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Proton-proton correlations were measured with the "Plastic Ball" detector for two sys-
tems, Ca + Ca and Nb + Nb, at 400 MeV/nucleon as a function of proton multiplicity. The
source-size radii extracted from these measurements were found to have a cube-root depen-
dence on the proton multiplicity of the event. The deduced freezeout density, the density at
which collisions between fragments cease, was found to be about 25'/0 of normal nuclear-
matter density.

PACS numbers: 25.70.Np

Relativistic nuclear collisions produce a zone of
hot matter that radiates protons, pions, and com-
posite particles. The effective source size of this
participant region has been investigated by a
number of groups by use of either proton-pair
correlations' or pion-pair correlations at small
relative momenta. Proton-proton correlations carne
into use for source-size measurements following
the correlation predictions of Koonin5 which, in ad-
dition to the second-order interference effect due to
quantum statistics, also include nuclear and
Coulomb-induced final-state interactions between
the two outgoing protons. The use of this method
in nucleus-nucleus collisions is still relatively novel
and an effort is being made to explore its potential.
One application is the extraction of freezeout densi-
ties, a quantity which is of interest both for an
understanding of the reactions and for its bearing
on models of fragment production near a critical
phase change. Previous measurements of
freezeout densities in general used composite-
particle yields which reflect chemical freezeout, not
the thermal freezeout reported here.

We report source radii as a function of proton
multiplicity for two different reactions: Ca on Ca
and Nb on Nb, both at 400 MeV/nucleon. The
proton-proton correlations were measured at the
Bevalac with the "Plastic Ball, " a 4m. detector with
several features that are of significant value in this
application. One obvious advantage is the large
solid angle and rapid data-collection ability. This is
an important factor in these measurements where
obtaining sufficient pair statistics is often a prob-
lem, particularly when selections are made on event
type. Another important feature is the ability to
detect most of the charged particles in each event,
thus obtaining a direct measure of the participant
multiplicity which is necessary for the freezeout-
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density determination. The main difficulty, that the
resolution is limited by the finite angular size of the
detector modules, has been overcome by smearing
the theoretical calculation, thus permitting a direct
comparison with the measurement.

A detailed description of the Plastic Ball detector
system appears elsewhere, but briefly it is a spheri-
cal array of 815 scintillator AE, E detector modules
which cover the full solid-angle region surrounding
the target from 9 to 160 deg. The density of
modules is greater, with a center-to-center separa-
tion of 3.5 deg, in the forward region between 9 and
30 deg. For a typical proton energy of 50 MeV this
corresponds to a bp, ~pt

—p2~/2, of 10 MeV/c. The
rest of the ball is more coarsely segmented with a
center-to-center separation of 7 deg. The protons
used in the correlation analysis were limited to
those stopped in the E detector, giving complete en-
ergy and particle-type information. The energy
range of these protons is —40 to 200 MeV. In ad-
dition to the Plastic Ball itself there is an array of
plastic scintillators called the "Plastic Wall" located
downstream from the target which covers the re-
gion from 0 to 9 deg. The wall is used to complete
the measurement of proton multiplicity and to de-
fine a trigger for event recording.

In measuring the proton multiplicity, N~, we at-
tempt to account for all participant protons includ-
ing those bound in light composites (d, r, He, and
"He). These bound protons add approximately 40/0
to the proton multiplicity. The proton energy
threshold in the laboratory frame was adjusted to
approximately 15 MeV, slightly above the detector
threshold to avoid instrumental uncertainties and
limit the contributions from target spectators. The
energy threshold for charge-2 ions is roughly 2 or 3
times higher. The projectile spectators are largely
eliminated by excluding a region in p~-rapidity
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space that was identified by use of low-multiplicity,
peripheral-reaction events. Thus, N~ is actually
the baryon-charge multiplicity in the participant re-
gion, but we will abbreviate it simply to proton
multiplicity.

Radii have been extracted by comparing mea-
sured correlation functions to theoretical predic-
tions which depend on the source-size radius. In
practice, the correlation function is obtained from
the data as a function of b p (either one of the pro-
ton momenta transformed into the center of mass
of the pair) by summing all p-p pairs, event by
event, in bins [N„„,(hp)] according to Ap, and di-
viding by p -p pairs from different events
[N;„,d(b p ) ] to give

F(hp) =norm xN„„,(hp)/N;„, d(hp).

In forming the mixed-pair sums each proton was

paired with each proton in the preceding five events
so that the statistical error in the ratio due to the
mixed-event pairs could be neglected compared to
the true-pair statistics. Mixed-event pairs with both
protons in the same detector module are rejected to
be consistent with the ball's requirement of two dif-
ferent modules for true pairs. The measured corre-
lation function defined above is normalized to unity
in the region Ap = 70-100 MeV/c.

