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Two-proton correlation functions have been measured at 6,,,~25° for the “forward kinematics”
reactions M“N+%Al, “N+"7Au at E/4=75 MeV, for the “inverse kinematics” reaction
129%e+2"Al at E/A=31 MeV, and for the nearly symmetric reaction '**Xe+12Sn at E/ 4 =31
MeV. For the reactions at 75 MeV per nucleon, the correlation functions exhibit pronounced maxi-
ma at relative proton momenta, ¢ =20 MeV/c, and minima at g ~0 MeV/c. These correlations in-
dicate emission from fast, nonequilibrium processes. They are analyzed in terms of standard Gauss-
ian source parametrizations and compared to microscopic simulations performed “with the
Boltzmann-Uehling-Uhlenbeck equation. For the reactions at 31 MeV per nucleon, the two-proton
correlation functions do not exhibit maxima at ¢ ~20 MeV/c, but only minima at ¢ ~0 MeV/ec.
These correlations indicate emission on a slower time scale. They can be reproduced by calcula-
tions based on the Weisskopf formula for evaporative emission from fully equilibrated compound
nuclei. For all reactions, the measured longitudinal and transverse correlation functions are very
similar, in agreement with theoretical predictions.
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Space-time evolution of the reactions *N+2Al, ’Au at E / 4 =75 MeV and '*Xe+?"Al, 1%2Sn

I. INTRODUCTION

Two protons, emitted at small relative momenta from
an excited nuclear system, carry information about the
space-time characteristics of the emitting source!™%?
since the relative two-proton wave function reflects the
interplay of the mutual Coulomb and nuclear interactions
and the Pauli exclusion principle.">!>22 The average dis-
tance between the two emitted protons depends on the
spatial dimension and lifetimé of the emitting system.
Consider two protons with an average velocity v emitted
from a static source of radius r and lifetime 7. - After
emission, the separation between the two protons is
r +v7. For the decay of equilibrated compound nuclei
with temperatures below 5 MeV, estimated emission
times are larger than several hundred fm/c.?® As a
consequence, the average distance between emitted parti-
cles is much larger than the size of the emitting nucleus
and the effects of the Coulomb interaction and the Pauli
principle should dominate. On the other hand, nonequili-
brium light-particle emission in intermediate-energy
heavy-ion collisions is calculated to proceed on much
shorter time scales?®?> and average particle separations
may reflect the spatial dimension of the emitting system
rather than the emission rate. Here the nuclear interac-
tion should be prominent.

Figure 1 illustrates the apparent sources expected for
emission from short- and long-lived nuclear systems.?®
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For correlations at small relative momenta, the detected
particles have nearly the same final momenta directed to-
ward the detection system. The dots in the figure illus-
trate the locations of protons, moving toward the detec-
tor with a given momentum p. Protons emitted from a
short-lived source (upper part) occupy a small region of
space, but protons emitted from a long-lived source
(lower part) occupy a large and elongated region of
space.!>1%2¢ The direction of elongation is along the
direction of p. In general, reduced correlations are ex-
pected for emission from long-lived sources due to the
larger apparent source size. Moreover, for an elongated
source, the Pauli anticorrelation should be less in the lon-
gitudinal (elongated) direction than in the transverse
(nonelongated) direction. The longitudinal correlation
function [for which the relative momentum q=4(p,—p,)
is parallel to total momentum P=p;+p,] of a long-lived
source may therefore be enhanced as compared to the
transverse correlation function (for which q is perpendic-
ular to P), unless the apparent source region becomes so
large that sensitivity to antisymmetrization effects is lost.
In most measurements of two-proton correlation func-
tions, implicit summations over the relative angle
W=cos " }(P-q/Pq) between relative and total momenta
of the proton pair were performed. While such measure-
ments did not explore the shape of the source function,
they did corroborate the qualitative expectations based
upon the lifetime arguments outlined above. Two-proton
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correlation functions measured in kinematic regions
dominated by evaporation from equilibrated reaction resi-
dues'> 18720 exhibit a minimum at g~0 MeV/c, but no
maximum at g =20 MeV/c. The shapes of these correla-
tion functions could only be described by assuming emis-
sion from long-lived compound nuclei or, alternatively,
from short-lived systems of unphysically large dimen-
sions. In contrast, two-proton correlation functions mea-
sured in kinematic regions dominated by fast nonequili-
brium emissions exhibit a clear maximum at g=~20
MeV/c, 46 1L13,1416,17,2021 which becomes more pro-
nounced with increasing kinetic energy of the emitted
protons. 371142021 The shapes of these correlation
functions could be described in terms of short-lived
sources with dimensions comparable to those of the
respective compound nuclei; emission from systems with
even smaller dimensions was required for the description
of correlation functions measured for the most energetic
protons.5%!1

