in table 1 for the beam parameters B, ¥, K.E., and P are the
values at the target after correcting for material upstream in the beamline. The values
given for the multiple Coulomb scattering(MCS) (60) are calculated for a pion with a
lab 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 LR gives the
radiation lengths of the target materials.

The beam energies used are the maximum available from the BEVALAC for
each beam. The target thicknesses were chosen to give a sufficient data rate while

keeping the multiple Coulomb scattering and energy loss in the target tolerable.

Triggers

A LeCroy Programable Logic Unit (PLU) was used for defining the triggers in
this experiment. This allows one to switch betWeen triggers by merely moving one
output cable, giving reproducible triggers. 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) = St @ V_1 eS)e V_2

This trigger was what we designated as the Beam trigger. It placed a lower
bound on the ADC signals for scintillators S1 and S,, and an upper bound for the soft
collimators (hole scintillators) V1 and V3. The threshold on S2's discriminator was set
at a level just below the signal for the beam, thus eliminating beam tracks which
interact in the vacuum window at the end of the beam pipe, P; or P, or the = 3 m of air

upstream of SJ.



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 BEVALAC. 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 corresponded 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.
Using the ratio of soft to BS triggers, corrected for the dead time and the target
out ratio, one may calculate the cross section for satisfying the soft trigger.
Hard=BS ¢ V4lo
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.
In table 3 we have summarized the trigger cross sections for the beams and

targets used in this analysis.

ANALYSIS

The analysis is performed in four passes through the data. The main task in the
first pass through the data is 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 Pj, are used to

reconstruct the T~ momenta.
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In the third pass the correlated and uncorrelated pion pairs are formed and
placed into matrices. All the systematic corrections to be applied ( Gamow, background
correlations, DC efficiency, etc) are calculated and applied to the uncorrelated pairs.

In the fourth pas's the multidimensional fitting is performed on the matrices to
obtain the best fit to the correlation function and hence extract the spatial (R, or R; and

Ry ), temporal (1), and "chaoticity" (A) fit parameters.

Momentum Resolution

The momentum resolution for the experimental set up was extracted using a
combination of Monte Carlos 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 cm 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 position resolution of the beam on the target cancels out to first order in the
correlation analysis as one will always be dealing with the relative momentum of the
pions. The triangles represent the resolution (AP/P) of importance in this analysis

which is = 2.5% in the cm frame.

Particle Identification

Using the velocity information from the TOF walls, we observed that the
negative particle spectrum contains essentially only xn's, as one would expect at these
energies as the production cross sections for K- are about four orders of magnitude
smaller20 than for n~. 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 n-s. The

information we use to distinguish between the positively and negatively charged

11



particles is the position - angle ( in the bending plane) correlation of the tracks in the
Drift Chamber. We calculate that the contamination of the n- data due to electrons,
resulting from gammas from 70 decays which convert in the target, to be less than

0.5%.

Systematic Corrections

There are five systematic effects which were investigated in the analysis, three
of which we've corrected for. In all cases the systematic corrections are applied by
weighting the uncorrelated n- pairs.

The first correction is for the detection efficiency of the DC, due to both
hardware and software, in finding close tracks. It's 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 vertical wires for the tracking algorithm used), the efficiency
curve was parameterized as a function of the spatial separation 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 4 where we have
included the results of the HBT fits with no systematic corrections applied). The
multiplicity 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 mutual Coulomb repulsion
between the pions in the correlated pairs. For the repulsive Coulomb interaction
between the two 7" in a pair this penetration factor is the Gamow factor 11 ;

G = gfzn'gj_]l—' where 1| = 2 @)

2 2
Qo4

12



The Gamow correction factor is applied to the uncorrelated pion pairs before the
HBT function is fit. The Gamow correction has a substantial ( increases by = 4 ©)
effect on the A parameter and a relatively small ( increases by = o/3) effect on the
radius parameter (see table 4). For the Argon on KCI, hard trigger data set, the
application of the Gamow correction raises the value of A from .57 to .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 results2l.

The third correction is for residual correlations in the uncorrelated pairs. This
correction technique was first derived and applied by Zajc! in his analysis of a pion
interferometry experiment using the Janus spectrometer at the BEVALAC. Its purpose
is to correct for the distortion 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 uncorrelated pion pairs!3.

