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Probing toroidal density distributions with two-proton correlation functions?
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Transport calculations based on the Boltzmann-Uehling-Uhlenbeck (BUU) equation predict the
formation of toroidal density distributions for central *®Ar + *5Sc collisions at E/A = 80 MeV.
Calculations with the Koonin-Pratt formalism are performed to explore whether the occurrence of
such nonspherical breakup configurations could be tested via two-proton correlation measurements.
The predicted signal appears detectable, but weak, because most protons emerge early in the reaction

when the source is more compact.
additional complications.

PACS number(s): 25.70.Pq

Model calculations based on the Boltzmann-Uehling-
Uhlenbeck (BUU) transport equation predict that disk-
shaped [1] or toroidal configurations may be produced in
central heavy-ion collisions [2-6]. A number of observ-
ables have been suggested [1,2,5,7,8] which might signal
a toroidal breakup configuration, but experimental evi-
dence for the formation of tori has not yet been found.
Suggestions of observables were based upon either intu-
itive arguments [1,2,5] or schematic calculations [7,8] in
which a multifragment disintegration of the toroidal den-
sity distribution was assumed. In no case were these sug-
gestions substantiated by dynamical calculations capa-
ble of exploring the space-time evolution of the reaction
zone and of the emitted radiation. A consistent dynam-
ical treatment is possible for nucleon emission and for
the calculation of two-proton correlation functions, using
the Koonin-Pratt formalism [9-13] and the actual phase-
space distributions predicted by the BUU theory. In this
note we investigate to what degree two-proton correlation
functions can be expected to provide information about
the formation of toroidal density distributions.

Two-proton correlation functions probe the space-time
extent of the emitting source through the spatial depen-
dence of final-state interactions and antisymmetrization
effects [9-13]. At short distances, the attractive singlet
S-wave interaction dominates; it gives rise to a maxi-
mum at relative momentum ¢ ~ 20 MeV/c. Antisym-
metrization and Coulomb repulsion between the two pro-
tons produce a minimum at ¢ = 0 MeV/c [9]. Sensitiv-
ity to the shape of the phase-space distribution of emit-
ted particles is mostly due to antisymmetrization, which
leads to a stronger suppression of the correlation func-
tion when the relative momentum vector, q= %(pl—p2),
is oriented parallel to the shortest dimension of a non-
spherical phase-space distribution [9,10,13-16].

For our study we analyze the results of BUU calcu-
lations which were performed with high statistics for
small-impact-parameter 3¢ Ar+%°Sc collisions at E/A=
80 MeV. Measured impact-parameter-filtered correlation
functions [6,16,17] for this reaction were successfully re-
produced by BUU calculations [16,17] which predicted
the occurrence of toroidal density distributions. The
data were, however, also reproduced by assuming emis-
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Contributions from nonzero impact parameters give rise to

sion from a spherical source of finite lifetime [16]. Thus
agreement with BUU calculations could not be taken as
evidence for the predicted toroidal shapes [6].

Depicted in Fig. 1 is the calculated evolution of the
residual system for strictly central 36 Ar + %°Sc collisions
at E/A= 80 MeV. Panels from left to right show density
projections at times ¢t =10, 50, 100, and 150 fm/c; top
and bottom panels show projections onto the (z,y) and
(z, z) planes, respectively, with the z axis chosen paral-
lel to the beam axis. The system is seen to evolve into
a toroidal configuration which is symmetric about the
beam axis. In order to isolate effects due to the spatial
configuration of the emitting source, we make cuts on the
directions of total and relative momenta, shown in Fig. 2.

The total momentum P is selected to lie within +10° of
the (z,y) plane and the relative momentum q is selected
(within +10°) along three directions: qpa, is parallel to
P and thus sensitive to the source dimension and its life-
time; Qperp and Qpeam are perpendicular to P and thus
insensitive to lifetime effects. qperp lies in the (z,y) plane
and is sensitive to the radius of the torus, while qpeam
is parallel to the beam axis and is thus sensitive to the
thickness of the torus.
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FIG. 1. Residual system predicted by BUU transport cal-
culations for central **Ar + **Sc collisions at E/A = 80 MeV
at times t=10, 50, 100, and 150 fm/c. The top panels show
distributions viewed along the beam axis; the bottom panels
show distributions projected onto a plane which contains the
beam axis.
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FIG. 2. Geometry of toroid and directions of applied cuts
on q used in all of our calculations.