More recently, longitudinal and transverse correlation
functions were measured, for both nonequilibrium!* as
well as equilibrium emissions.!®?° None of these investi-
gations found definitive evidence for elongated source
shapes. For the case of equilibrium emission, these
findings were shown to be consistent with theoretical
correlation functions predicted by the Weisskopf formula
for evaporation from equilibrated compound nuclei. %20

In order to elucidate similarities and differences of
two-proton correlation functions for equilibrium and
nonequilibrium emission processes, we performed mea-
surements at 0,,,~25° for "N-induced reactions on Al
and "Au at E/ 4 =75 MeV and for '»Xe-induced reac-
tions on ?’Al and '*2Sn at E/ A =31 MeV. When light
projectiles impinge on heavy-target nuclei, emission at
forward angles is dominated by nonequilibrium processes
and emission at backward angles is dominated by equilib-
rium processes; see, e.g., Refs. 10, 17, and 18. Taking ad-
vantage of this angular dependence, we studied nonequili-
brium emission in “forward kinematics” for the reactions
UN+2Al and “N+'""Au at E/ 4 =75 MeV and equi-
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FIG. 1. Illustration of source functions for emission from
short-lived (upper part) and long-lived (lower part) nuclear sys-
tems. The dots indicate the locations of protons of a given
momentum after the last proton has been emitted.
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librium emission in “inverse kinematics™ for the reaction
129%e+2"Al and for the nearly symmetric reaction
129Xe+1%28n at E/ A =31 MeV. The measurements were
performed with identical detector geometries, energy
calibrations, and energy thresholds.

Experimental details are given in Sec. II. In Sec. III
the single-particle inclusive proton cross sections are
shown. The measured two-proton correlation functions
are presented in Sec. IV and discussed in terms of short-
lived Gaussian sources to allow comparisons with previ-
ous analyses. In Sec. V correlation functions for equilib-
rium emissions are compared to predictions of the
Weisskopf evaporation model. In Sec. VI correlation
functions for nonequilibrium emissions are compared to
predictions of the Boltzmann-Uehling-Uhlenbeck (BUU)
model. A summary and conclusions are given in Sec.
VII. First results of this series of experiments have been
published previously.?®2!

II. EXPERIMENTAL DETAILS

The experiment was performed in the 234-cm scatter-
ing chamber of the National Superconducting Cyclotron
Laboratory of Michigan State University using beams
from the K 1200 cyclotron. Typical beam intensities on
target were approximately 5X 10° *N ions per second at
E/A=75 MeV and 1X10® ®Xe ions per second at
E/A=31MeV. The beam spots on target had elongated
shapes of typically 1-2 mm width and 2—3 mm height.
For reactions induced by ?°Xe, we used 2’Al and *Sn
targets with areal densities of 5.6 and 5.3 mg/cm?, re-
spectively. For reactions induced by “N, we used ?’Al
and 7Au targets with areal densities of 15.0 and 15.9
mg/cm?, respectively.

Light particles were detected with two AE-E detector
arrays consisting of silicon AE detectors and CsI(Tl) or
Nal(T1) E detectors. Figure 2 shows the angles covered
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FIG. 2. Polar coordinates of detector geometry used in this
experiment.
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by individual telescopes in the 6-¢ plane, where 6 and ¢
denote the polar and azimuthal angles with respect to the
beam axis.

One array consisted of 37 Si-CsI(T1) telescopes; it was
centered at the polar and azimuthal angles of #=25° and
¢=0°. Each telescope of this array subtended a solid an-
gle of AQ=0.37 msr and consisted of a 300-um thick
planar surface-barrier detector of 450 mm? active area
and a cylindrical CsI(T1) scmtlllator (length, 10 cm; diam-
eter, 4 cm) read out by a 400-mm? p-i-n diode.?” % The
nearest-neighbor spacing between adjacent detectors was
A6=2.6°. The CsI(T]) detector array was kept at a con-
stant temperature and had excellent gain stability (better
than 1% over a time period of 1 month).