For the Ar on KCI, hard trigger data set, this correction lowers the values for
the radius parameter R by slightly more than 1 ¢, from 4.51 down to 4.30 fm. It has no
effect on the lifetime parameter 1, leaving it at zero, and increases the A parameter by
about half a ¢, from .76 to .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
magnitude of this correction, and the approximate method in which it is calculated!3, we
note it for completeness but it has not been applied 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

negatively charged pions. These effects have been seen in inclusive pion studies2? as
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an enhancement of the ratio of the - to nt cross sections for momenta close to that of
the projectile. In previous experiments!5:23,24.25 attempts have been made to either
correct for this effect or have 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 transform 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 momenta, 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!>-25 doing this type of analysis.

Phase Space Acceptance

Figures 3, 4, and 5 show the acceptance of the experimental setup due to
constraints of both the hardware and the analysis software. All the plots shown in this
section are from the Ar on KClI, hard trigger data set. The coordinates are defined such
that Px is the component of momentum in the bending plane of the HISS dipole, Py is
the vertical or out of bending plane component, and Pz is the component in the direction
of the beam, i.e. longitudinal component.

Figure 3 shows a histogram of the inclusive momentum distribution for the
negative pions in the nucleon - nucleon cm frame which are aécepted into the HBT

analysis (i.e. come from events with two or more =). Figure 4a shows the acceptance

14



in Px versus P,, evaluated in the nucleon - nucleon cm frame. Figure 4b shows the
acceptance in Py versus the magnitude of the momentum, evaluated in the cm frame.
Figure 4c shows the inclusive distribution of 8y in the cm frame for a random subset of
the pions used in the correlation analysis. They actually come from a distribution of
angles with a mean of about - 5° and a ¢ 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
function given below:

2,2 2 2
C2(q.q0) = N[1 + AT R72-a 0T72)y g4 (8)

2.2 2 2 2
Ca(qL, qq0) = NI1 + AeCIR 2T RI2-4 012 (g

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 correction for Background correlations all applied.
For the Argon on KCI hard trigger data, the results are also shown with only the DC
efficiency correction applied to illustrate how small this correction is. Where calculated,

the one © errors in the fit are given for the parameters. Also listed in the tables are the
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%2 and the number of independent degrees of freedom (NDF) for the fit. Using these
two quantities we have calculated what is known?26 as the Upper - tail area function
using the First approximation to %2. This Upper - tail area function (UTAF) gives the
probability of getting a value for %2 greater (or less) than that measured. Its value is
the percentage of the area of the %2 distribution between the value for ¥2 which one
obtains from the fit to the nearest end of the distribution. For a perfect fit this function
reaches its maximum value of one half. For all fits the range of the independent
variables (i.e. q, qo, q, q//) was from zero to four hundred (MeV/c, MeV).

The tables given in the subsections also contain the number of correlated and
uncorrelated - pairs used in each of the fits. The variation in the number of &t~ pairs
used in the various fits for a given beam - target - trigger combination is due to the
different numbers of matrix bins into which the pairs are placed ( i.e. C(q, qo) or C(q.,

q//» 90)) 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 section for the Argon on KCI
system. Approximately 6.5% of the events accepted by the trigger contained two m
which were passed for further analysis. We collected approximately 1.2 to 1.5 million
raw events and ended up with = 90 thousand correlated pion pairs which passed all
the cuts and acceptance limits discussed in the previous sections. 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 (Ca(q1, gy, qo))- The results are listed in table 4.

Figure 6 shows the experimental correlation data (i.e. the distribution as a
function of q and qg of the correlated n- pairs divided by the same distribution for the

uncorrelated pairs) in plot 6a and the fitted theoretical correlation function in plot 6b.
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The data and fit shown correspond to the first set of fit parameters in table 4, with the
DC efficiency and Gamow corrections applied. Notice the expected enhancement in the
ratio of correlated to uncorrelated n- pairs in the low q - qo region. Bin widths shown
are ten MeV/c by ten MeV.

