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The momentum dependence of the two-proton correlation function is studied for central and peri-

pheral ' Ar+ 'Sc collisions at E/A =80 MeV. Calculations with the Boltzmann-Uehling-Uhlenbeck
transport theory reproduce well the measured momentum dependence of the correlation functions for
central collisions, but underpredict the momentum dependence for peripheral collisions.

PACS numbers: 25.70.Pq

Microscopic models based on the Boltzmann-Uehling-
Uhlenbeck (BUU) equation make definite predictions for
the time evolution of the one-body phase space density
created in intermediate energy heavy ion collisions [1-8].
Detailed tests of these predictions are possible through
the technique of two-proton intensity interferometry,
which makes use of the space-time sensitivity of the two-

proton correlation function at small relative momentum
[1,9-14]. Model predictions of the behavior of the corre-
lation function depend strongly on impact parameter
[1,13], indicating that the space-time evolution of the
one-body phase space density is different for central and
peripheral collisions. Separate tests of these model pre-
dictions for central and peripheral collisions are crucial to
distinguish the impact parameters for which the model
provides a reasonable description of the reaction from
those impact parameters for which there may be physical
effects that are poorly understood [1]. The present work
provides the first study of the two-proton correlation
function with simultaneous cuts on the event centrality
and on the total momentum of the proton pair. These
measurements are used to test BUU predictions of the
space-time geometry of the one-body phase space density
separately for central and peripheral events.

The experiment was performed at the National Super-
conducting Cyclotron Laboratory at Michigan State Uni-
versity (MSU). A beam of Ar ions at E/A =80 MeV
incident energy bombarded a Sc target of areal density
10.0 mg/cm . The beam intensity was typically 3X10
particles/sec. Charged particles were measured in the
MSU 4' detector array [15],which consisted of 209 plas-
tic AE-E phoswich detectors covering polar angles be-
tween 7 and 158 in the laboratory frame. Particles
stopping in the slow (E) plastic scintillators of this array
were identified by their particle type and energy; the en-

ergy calibrations for these detectors are accurate to ap-
proximately 10%. One of the hexagonal modules of the
4~ array, located at 38 in the laboratory frame, was re-
placed by a 56-telescope high-resolution hodoscope [16-
18]. Each AE Etelescope of the hodosco-pe consisted of

300 pm thick Si detector backed by a 10 cm long
Csl (Tl) detector and subtended a solid angle of
AA =0.37 msr. The nearest-neighbor separation between
telescopes was h, 0=2.6, and the energy resolution of
each telescope was about 1% for 60 MeV protons. Dur-

ing the experiment, both two-proton coincidence and sin-

gles events in the hodoscope were recorded in coincidence
with the corresponding data from the 4z array.

The experimental two-proton correlation function
1+R(q) is defined in terms of the two-proton coincidence
yield Yq(p~, p2) and the proton singles yield Y~(p) [19,
20]

QY2(p~, p2) =C[l + R(q)]QY)(p)) Y)(pp) .

Here, p] and pz are the laboratory momenta of the two

protons, and q is the momentum of relative motion. For a

given experimental gating condition, the sums on each
side of Eq. (1) extend over all proton energies and detec-
tor combinations (of the 56-element hodoscope) corre-
sponding to each q bin. The normalization constant C is

determined by the requirement that R(q) vanish for large

Following Ref. [21], impact parameter selection was
achieved via cuts on the transverse energy of the coin-
cident charged particles, defined by

wc

E, =gE;sin 0;. (2)
i=1

Here, 1V~ is the charged particle multiplicity measured in

the 4' array. [To reduce the effects of "self-biasing, "
particles detected in the 56-element hodoscope were ex-
cluded from the sum in Eq. (2).] Gates on the transverse
energy were used to construct impact-parameter-selected
two-proton correlation functions.