The other array consisted of 13 Si-NaI(T1) telescopes; it
was centered at the polar and azimuthal angles of §=25°
and ¢=90°. Each telescope of this array subtended a
solid angle of AQ=0.5 msr and consisted of a 400-um-
thick surface-barrier detector of 200 mm? active area and
a cylindrical NaI(T]) scintillator (length, 10 cm; diameter,
4 cm) read out by a photomultiplier tube. The nearest-
neighbor spacing between adjacent detectors was
AG=4.4°. Gain drifts of the individual photomultiplier
tubes were measured by a light pulser system as well as
by changes in the location of the particle identification
lines in the AE-E matrix.!° These gain drifts were deter-
mined in the off-line analysis and corrected with an
overall accuracy of better than 2%. Energy calibrations
of individual detectors were obtained by scattering a par-
ticles of 90, 116, and 160 MeV incident energy from a
(CH,), target and detecting elastically scattered « parti-
cles and recoil protons at various laboratory angles.

Coincidence and downscaled singles data were taken
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FIG. 3. Inclusive proton cross sections measured, at 8,,,=18°

and 33°, for the reactions ®Xe+?%Al and '®Xe+!%2Sn at
E/A=31 (left-hand panels) and the reactions “N+?’Al and
UN+7Au at E/ A =75 MeV (right-hand panels).
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simultaneously. Energy calibrations are accurate to
better than 2%. Typical detector energy resolutions were
of the order of 2% and 1% for protons of 40 and 100
MeV, respectively. In our data analysis, a software ener-
gy threshold of 10 MeV was applied, and all coincidence
data were corrected for random coincidences.

IIL. INCLUSIVE ENERGY SPECTRA

Examples of inclusive energy spectra for protons
detected at the extreme angles covered by our detector
array, 0p,,=18° and 33°, are shown in Fig. 3. Spectra
measured for reactions induced by 2Xe and N projec-
tiles are shown in the left and right panels, respectively.
In order to gain qualitative insight and allow compar-
isons with other data, we have fit these cross sections
with simple analytic functions. We have to caution, how-
ever, that the extracted parameters are not uniquely
determined by our data and must not be overinterpreted
since our medsurements covered only a small range of
emission angles.

For the "N-induced reactions, we have chosen a sim-
ple three-source parametrization, representing isotropic
Maxwellian contributions from a targetlike source, a pro-
jectilelike source, and an intermediate velocity nonequili-
brium source:

d%o
dQdE

3 -
=3 NVE—Uce
i=1 .

—[E—Ug+E;—2y/E(E~Ug)kos8)/T;

(1)

Here N; and T; are relative normalization and kinetic
temperature parameters, respectively. The energy E; is
the kinetic energy of a particle comoving with the ith
source, E;=1imc?B?. The Coulomb energy U, corrects
for the Coulomb repulsion from heavy reaction res1dues
assumed at rest in the laboratory rest frame.

The solid curves displayed in the right-hand panels of
Fig. 3 show fits obtained with this parametrization; the
parameters are listed in Table I. The spectra can be rath-
er well described by assuming emission from targetlike
and projectilelike sources with temperature parameters of
about 4—-6 MeV and by including a nonequilibrium com-
ponent described, as before,”!%% in terms of an inter-
mediate velocity source characterized by a high-kinetic--
temperature parameter T = 18-20 MeV. Particularly for
the “N+"7Au reaction, the fits indicate significant eva-
porative contributions from a targetlike source to the
low-energy portion of the spectrum.

For the Xe-induced reactions, fusionlike and projectile-

- like residues have large velocities in the laboratory rest

frame, and emission from these two sources is strongly
forward focused. In comparison, contributions from tar-
getlike residues are of minor importance at our detection
angles. Furthermore, nonequilibrium emission may be
expected to be small. Therefore, we adopted a two-
source parametrization representing emission from pro-
jectilelike and fusionlike sources. For these sources, the
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TABLE 1. Fit parameters used for the description of the inclusive single proton cross sections shown
in Fig. 3. The spectra for the ¥N- and **Xe-induced reactions were fitted with Eqs. (1) and (2), respec- -
tively. The normalization constants N; are given in units of mb/sr MeV®/2 "Also given are the veloci-

ties By, and Bey of the projectile and the compound nucleus.