As the extracted lifetime parameter is zero for the data and fit shown, and
because historically others have shown correlation results in this manner, figures 7a
and b show the same set of data and the fit, without and with the DC efficiency and
Gamow corrections applied, projected 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 between the various fit
parameters can be examined. Shown in figure 8 are the error contours for the same data
as shown in figure 7b, where the DC efficiency and Gamow corrections are applied. The
contours shown correspond to the one and two standard deviation errors. The positive
correlation shown between the chaoticity parameter A 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 parameters R and Ry versus
those for the lifetime parameter 1. Notice the correlation between the parameters Ry,
and 7 and the lack of a correlation between the parameters R and 1. This is to be
expected due to the coupling of the relative energy and the relative parallel momentum
for pions observed at zero degrees.

It has been suggested by Beavis et al27 and by Pratt2® 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 cm frame.
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Pratt's model incorporates the radial expansion aspects of the hot participant region, as
theorized by Siemens and Rasmussen?9, to see how the pion interferometry analysis is
affected. What he finds is that the radius parameter R decreases monotonically as a
function of K (K = pj + p2), and that 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 expanding 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 relative energies above 140
MeV due to the Delta resonance, the faster 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 figure 10 we show the results obtained when we binned the pion pairs as a
function of their mean summed momentum in the nucleus - nucleus cm frame. The
requirement imposed to determine the binning was that one get equal numbers of
correlated m- pairs with relative 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 parameters in all the bins. The vertical error bars correspond to the one
sigma errors in the HBT fits. The horizontal 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 efficiency and Gamow corrections applied.

The plots shown in figure 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
investigate 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

statistics to pursue this type of study.
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The apparent decrease in radius at a mean pion momentum of = 150 MeV/c is
very similar to results obtained for 1.5-A GeV Ar on KCl data taken at the LBL
streamer chamber by D. Beavis et al27- 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
fireball model in which the temperature decreases as the source expands. In a later
paper by the same group for 1.8-A GeV Ar on Pb this effect of a decreasing radius as
one increases the mean value of the pion pair's momentum was also observed23.

Shown in figure 11 are the unnormalized inclusive ©~ cross sections versus the
kinetic energy of the pions in the cm frame, for three angles in the cm frame. The data is
from the 1.8-A GeV Argon on KCl, 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 fall
off in the cross section as a function of the pions kinetic energy.

For a slightly more quantitative evaluation of the inclusive ®- cross sections we

have fitted a subset of the 22° cross sections to the following equation:
3
E LY (KEem/E0 (14)

Figure 12 shows the fit line and the value extracted for what is commonly referred to as

the slope parameter, Eg. This value compares very well with that seen by others. Shor

et al 20 measured this slope parameter for 7~ at 0° in the cm frame for 2.0-A GeV 28Si

on 288i, over a similar range of pion kinetic energy, and obtained the value Eg = 108 £ 7

MeV. Nagamiya et al 3! measured the slope parameter for s at 90° in the cm frame

from 2.1-A GeV Ne on NaF. They obtained the value Eg = 102 MeV. The only point we

wish to make with the above plots, and the slope parameter measurement, is the
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qualitative agreement between the inclusive invariant cross sections measured by
others and those from our data set.
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 320,000 raw events. Out of
these we ended up with about 12 to 13 thousand correlated pion pairs (depending on
whether 10 or 20 MeV bins were used in the fit) and approximately 190,000
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 Argon on Lanthanum presented in this section. For
symmetric 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 (cm), 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 1.8-A GeV Argon on Lead, the velocity for the pion source ranges from the n - n
cm frame for the lowest pion multiplicity events, to the minimum cm velocity expected
(using a geometric model 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
impact parameter. With this information one may then calculate the center of mass
velocity of the overlap region (assuming full stopping in the cm), which is the frame in
which the HBT analysis is to be performed ( i.e. the supposed rest frame of the pion

source to be measured). We calculated this overlap region velocity for impact
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parameters of 0 (Bcm = 0.5588) and 2.1 fm (Bem = 0.5704). The 2.1 fm case corresponds
to the maximum impact parameter such that the Argon nucleus is completely occluded
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
parameter came out to zero. Within the reasonable range of rest frames for this
experiment, the variations in the parameters R and A 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
acceptance, 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 < Bcm < 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 fcm equal to 0.5704 (b =
2.1 fm). The results are listed in table 5.