Figure 1 shows energy-integrated correlation functions
gated on central (high E, ) and peripheral (low E, ) col-
lisions. In a purely geometrical interpretation [21], the
employed cuts on E, represent "reduced" impact parame-
ter cuts of b/b „„=0.0-0.36 and 0..44-0.82. The peak
of correlation function at q = 20 MeV/c is stronger for

0031-9007/93/70(24)/3709 (4)$06.00
1993 The American Physical Society

3709



VOLUME 70, NUMBER 24 PHYSICAL REVIEW LETTERS 14 JUXE 1993

1.6

1.4—

1.2—

00 ~

0 ~ o

&OI.b& =38'

C entral

Peripheral

1IQ o
0

~ eeg 0 o ill Q
~ P

1.5—

1.0

(0] b) 38

c) Peripheral

Central

P=400 —520 MeV/c
OCI

~ ~o 00 geo(p
I ~& Dec,I I ICCOO

yQ

0.8
0.5

P&880 Mev/c

0 20 40 60
q (Mev/c)

80 100

FIG. l. Two-proton correlation functions measured for cen-
tral and peripheral 36Ar+ Sc collisions at E/A =80 MeV.
The correlations were summed over all protons with energies
above the detection threshold (about 9 MeV) in the 56-element
hodoscope.

peripheral than for central collisions. This observation is

qualitatively consistent with the findings of Refs. [22-
24]. In a static picture, this suggests smaller proton-
emitting sources for peripheral collisions.

Considerably more information is obtained when the
correlation function is gated on the total momentum of
the proton pair, P=~pt+pz~. Figure 2 shows correlation
functions for central and peripheral events for two pro-
tons with a total momentum in the range P =400-520
MeV/c (upper panel), and for P~ 880 MeV/c (lower
panel). Qualitatively consistent with previous inclusive
measurements [16,25-34], stronger correlations are ob-
served for proton pairs with high total momentum.
Quantitatively, this momentum dependence is also a
function of impact parameter. Proton pairs with low to-
tal momenta are more strongly correlated in peripheral
collisions than in central collisions. In contrast, the corre-
lation functions constructed from high-momentum pairs
in central and peripheral collisions are quite similar.

The total momentum dependence of the two-proton
correlation function in central and peripheral events can
be used to test detailed predictions of the BUU transport
theory. The BUU equation describes the time evolution
of the one-body phase space density under the inHuence
of the nuclear mean held and individual nucleon-nucleon
collisions. The fact that the emission of fragments is not
treated in the theory complicates the comparison of our
data to BUU predictions: An observable such as E, can-
not be accurately reproduced by the BUU model because
it depends strongly on fragment emission. In order to
overcome this difhculty, we impose "equivalent" E& cuts
on model events to allow cuts on impact parameter that
are similar to those applied to the data. If we denote the
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FIG. 2. Two-proton correlation functions measured for cen-
tral (solid points) and peripheral (open points) ' Ar+ Sc col-
lisions at E/8 =80 MeV. Top and bottom panels show results
for cuts on low and on high values of the total momenta of the
proton pa i rs.

measured and calculated inclusive EI distributions as
dP/dE, and dP/dE„ then the "equivalent" transverse en-
ergies, E, and E, , are defined through the relation

J dE, 'dP/dE, '=
J - dEI'dP/dE, '.

For the ideal case of a strictly monotonic relationship be-
tween transverse energy and impact parameter, the
equivalent cuts on E, and E, defined by Eq. (3) select
identical regions of impact parameter.