Reaction Boro Ben Ues MeV) A, MeV) i N; B: T (MeV)

UN+2A1 0.40 0.14 1.72 1 4.67 0.371 6. 04

2 1.62 0.200 19.59

3 3.98 0.073 4.62
UN+197Au 040  0.026 8.57 1 852 0376 5.88

2 4.55 0.200 18.10

3 22.81 0.025 3.84
19X e+2Al 026 021 5.18 2.0 1 5240 0234 4.07

2 391 0.213 8.94
129%e+2"Al 0.26 0.21 7.25 20 1 36.57 0.213 6.0
129X e+ 1228n 0.26 0.13 4.23 2.0 1 66.05 0.241 4.25

2 7.13 0.130 13.92
129X e+ 1228n 0.26 0.13 9.88 2.0 1 58,0  0.130 . 9.13

simple Coulomb correction adopted in Eq. (1) is inap-  have also described the tail of the energy spectra (E =40

propriate since the heavy reaction residues have large ve-
locities with respect to the laboratory rest frame. Furth-
ermore, the measurements include energies which lie
below the projectile and compound nucleus Coulomb bar-
riers. Hence the sharp truncation of the energy spectra
for sub-barrier energies is inappropriate. For these
reasons, we adopted a parametrization similar to that
used in Ref. 30:

2 ex (U—Ug)P/2A2
__dL_:z Nif dU P~ cl'/24 ]_
dQdE = v, A, V2

X\/E(I—U/Ec,m_,,-)

Xe—(Ec.m.,i_U)/Ti . (2)
Here E_,, ;=E +E;—2V/ E;E cosf and E;=1mc’g?; as
in Ref. 30, the integration limits were chosen as

U,=max(0,Uc—5A,) and U,=min(E,,, ;,Uc+5A,).
In Eq. (2) the Coulomb field is assumed to be stationary
in the rest frame of the emitting source, and an average is
performed over an ensemble of Coulomb barriers using
Gaussian weighting factors.

The fitted spectra are shown as solid lines in the left-
hand panels of Fig. 3. The spectra can be rather well de-
scribed by assuming evaporative emission from a fusion-
like source and a projectilelike source. (For the
129%e+27A1 reaction, fusionlike sources have velocities
very similar to the projectile velocity 8~0.26. For the
129X e+1228n reaction, fusionlike sources have approxi-
mately half the beam velocity.) The fits shown by the
solid curves indicate strong contributions from decays of
excited projectile residues. The inclusion of a projectile-
like source largely improves the fits at lower energies. At
these energies the calculations are sensitive to details of
the parametrization of the ensemble of Coulomb barriers.
Again, it must be stressed that the extracted source pa-
rameters are not uniquely determined because of the
small angular range covered by our detector array. In or-
der to illustrate some of the existing uncertainties, we

MeV) by assuming emission from a single source moving
with the velocity of the compound nucleus. These calcu-
lations are shown by the dashed curves in the left-hand
panels of Fig. 3; the parameters are listed in Table 1.

It is not the purpose of the present investigation to pro-
vide a unique interpretation of the single-particle in-
clusive cross sections. The adopted parametrizations
should, therefore, be viewed with a “grain of salt.” Nev-
ertheless, the calculations indicate possible contributions
from a number of different sources which cannot be’

disentangled without ambiguity.

IV. ANALYSIS WITH SPHERICAL SOURCES
OF NEGLIGIBLE LIFETIME

The experimental two-particle correlation functions
R (g) are presented as a function of relative momentum ¢
using the following definition:

> Y,(ppp)=Cpl1+R (12 Y (p)Yy(py) . (3)

Here p, and p, are the laboratory momenta of particles 1
and 2, g =1|p,—p,| is the relative momentum of the par-
ticle pair, Y,(p;,p,) is the coincidence yield, and Y(p,)
and Y,(p,) are the single-particle yields. For each exper-
imental gating condition, the sums on both sides of Eq.
(3) are extended over all energy and detector combina-
tions corresponding to the given bins of ¢. The normali-
zation constant C,, is determined by the requirement
that R (g)=0 for large relative momenta.

Theoretical correlation functions are calculated with
the formulal+% 1222

1+R (P,q)= [ d’r Fp(r)lg(q,0)? . @)

Here P=p;+p, is the total momentum of the proton
pair, ¢(q,r) is the relative two-proton wave function, and

Fp(r) is defined by
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[d*X f(P/2,X+1/2,t,)f(P/2,X~1/2,1,)

F =
p(r) | fd*x f(P/2,X,1,)]?