Xenon on vLanthanum

The results for a 1.2-A GeV Xenon beam incident on a Lanthanum target are
listed in table 6. This set of data was taken using the hard trigger. The cross section for
satisfying this trigger, for this system, corresponds to = 37% 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 10,000 correlated n- pairs which passed all the cuts and
made it into the HBT analysis.

There are a few points to notice in table 6. The first is the rather large (relative
to the previous data sets) value for the lifetime parameter T in the standard R, 1, A fit.
As is the case with every fit performed in this experiment, however, due to the large

error on T it is still consistent with zero. In the second set of fits presented in the table
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one sees that, given the freedom, the fits return a large value for the parallel radius and
again return lifetime parameters of zero. This is another illustration of the coupling
between qg and qy, and hence the fit parameters © and Ry, one expects for
interferometry studies centered on zero degrees. Whereas the fit source shapes for
both the Ar on KCl 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 KCl data taken with the soft
trigger. The cross section for satisfying this trigger, for this system, corresponds to =
67% 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 collision, as deduced from the charge of the
leading projectile fragment, and the extracted HBT radius parameter. We collected a
total of = 500,000 raw events with this trigger, out of which we ended up with = 17,400
correlated n- 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
acceptance there is a heavy biasing toward central events. This effect can be seen in
figure 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 combination 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 maximum fragment charge observed in the Fragment

TOF wall (placed to detect projectile fragments, see figure 1). The criteria used to
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determine the placement of this cut was that there be approximately equal numbers of

correlated n- pairs above and below the cut.

For the results shown in table 7, bin widths of 10 MeV/c (MeV) were used in
the first set of fits ( R,7, A) and widths of 20 MeV/c (MeV) were used in the second
sets of fits. The DC efficiency and Gamow corrections are applied in all the fits shown.
The background correlation correction is not applied.

The results shown in table 7 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 (Ry) radius parameters, although for the parallel
radius parameters in particular the uncertainties are large.

While we can not make a definitive statement based on this soft trigger data
that we see a correlation between the size of the leading fragment (e 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 question 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 not very
sensitive to the lifetime parameter) we get a good fit to the shape of the theoretical

correlation function, and for this data set we can extract fairly precise values for the
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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 thé projectile nucleus and of the interaction region (IR) in the
nucleus - nucleus collision. We've tabulated the calculated sharp sphere rms radii
(SSRR) for each projectile and for two bounds on the number of participant nucleons,
the fit radii converted to equivalent SSRR, and the ratios of the calculated to fit
volumes, in table 8.

To convert the fit radii to the equivalent SSRR, one multiplies the values in the
results tables by the factor 1.52 (see appendix A). The lower bound on the number of
participant nucleons is calculated via the abrasion portion of the abrasion- ablation
model by equating the abrasion cross section with that of the hardware trigger for each
system (i.e. 0.555 barn for the Ar on KCI data). This is surely an underestimate for the
number of participants 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
upperbound on the number of participants is clearly just the sum of the nucleons in the
system for the symetric cases ( i.e. 80 for Ar on KCl) and approximately 116 for the Ar
on La system (see discussion in Ar on La results section). The errors shown on the
ratio are those due to the errors in the fit values of R) and Ry,.

One observation that is generally true for all the experimental results using two
particle interferometry to measure source sizes in relativistic heavy ion collision is that
the radii one measures are usually greater than the radii of the colliding system. The
explanation for this observation 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 region.
The density which one calculates using the measured HBT spatial parameters and a

measured or assumed number of nucleons participating in the collision is thus
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commonly referred to as the freeze out density for the particular particle used for the
interferometry analysis (equivalent to last column in table 8). Due to the large n-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 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 argument. If it is indeed true that the freeze out
density measured via the HBT analysis is independent of the mass of the colliding
system, one could argue that the HBT technique measures the size of the systems at
the same point in the evolution of the participant regions of the collisions. This would
support the interpretation of the spatial 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 figure 14 we show
the perpendicular and parallel radii for the three central collision data sets. What is
shown on the plot are the one ¢ error contours for the three systems. The dashed 45°
line is for reference purposes and corresponds to R equal to Ry. The first feature to
note is that the errors in R) and Ry 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 Ry is larger than the uncertainty in R . This is as one would expect for a
study at zero degrees in the cm frame due to the coupling between Ry and 1. 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 KCl and 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 analyses. Finally, notice that whereas the source

shapes for the Ar on KCI and Ar on La are oblate in the cm frame, the source shape as
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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 facility to get a more precise measurement using 1.2-A
GeV 139La on La. Preliminary analysis indicates the source shape is oblate.