Theoretical two-proton correlation functions were cal-
culated with the Koonin-Pratt formula, which relates the
correlation function to the one-body phase space distribu-
tion [9,12, 13]. The theoretical correlation function is ob-
tained by convoluting the one-body phase space distribu-
tion with the two-proton relative wave function. The
phase space distribution of emitted particles was calculat-
ed with the BUU transport model. Averages over impact
parameter were performed and equivalent cuts on trans-
verse energy were applied to the BUU events, The BUU
calculations were performed for a stiff equation of state
and in-medium cross sections which are equal to the free
nucleon-nucleon cross sections. These parameters were
successfully used for the description of inclusive correla-
tion functions in this energy domain [13,16,26]. Follow-
ing Refs. [1,13,16,25,26], a particle was considered emit-
ted if it was located in a region where the local mass den-
sity was less than one-eighth normal nuclear density.
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The top and bottom panels of Fig. 3 show theoretical
and experimental correlation functions for central and
peripheral cuts, respectively. The figure shows the total
momentum dependence of the average height of the
correlation function in the peak region (I+R)is 2s M, y/, .

This quantity, which is the primary indicator of the
space-time extent of the proton distribution, is relatively
free of experimental resolution effects for the present
hodoscope [l6]. The distortion of the correlation func-
tion in the peak region is negligible, and the q resolution
at q =20 MeV/c is in all cases less than 5 MeV/c,
significantly smaller than the size of our average region.
For reference, we provide on the right-hand axis the
Gaussian radius of a zero-lifetime spherical source that
produces a correlation function with the same peak value.
Data and model predictions are represented by full and
open symbols, respectively. For central collisions (top
panel), the agreement between experimental and theoreti-
cal correlations is quite good, suggesting that the BUU
transport theory provides a reasonable description of the
final phase space density distribution of nucleons emitted
in these collisions. For peripheral collisions (bottom
panel), on the other hand, the BUU transport theory un-

derpredicts the total momentum dependence of the corre-
lation function. While the measured peak value of the
correlation function increases with the total momentum
of the proton pair, the theoretical correlation function de-
pends very little on the total momentum. We cannot rule
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FIG. 3. Total momentum dependence of the average height
of the two-proton correlation function, (t+R(q)&I5 qs M, vy„ for
central (top panel) and peripheral (bottom panel) collisions.
Solid and open points represent data and transport model pre-
dictions, respectively. Details are discussed in the text.

out that this disagreement could arise from an incomplete
understanding of the experimental impact parameter
filter. However, more extensive investigations reveal that
this discrepancy persists when one employs different
methods of deriving the impact parameter weighting used
in the calculations. The results of these investigations
will be published in a forthcoming paper [35] where it is
also shown that the bias of the two- (instead of a one-)
proton trigger in the hodoscope is of minor importance
and that the present technique accounts, to a rather good
approximation, for the resolution of the impact parameter
filter caused by fluctuations of E, and E, at fixed impact
parameter.

In summary, we have performed the first measurement
of the two-proton correlation function with simultaneous
gates on both the total momentum of the proton pair and
the event centrality. Correlation functions for central
collisions depend more strongly on the total momentum
of the proton pair than do correlation functions for peri-
pheral collisions. This implies a strong impact parameter
dependence of the space-time evolution of the proton-
emitting source created in heavy ion collisions. Theoreti-
cal correlation functions were calculated with the BUU
equation using the Koonin-Pratt formula. The predicted
total momentum dependence of the correlation function
agrees well with the data for a central event gate, but
disagrees for a peripheral gate. This disagreement sug-
gests that the present BUU model inadequately describes
the evolution of the single-body phase space distribu-
tion for peripheral collisions, or, alternatively, that the
Koonin-Pratt formula breaks down for peripheral col-
lisions and that knowledge of the two-particle distribution
may be needed [36,37] for the calculation of the correla-
tion function —pointing to areas where future theoretical
work is needed. While somewhat unlikely, the disagree-
ment could result from a poor understanding of impact
parameter selection. Our calculations were performed
with a "standard" set of model parameters which was
used successfully in previous work. Illustrative BUU cal-
culations averaged over impact parameter [l 3] have dem-
onstrated a weak dependence on the equation of state and
strong dependence on the in-medium nucleon-nucleon
cross section. More calculations need to be done to deter-
mine if a change in a physical parameter improves agree-
ment between predicted and measured correlations when
cuts on impact parameter are made.
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