The theoretical correlation functions which we
compare with our measurements were calculated by
Koonin. 5 In the form used here the correlation
function, F(bp), equals I+R (Ap) where R (Ap)
is the correlation function of Ref. 5. The degree of
correlation between the two protons is strongest
when they are close in space, time, and momentum.
In the general form of Koonin's calculation the pro-
ton source density is treated as isotropic with a
Gaussian distribution in space and time, and the
proton momenta are assumed to be independent of
position. The Gaussian spatial density, p (r)
= exp[( —r/rg) ], may be thought of as represent-
ing the proton positions at the point of their last
scattering. For our analysis we assume that the
time parameter is zero, i.e., all the protons are
emitted at the same time. Consequently, our ex-
tracted radii are expected to be somewhat larger
than the true spatial extent of the source. This
simplified form of the correlation function (shown
in Fig. I) illustrates the effects of the final-state in-
teractions between the two protons. At Ap =0 the
correlation function is zero as a result of the
Coulomb repulsion. The peak in the correlation
function at Ap =20 MeV/c is generated by the at-
tractive nuclear force. The amplitude of this
enhanced correlation is strongly dependent on the
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FIG. 1. The solid curve shows the p-p correlation
function calculated by Koonin for a source of radius
rg=3 fm and a source lifetime of 7=0. The dashed
curve is the same correlation after applying the Plastic
Ball distortion resulting from finite angular granularity.

source-size parameter rg and increases as the source
gets smaller. The peak, in this case for identical
fermions, is suppressed by roughly a factor of 2
through Pauli exclusion. This suppression corre-
sponds to the enhancement observed for identical
bosons, the normal second-order interferometry ef-
fect in pion-pion correlation measurements. The
problem for this work is to compare experimental
and theoretical correlation functions for the purpose
of extracting the source radius rg.

The difficulty in this comparison is caused by the
smearing of the measured correlation function by
the finite angular resolution of the detector
modules. This causes an error in bp which differs
for each pair, being dependent on the individual
proton momenta. The nature of the distortion in
the measured correlation function is therefore af-
fected by the proton momentum distributions,
functions that can change depending on cuts being
made on the data. The problem has been solved by
inclusion of the finite-angle distortion in the
theoretical correlation by use of a Monte Carlo pro-
cedure. Our procedure uses the same mixed-event
pairs that are used in the experimental determina-
tion of the correlation function and therefore au-
tomatically includes the correct proton momentum
distributions. An example of a distorted correlation
function is shown in Fig. 1 along with the original
undistorted function. The effect of the distortion is
to move strength from low bp to higher bp. The
added contribution at 4p around SO MeV/c is less
apparent since the effect is diluted by the larger
number of counts in both numerator and denomi-
nator as Ap increases. The distorted spectrum can
now be directly compared with our measured corre-
lation function. It should be pointed out that the
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Plastic Ball has a reduced efficiency for detecting
pairs in the low-b p region since these pairs will tend
to go both into the same detector. The efficiency
has been determined from the relative number of
mixed-event proton pairs occurring in the same
module. The efficiency decreases from 70%, in the
region of the correlation peak at Ap = 20 MeV/e, to
0 as b,p goes to 0. This loss in efficiency does not
affect the ratio, but the resulting drop in statistics
prevents careful comparison of data and theory at
low hp below the peak in the correlation function.
However, the correlation function is well deter-
mined at Ap = 20 MeV and above and thus gives a
good measure of the radius. In Fig. 2 we show an
example of a measured correlation function along
with the distorted theoretical correlation function.
The distorted theoretical function in this case is a
linear interpolation between the two bracketing pre-
dictions for rg=4 and 5 fm. This interpolated
curve and corresponding radius of rg=4. 7 fm was
obtained by a least-squares fit to the measured
correlation function. Measured correlations as well
as the distorted theoretical functions are calculated
separately for each proton multiplicity bin.

The extracted radii are shown as a function of
proton multiplicity in Fig. 3. The error bars
represent statistical errors only. For both the Ca
+ Ca and Nb + Nb systems the radius increases
with multiplicity. These results agree with
multiplicity-averaged m-m measurements of two
other groups on a similar mass system
(Ar + KCl) at higher bombarding energy. The

result of one of these groups, Beavis etal. at
E/A = 1.5 GeV, is the same as ours at Np equal to
30. The other m-m measurement, by Zajc etal. at
a beam energy of E/A =1.8 GeV, is about 20'/0

lower than our value. The proton-proton measure-
ments with E/A = 1.8 GeV of Zarbakhsh et al. ,

t on
the other hand, are roughly —, our values. They
separate their results into two multiplicity bins and
contrary to our measurements they see smaller radii
at larger multiplicity.