The main feature which shows up in the data for the lifetime parameter 71, for all
the fits, is that the fit is very insensitive to T. The insensitivity of the fit to the value of
1 is consistent with what Yano and Koonin!0 predicted in their theoretical formulation.
This insensitivity is clearly seen by looking at the errors given for T in the results
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 T wasn't identically equal to
zero, the errors on the parameter were such that within one ¢ all the measured values
of T were consistent with zero. The parameter which showed the largest coupling to T
was the parallel radius. This coupling between the parallel radius, which is a functidn of
the relative parallel momentum, qy;, and T, which is a function of the relative energy of
the n- pairs, is to be expected in pion interferometry at angles close to 0° in the cm
system, due to the tight correlation between parallel momentum and energy. This is
illustrated graphically in figure 9 for the Ar on KCI 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
results 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 conclude that as predicted this type of analysis is insensitive to the lifetime
parameter.

This brings us to the chaoticity parameter A. The historical interpretation of this

parameter has been that it allows for a decrease in the magnitude of the two pion
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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 sourcell.

If one uses the value obtained for A in the fits to the central Ar on KCl data (A =
.75), and solves for the ratio of coherent to chaotic pions using the formalism of
reference 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 calculation 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!?, emphasized that unless one has an exclusive data set, and hence
can eliminate 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 examples given of these "ensemble correlations” is the shadowing of
the pions, as a function of their angle of emission in the reaction plane of the collision,
due to any target or projectile spectator matter.

Another reason that one should be careful in interpreting 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 the correction.

In the data set and fits presented here, the only comment we would like to make
on this parameter is that for both the symmetric data sets ( Ar on KCI 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.
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Comparison with Results of others

Comparison of the results obtained here with other pion interferometry
experiments is facilitated by the compilation of results in this field published by
Bartke32. 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 plotted have been converted to the root - mean - square
(rms) values.

For the results presented here the appropriate conversion factor is V3/2 (ie.
multiply values from the results tables given earlier by v3/2. This conversion factor is
discussed in appendix A ). In figure 15 we've 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 what Bartke refers to as the "effective nuclear radius" and was
derived from a series of inelastic (interaction) cross section measurements for various
nuclei33. 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

1/3
p

data points appear to exhibit a scaling with A

As shown earlier, the extracted pion source shapes do not appear to be
spherical, thus it is interesting to compare 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. D. Beavis and the Riverside
group?? extracted a spherical source shape for 1.5-A GeV Argon on KCl in their studies
using the LBL streamer chamber. Within their uncertainties however ( R} =5.03 ¢

0.47 fm, Ry = 5.11 £ 1.17 fm), their results agree with those presented here. The same

group also investigated?> the source shape for 1.8-A GeV Argon on Lead and extracted
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radii that were spherical (Ry = 5.67 + 0.54 fm, Ry = 5.16 £ 0.50 fm) within
uncertainties.
Chacon?3 et al extracted an oblate source shape for 1.7-A GeV Fe on Fe. More

recently, the same group24 have done a source shape analysis for 1.8-A GeV Argon on

KCl, at 0°, using the JANUS spectrometer at the BEVALAC. Their results (R =4.8 £
03+0.07fm,Ry=42+04%202fm,t= 1.1_+11.'14:t 0.4, A =0.81 £ 0.05 £ 0.03) agree

within uncertainties with those presented here in all four fit parameters. In the same
paper they give results for 1.54-A GeV 93Nb on Nb in which they extracted a spherical

source shape.