(5

Here the Wigner function f(p,r,¢. ) is the phase-space
distribution of particles of momentum p at position r at
some time ¢, after the emission process. If the particles
cease to interact at a time earlier than ¢, then the rela-
tive Wigner function f(p,r,¢. ) is independent of the par-
ticular choice of ¢, . The function f(p,r,¢. ) can be ex-
pressed in terms of the emission function g (p,r,?), i.e.,
the probability of emitting a particle with momentum p
at location r and time z:%

t>
fpnes)=[ " dtglp,r—plt, —t)/mi) . (6

In most previous analyses, g (p,r,?) was parametrized in
terms of a simple Gaussian source of negligible lifetime:

g(P/2,1,t)=ped(t)exp[ —r2/r3(P)] . (7)

To allow comparisons with these previous analyses and to
systematize our data, we will adopt this parametrization
for the calculations presented in this section. In Secs. V
and VI, we will calculate correlation functions with more
realistic distributions f(p,r,z, ) ¢alculated from the
Weisskopf evaporation formula and from solutions of the
semiclassical BUU transport equation, respectively.

A. Angle- and energy-integrated correlation functions

Two-proton correlation functions corresponding to
sums over all detectors and all proton energies above the
applied software energy threshold of 10 MeV are com-
pared in Fig. 4. The correlation functions measured for
the. reactions “N-+?’Al and “N+!7Au exhibit pro-
nounced maxima at relative momenta g ~20 MeV/c (see
top panels of Fig. 4). Small but significant differences ex-
ist at small relative momenta where the minimum at g =0
is more pronounced for the ?’Al than for the *’Au tar-
get. The correlation functions measured for the 2°Xe-
induced reactions do not exhibit a pronounced maximum
at g~20 MeV/c, but only a minimum at g =~0 MeV/c
(see bottom panels of Fig. 4). The correlation functions
measured for the reactions ?Xe+27Al and '2Xe+1228n
have very similar shapes.” On the other hand, the correla-
tion functions measured for “N- and ¥Xe-induced reac-
tions are strikingly different, corroborating previously ob-
served differences between correlation functions mea-
sured for equilibrium and nonequilibrium emission pro-
cesses in slightly different reactions.!>!” ™! For orienta-
tion, the solid lines show theoretical correlation functions
predicted for Gaussian sources of negligible lifetime. For
the reactions induced by N and '*Xe, radius parame-
ters of ro=4.4 and 70 fm were used, respectively. These
source parameters should be compared to the equivalent
radius parameters for Al and Au nuclei, ro(Al)=2.5 fm
and 7y(Au)=~4.4 fm, which are obtained from tabulated’!
rms charge radii using the approximate relation
ro=(2)"?r . For the “N-induced reactions, a source
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FIG. 4. Comparison of energy-integrated two-proton correla-
tion functions measured for the reactions “*N+?’Al and
UN+17Au at E/A =75 MeV (top panels) and the reactions
129%e+%"Al and 'PXe+'2Sn at E/A=31 MeV (bottom
panels). The solid curves represent correlation functions pre-
dicted for Gaussian sources of negligible lifetime for the indicat-
ed radius parameters r.

radius of ry=4.4 fm is not necessarily unreasonable.
However, it is astonishing that this radius parameter ex-
hibits no obvious dependence on the size of the target nu-
cleus. A purely geometrical interpretation of the correla-
tion function is, therefore, in doubt. For the large source
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FIG. 5. Two-proton correlation functions measured for the
reactions '2Xe+%Al and 'Xe+'%°Sn at E/ A =31 MeV. The
gates on the total momenta P of the coincident proton pairs are
indicated; solid and open points represent center-of-mass ener-
gies below and above the compound nucleus Coulomb barriers.



parameter ry==70 fm used to describe the correlation
functions measured for the *Xe-induced reactions, a
purely geometrical interpretation is clearly unphysical
and the lifetime of the emitting system must play a major
role.