The solid and dashed curves in Fig. 3 show two-proton
correlation functions calculated under the simplifying as-
sumption of instantaneous emission from the volume of
the toroidal spatial density distribution at ¢t=100 fm/c
(see inset and Fig. 1). The momenta for this simulation
were chosen isotropic in the center of mass frame, with
a flat distribution for each Cartesian component ranging
from —200 to 200 MeV /c. Statistical uncertainties of the
calculations are indicated by error bars. The correlation
functions for qperp and qpar are practically degenerate
(not shown in the figure). The correlation function for
Qbeam €xhibits a strongly enhanced Pauli suppression re-
flecting the shorter dimension of the torus. The open
and solid points in the figure represent the result of cal-
culations for instantaneous emission from a disk-shaped
distribution obtained by uniformly filling the “hole” of
the doughnut. (The two density distributions are com-
pared in the inset.) The calculations for the two source
geometries are very similar, indicating that our choice
of directional cuts is not sensitive to the “hole” of the
torus. It will be even more difficult, if not impossible, to
differentiate between a disk and a torus with experimen-
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FIG. 3. Comparison of correlation functions calculated for
a zero-lifetime torus and a disk. The assumed density distri-
butions are depicted in the inset; torus on the left and disk
on the right.
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FIG. 4. Two-proton correlation functions predicted for
emission from a torus assuming an exponential time depen-
dence of mean emission time 7 = 25 fm/c.

tal correlation functions which average over the temporal
evolution of the reaction zone and over a finite window
of impact parameters. However, one may hope to dis-
tinguish these “flat” shapes from spherically symmetric
sources, even in a realistic reaction scenario.

Figure 4 illustrates that the degeneracy of R(qQperp)
and R(qpar) is removed if emission occurs with a fi-
nite lifetime. Specifically, we used the same toroidal
spatial distribution employed previously, with an added
exponential time dependence, dN/dt xexp(—t/7), with
7 = 25 fm/c [16]. The magnitude of the peak at g = 20
MeV/c is reduced, and the correlation functions are or-
dered approximately as R(qpar) > R(Qperp) = R(Qbeam)>
reflecting increasing Pauli suppression due to smaller av-
erage particle separations along the respective directions.

Figures 3 and 4 suggest that two-particle correlation
functions are well suited to obtaining useful information
about nonspherical sources of fixed geometrical shape.
This simplified scenario serves only as an example. More
realistic calculations which incorporate the dynamics of
proton emission for strictly central collisions as predicted
by the BUU transport model are shown in Fig. 5. Here,
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FIG. 5. Two-proton correlation functions predicted by

BUU transport calculations for b = 0 **Ar + *5Sc collisions
at E/A= 80 MeV. The inset shows the time dependence of
proton emission.



51 BRIEF REPORTS 2239

10} b=2 fm b=3 fm
had 0
> 5
-10¢}
10} )
— 5t i T ’
£ o g1 v
N -5 28 E + *
-10 + 8 .

-10-50 5 10 -10-50 5 10 -10-50 5 10

x (fm)

FIG. 6. Residual systems predicted at t =100 fm/c by BUU
transport calculations for *®Ar + **Sc collisions at E/A =80
MeV for the indicated impact parameters.

the same directional cuts on relative momenta were em-
ployed as defined in Fig. 2 with no restrictions on total
momentum P. The predicted differences between the
three directional cuts are significantly reduced because
protons are emitted on a relatively fast time scale (see
inset of Fig. 5) and thus predominantly from the more
compact initial configurations.

Further complications arise when unavoidable contri-
butions of nonzero impact parameters are taken into ac-
count. Figure 6 illustrates the strong impact-parameter
dependence of shape and orientation of the residual sys-
tems calculated from the BUU transport theory at t =
100 fm/c. Toroidal shapes are predicted for small (but
nonzero) impact parameters, but their symmetry axes
are tilted away from the beam axis. For impact parame-
ters larger than about 3 fm, the residual systems assume
stretched configurations leading to “binary” exit chan-
nels, possibly accompanied by neck emission [18].

Figure 7 illustrates the effect of impact-parameter aver-
aging. The correlation functions shown in the figure were
calculated by using the fixed-axis directional cuts de-
fined in Fig. 2 and by employing the central-cut impact-
parameter distribution of Ref. [6] (shown in the inset of
Fig. 7). For tilted tori (i.e., for collisions with b > 0),
the directional cut parallel to the beam axis no longer
probes the smallest dimension of the residual system. As
a consequence, the correlation function R(Qpeam) is less
suppressed, and the relative magnitudes of the three cor-
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FIG. 7. Two-proton correlation functions predicted by
BUU transport calculations for central 36 Ar + #*Sc collisions
at E/A =80 MeV. The assumed distribution of impact pa-
rameters [6] is shown in the inset.

relation functions are different than in Figs. 4 and 5. Fur-
ther, dynamical correlations due to impact-parameter av-
eraging [19] become important due to the non-negligible
sideward directed flow, causing additional distortions at
larger relative momenta (¢ > 40 MeV/c). The quali-
tative features of impact-parameter-averaged correlation
functions are thus different from those for purely central
collisions, making the extraction of a signal of toroidal
(or disk-shaped) density distributions difficult, if not im-
possible. Nevertheless, BUU calculations predict corre-
lation functions with shapes distinct from those repre-
senting emission from spherical sources of finite lifetime.
Unfortunately, the statistical accuracy of the experimen-
tal data of Refs. [6,16,17] is not sufficient to allow such
tests. Impact-parameter-selected correlation functions
of improved statistical accuracy and with appropriately
chosen directional cuts should, however, be able to test
the nontrivial space-time evolution predicted by micro-
scopic transport calculations. We believe, however, that
such an experimental signature would be very difficult to
interpret in a model-independent way.
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