Conclusions

The results obtained for Argon on KCl 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 preliminary
analysis of a more precise follow up La on La experiment suggest 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 acceptance related correlations in

one's background pion pair distribution.
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Appendix

Conversion Factors.

In this appendix we briefly discuss the conversion factors which are commonly
used in two particle correlation analyses. Recall that in deriving the two particle
correlation function one finds that:

C2(q.q0) = 1 + Ip (@900
where p (q, qo) is the Fourier transform of the pion emitting source distribution. At this
point one must choose a distribution for p(r, t). In Yano and Koonin's formulation!!,
which we've used in this analysis, a gaussian distribution was chosen which was
parameterized as:

b, (@) dr o ¢ TR,
In this discussion we ignore the time component of the distributions for simplicity. This
leads to a correlation function of the form:

Cafa, a0 =1 +TR72
When one fits this function to the data and quotes a radius parameter, the quantity
being quoted is thus this parameter R, which is dependent on how one choose to
parameterize one's gaussian.

The trouble that arises is that different theoretical formulations have used
different algebraic forms for their gaussians and hence one must be careful when
comparing the quoted radius parameters from different groups. As an example, some
formulations parameterize their gaussians as:

p2 (r)drec e('r2/ 2R2)dr.
This leads to a correlation function of the form:
Cafg o) = 1+ 4R
One may easily see that the extracted radius parameters for the two gaussian

parameterizations given above will differ by a factor of \/5 Recognizing this problem,

Bartke and Kowalski34 suggested that if the results are quoted using the root mean
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square (rms) radii of the gaussians this ambiguity can be avoided. This is illustrated

below.

Using p; above,

[Pood  anc |ite™ R
0

6[ P dr anc |t R 2ar

J
Using p3 above,
oo 3 } 2 2
szpz(r)dr 4nc |heT PR g
0 = Goo = 3R2 =< I'2 > S . Irms = \/3 R2
C  _2pR2
O[PZ(r)dr 4ncd ReT2R

As we've already seen, \/—2—R2 = R}, therefore two different groups could analyze the
same experimental data, using the different parameterizations 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 Rj and Ry 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;
Ry Ry

u 3
= Ru = 5 =<r2 >u S I'rmg = g Ru

Ry
Id‘ 47 |r2dr
0 0

Equating this to the rms radius for p; above;
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The conversion factors which Bartke and Kowalski have tabulated for
converting to the rms radii for the various gaussian parameterizations are correct and
applicable to two particle interferometry analyses. We don't 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 analyses33. The problem lies in the fact that it
is the Fourier transform of the gaussian and the uniform spherical distributions
between which one wants to convert. Goldhaber, Goldhaber, Lee, and Pais!4 showed
in their pioneering paper that the Fourier transform of a gaussian and a uniform
spherical distribution are almost identical (within = 2% everywhere) if one multiplies
the width parameter for the gaussian by the appropriate constant.

Figure Al shows the two pion correlation function derived using a uniform

spherical distribution (Ws), the same function derived using a gaussian distribution
(W), and the difference between the two.(Pg - Ws). In the plot we've used W instead
of C2(q) to be consistent with GGLP's notation. In figure A2 we show the same plot
where we've used the conversion factor between the gaussian and spherical
distributions given by Bartke and Kowalski.34

It's clear from the comparison of figures Al and A2 that the deviation between
the correlation functions which one derives using the uniform spherical and gaussian
distributions 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 (p1), and 2.15

if one uses a gaussian parameterization of type p;.
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Table 1. Parameters of Beams Used. Note E, Y, K.E., and P are values at target.

Beam y4 A B Y K.E. P
(‘A MeV) (GeV/c)
Argon 18 40 94011 29336 1799 102.663
Xenon 54 136 .8969 2.261 1175 256.726
Table 2. Target Parameters.
Target Thickness (g/cm2) LR (g/cm?) 80 (mrad)
KCl 1.130 18.5 4.2
La 446 7.8 5.0

Emgtz

1 1
Table 3. Summary of triggers.Ogeo =7 r(z) (Al3) + A3)3 ,10 = 1.2 fm, and Ap and A¢ are
t

the number of nucleons in the beam and target nuclei. ,

Beam Target Ogeo Osoft  Osoft/Ogeo  Ohard Chard/Ogeo
(barn) (barn) (%) (barn) %
Argon KCl thick 2.116 1.428 67 0.555 26
Argon La 3.346 2.438 73 1.358 40
Xenon La 4.856 3.844 80 1.75 37
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Table 4. Results for 1.8-A GeV Argon on KCl, Hard triggcr.