Our radii in Fig. 3 are shown with a fit using the
function rs = ra(N~A/Z)' /( —', )' where ro is a re-
duced radius (proportional to 1 over the density).
N~ is the participant baryon charge multiplicity and
A/Z has been included to reflect the presence of
neutrons. The extracted radii are the radius param-
eters for a Gaussian source distribution, and so by
inclusion of (—', ) '~ in the above function r 0 be-

comes the radius parameter of an rms-equivalent
sharp sphere. The value of ro extracted from the
fits is 1.9 fm for the two systems studied. Compar-
ing this directly with r0=1.2 fm, the sharp-sphere
ro for normal nuclei, yields a participant-region
freezeout density about 25% of normal nuclear den-
sity, considerably lower than the twice-normal den-
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FIG. 2. The measured proton-proton correlation func-
tion for Ca + Ca with a proton multiplicity from 25 to
32. The solid curve is a least-squares fit interpolation
between distorted theoretical correlation functions for ra-
dii of 4 and 5 fm which differ from each other by 25% at
the peak.

Np

FIG. 3. Extracted Gaussian source radii as a function
of proton multiplicity (N~) for the two systems Ca + Ca
and Nb + Nb at 400 MeV/nucleon. The curves are fits
to the results with the function r~ = ro(N~A /Z) ' 3/(~) '
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sity derived' from the smaller radius values mea-
sured by Zarbakhsh et al. ' Our density is also
somewhat lower than the commonly accepted
freezeout density values of 0.3 to 0.5 times normal
nuclear density" and consequently will affect
models of expanding nuclear systems.

We acknowledge the strong support of Professor
R. Bock and helpful discussions with W. A. Zajc,
6. Bertsch, S. E. Koonin, W. G. Lynch, F. Zar-
bakhsh, J. Randrup, and M. Gyulassy.

This work was supported in part by the Director,
Office of Energy Research, Division of Nuclear
Physics of the Office of High Energy and Nuclear
Physics of the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098.

~'~Present address: Institut fur Kernphysik, D-4400
Munster, West Germany.

& &Also at Institut fur Kernphysik, Universitat Mar-
burg, D-3550 Marburg, West Germany.

&'~Present address: Springer-Verlag, Berlin, West Ger-
many.

td&Present address: Lawrence Berkeley Laboratory,
University of California, Berkeley, Cal. 94720.

&c~Present address: Toledo Company, Koln, West Ger-
many.

F. Zarbakhsh, A. L. Sagle, F. Brochard, T. A. Mulera,
V. Perez-Mendez, R. Talaga, I. Tanihata, J. B. Carroll,

K. S. Ganezer, G. Igo, J. Oostens, D. Woodard, and
R. Sutter, Phys. Rev. Lett. 46, 1268 (1981).

N. Akhababian, J. Bartke, V. G.. Grishin, and M. Ko-
walski, Joint Institute for Nuclear Research, Dubna, Re-
port No. E1-83-670, 1982 (unpublished).

3D. Beavis, S. Y. Fung, W. Gorn, A. Huie, D. Keane,
J. J. Lu, R. T. Poe, B. C. Shen, and G. Van Dalen, Phys.
Rev. C 27, 910 (1983).

W. A. Zajc, J. A. Bistirlich, R. R. Bossingham, H. R.
Bowman, C. W. Clawson, K. M. Crowe, K. A. Frankel,
J. G. Ingersoll, J. M. Kurck, C. J. Martoff, D. L. Mur-

phy, J. O. Rasmussen, J. P. Sullivan, E. Yoo, O. Hashi-
moto, M. Koike, W. J. McDonald, J. P. Miller, and P.
Truol, Lawrence Berkeley Laboratory Report No. 16930
(unpublished).

sS. E. Koonin, Phys. Lett. 70B, 43 (1977).
6M. W. Curtin, H. Toki, and D. K. Scott, Phys. Lett.

123B, 289 (1983).
A. Baden, H. H. Gutbrod, H. Lohner, M. R. Maier,

A. M. Poskanzer, T. Renner, H. Riedesel, H. G. Ritter,
H. Spieler, A. Warwick, F. Weik, and H. Wieman, Nucl.
Instrum. Methods 203, 189 (1982).

Using a source-time parameter of 5 fm/c we estimate
this error to be at most 6%.

The density for a nonspherical distribution would be
somewhat higher because the measurement is sensitive
primarily to the rms radius. For a ratio of major to minor
axis of 1.5 the density would be only 12% higher.

toS. Nagamiya, Nucl. Phys. A418, 239c (1984).
~~A. S. Hirsch, A. Bujak, J. E. Finn, L. J. Gutay, R. W.

Minich, N. T. Porile, R. P. Scharenberg, and B. C. String-
fellow, Phys. Rev. C 29, 508 (1984).

547