Systematic DC efficiency X X X
Corrections Gamow X X
Applied Background X

R (fm) 4.46 446 451+.14 430x.14
T (fm/c) 0.0 0.0 00+1.1 00+1.1
A 0.56 0.57 076 .05 0.78+ .05
X2 7532 7503 7500 745.1
NDF 726 726 726 726

Pr (x2 2 x2meas.) 015 018 0.8 0.23

89,847 Correlated 7 pairs, 1,389,400 Uncorrelated 1t pairs.

R} (fm) 4.51 462+.18 439%.15

R /7 (fm) 3.44 3.63+.33 3.48+ .30
+1.12 +90

T (fm/c) 1.98 108 ;08 130,33

A 0.55 075+ .04 0.77+ .05

x2 2107.2 2093.6 2088.3
NDF 2081 2081 2081
Pr (X2 2 %2meas.) 0.28 0.39 0.43

88,709 Correlated &~ pairs, 1,357,500 Uncorrelated - pairs.
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Table 5. Results for 1.8-A GeV ArEon on La, Hard tri§§er.

Systematic None X

Corrections Gamow + DC eff X X
Applied Background X

R (fm) 4.01 411+ .28 3.88%.28
T (fm/c) 0.0 00110 00%1.0
A 0.80 1.02+.12 1.05+.13
NDF 178 178 178
Pr(x2 2%2meas) 0.26 0.16 0.12
12,293 Correlated n- pairs, 191,640 Uncorrelated © pairs.

R} (fm) 4.60 482+ .45 4.63% .40
Ry (fm) 3.88 3.80+.53 3.82+.50
T (fm/c) 0.0 00+190 00+20
A .82 1.06 £ .13 1.10+.14
NDF 548 548 548

Pr (X2 2 X2meas.) 0.24 0.26 0.30
9485 Correlated - pairs, 138,710 Uncorrelated ©~ pairs.
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Table 6. Results for 1.2-A GeV Xenon on La, Hard tri§§er.

Systematic None X

Corrections Gamow + DCeff X X

Applied Background X

R (fm) 5.15 540+ .8 490 £ .75
+2.2 +19

T (fm/c) 4.60 3.60 3¢ 3.44 5,

A 0.53 080+£.19 0.76 £ .17

x2 218.1 218.1 220.25
NDF 158 158 158
Pr (X2 2 X2meas.) 5x106 5x106 2x 106

10,241 Correlated n~ pairs, 162,280 Uncorrelated 7~ pairs.

R (fm) 5.11 556+.63 5.40%.65

R j7 (fm) 8.75 794+15 7.70+1.40

T (fm/c) 0.0 0.0+3.60 0.0+ 3.60

A 0.60 090+.18 091+.18
%2 . 45.8 451.8 450.0

NDF 394 394 394

Pr (X2 2 X2meas.) 1.2x103 23x103 3.0x 103

8,155 Uncorrelated 7~ pairs, 123,720 Uncorrelated 1~ pairs.
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Table 7. Results for 1.8-A GeV Argon on KCl, Soft triggcr. -

Part of Fragment wall ADC Distribution ALL LOW HIGH

R (fm) | 455+.35 483+.48 430+ .48
T (fm/c) 0+20 0+28 0+28

A 068+.1 070%.15 065+.14
NDF 606 479 428

Pr (x2 2 x2meas.) 0.27 0.005 0.012
Number of Correlated &~ pairs 17428 8822 7,484

R (fm) 501+.45 572+7  475+.50
R // (fm) 21280 09000 24t}

T (fm/c) 3.93 flls}? 4-33:115 0 +2.40
A 071% 08075  058%
X2 833.76  516.6 391.4
NDF 713 431 366

Pr (X2 2 X2meas.) 6x106 4x10-5 0.09
Number of Correlated n~ pair: 14,646 6,721 5,730
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Table 8. Calculated freeze out densities. The lower bound on the number of

participant nucleons (AjR) is derived by equating 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

Data Robeam AR RR(fm) R meas.(fm) Po
173 1/3
Set  12Aveam  (Assumed) 12 Arr 1L.52*RFit (% of NND)
(fm) Lower Upper Lower Upper 1 /l Lower  Upper

Aron KCl 4.10 30 - 80 372-517 6.67 529 22+3-59%7
AronlLa 4.10 42 - 116 4.17 -585 704 581 25+5-70%x15
XeonLa 6.11 70 - 271 495-776 821 1170 19+6 -59%18
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Figure Captions
Figure 1. Experimental setup. Hiss B field is into the page with a magnitude of
7kG.

Figure 2. Momentum Resolution evaluated in the nucleon - nucleon cm frame.
Squares represent 1~ momentum resolution due to all effects. Triangles include
all effects except position resolution on the target. This (triangles) is the
resolution of interest for this analysis.

Figure 3. Inclusive momentum distribution for the ©-, evaluated in the nucleon -
nucleon cm frame, for events with two or more 7.

Figure 4. Crosshatched regions in figures 4a and 4b show the acceptance for 7
in Ar on KCl] data set. X is in bending plane of HISS dipole, Y is vertical, and Z
is along beam direction. The inclusive 84 distribution shown in figure 4c has a

mean of 5° and ¢ = 25°,

Figure 5. Acceptance for Correlated n- pairs. q and qp are the relative
momentum and energy, respectively, for the pairs. Increasing contour labels
represent increasing numbers of counts.

Figure 6. C(q,q0) vs q and qg for Ar on KCl, hard trigger data set. Plot 6a
shows the experimental correlation data and plot 6b shows the fit. The DC
efficiency and Gamow corrections are applied.

Figure 7. The correlation function projected onto the q axis for the data shown
in figure 6. Uncertainties shown are statistical. Notice the clear enhancement of
the correlation region even in the raw data.

Figure 8. One and two sigma error contours for standard R, t, A fit. Data is Ar
on KCl, with the hard trigger. DC efficiency and Gamow corrections are applied.

Figure 9. One and two sigma error contours for Ry vs T and R, vs . Ar on KCl,
hard trigger data set. Notice the coupling between the parameters Ry and T and
the absence of any coupling (error contours parallel to axes) between R and t.

DC efficiency, Gamow, and background correlation corrections are applied.
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Figure 10. Standard R, 1, A fit parameters as a function of the mean momentum
of the pion pairs in the cm frame. Ar on KCl, hard trigger data set. Vertical bars
are the one sigma errors from the fit. Horizontal bars correspond to the
standard deviation for the pion pair momentum within the bin. Fits shown have
DC efficiency and Gamow corrections applied.

Figure 11. Unnormalized, invariant, inclusive - cross sections vs kinetic
energy in the nucleon-nucleon cm frame for three angles. Data is Ar on KCl
with the hard trigger. Errors shown are statistical.

Figure 12. Fit to the 22° %~ inclusive cross sections from figure 11. Fitted slope
parameter agrees quite well with those seen by others.

Figure 13. Histograms of the ADC (e projectile fragment charge) for the
Cherenkov radiator (V4) with software requirements of one, two, and 2 three
n- observed within our acceptance. Ar on KCl, soft trigger data. Notice the
expected biasing toward central collisions as one requires two or more 7.

Figure 14. Summary plot of R} vs Ry for three systems studied. One sigma
error contours are shown. Dashed line is for reference and represents R; =Ry,.
DC efficiency, Gamow, and background correlation corrections are applied for
all three fits shown. |

Figure 15. Comparison with results of others. Dashed line represents
"effective nuclear radius". Filled circles are data from this experiment.

Figure Al. Long dash line represents correlation function using a gaussian
source distribution. Solid line is for a spherical source distribution with a radius
equal to 1.52 times the gaussian radius parameter. Short dashed line is the
percentage difference between the two as read off the scale to the right.

Figure A2. Bartke's Conversion factor. Same quantities as those plotted in Al

(see Al caption) with spherical radius parameter equal V5/2 times gaussian
radius parameter.
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