B. Dependence on total momentum

Two-proton correlation functions are known to exhibit
strong dependences on the energy of the emitted parti-
cles®8—1514,20,21 o equivalently, on the total momentum
P=p,+p, of the coincident proton pair. Figure 5 shows
two-proton correlation functions for two representative
momentum gates, measured for the reactions '2*Xe-+27Al
(upper panel) and 'Xe+'??Sn (lower panel). The
momentum gates represented by the solid and open
points correspond to protons emitted with kinetic ener-
gies below and above the compound nuclens Coulomb
barriers, respectively. For the 2Xe-+?"Al reaction, the
two momentum gates P =480-570 and 660-750 MeV/c
select protons with kinetic energies of E_ =5-10 and
15-23 MeV, respectively, in the center-of-mass frame of
reference (i.e., the rest frame of the compound nucleus).
For the '¥Xe+228n reaction, the two momentum gates
P =270-540 and 540-660 MeV /¢ select protons with ki-
netic energies of E_ ~1-15 and 15-27 MeV, respec-
tively. As can be expected from qualitative time scale ar-
guments, sub-barrier emission results in a reduction of
the minimum at ¢ =0 MeV/c. Furthermore, correlation
functions at sub-barrier energies can suffer enhanced at-
tenuations and/or distortions from sequential decays of
primary fragments emitted in particle unbound states®
and from deflections in the Coulomb field of the heavy re-
action residue. Because of these additional complica-
tions, we will refrain from a more detailed analysis of
two-proton correlation functions for protons emitted
with sub-barrier energies. Calculations of two-proton
correlation functions for evaporative processes will be
presented in Sec. V.

The correlation functions measured for the “¥N-
induced reactions exhibit a more pronounced dependence
on the total momentum of the detected proton pairs.
Figures 6 and 7 show correlation functions for represen-
tative ranges of the total momentum P for the reactions
YN +?"Al and “N+'97Au, respectively. Consistent with
previous measurements, the maximum at g ~20 MeV/c
becomes more pronounced for larger total momenta, i.e.,
for the emission of more energetic particles. For the
lowest-momentum gate P =270-390 MeV/c, the correla-
tion functions are distinctly different for the two targets.
For the *’Al target, a clear maximum at g ~20 MeV/c is
measured. For the !*’Au target, on the other hand, this
maximum is barely visible and the shape of the correla-
tion function resembles that measured for evaporative
processes. o :

The solid curves in Figs. 6 and 7 show correlation
functions calculated for Gaussian sources of negligible
lifetime [Eq. (7)] using momentum-dependent source pa-
rameters shown in Fig. 8. In these calculations, ap-
propriate averages over total momentum were per-
formed, and the resolution of the hodoscope was taken
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FIG. 6. Two-proton correlation functions measured for the
reaction “N+2"Al at E/ A =75 MeV. The gates placed on the
total momenta P of the coincident particle pairs are indicated.
The solid curves represent calculations for Gaussian sources of
negligible lifetime assuming a dependence of the radius parame-
ter 7y on total momentum P as shown by the open points in Fig.
8. The calculations were folded with the response of the experi-
mental apparatus, ’

into account. The overall trends of the data are well de-
scribed. However, the shapes of the measured correla-
tion functions are not reproduced in all details, The
peaks of the calculated correlation functions are slightly
narrower than the peaks of the measured correlation
functions. The disagreement is particularly evident in the
region around ¢g=~30-50 MeV/c. In addition, for the
N+ 197 Au reaction, the adopted parametrization fails to
reproduce the exact shape of the minimum at g=O0
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FIG. 7. Two-proton correlation functions measured for the
reaction “N+!"Au at E/A4=75 MeV. The gates placed on
the total momenta P of the coincident particle pair are indicat-
ed. The solid curves represent calculations for Gaussian sources
of negligible lifetime assuming a dependence of the radius pa-
rameter 7y on total momentum as shown by the solid points in
Fig. 8. The calculations were folded with the response of the ex-
perimental apparatus.
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FIG. 8. Radius parameters r, for Gaussian sources of negli-
gible lifetime extracted from two-proton correlation functions
gated by different total momenta P of the coincident particle
pairs for “N-induced reactions on Al and ’Au at E/ A =75
MeV. The error bars indicate estimated systematic errors.

MeV/c for the low-momentum gate P =270-390 MeV/c.

In order to provide a simple description of the momen-
tum dependence of the two-proton correlation functions
measured for the “N-induced reactions, we have con-
structed experimental correlation functions for a number
of narrow gates placed on the total momentum P. Each
such correlation function was characterized in terms of a
Gaussian source [Eq. (7)] by requiring that the correla-
tion function calculated for this source could reproduce
the height of the maximum of the measured correlation
function. The dependence of the extracted radius param-
eters on the total momentum of the detected particle
pair, ro(P), is shown in Fig. 8. The error bars indicate es-
timated systematic errors. For the “N-+'7Au reaction,
the adopted parametrization fails to reproduce the shape
of the minimum at ¢ ~0 MeV/c for the low-momentum
gates P <350 MeV/c. Here the assumed monotonic
dependence of the radius parameter on total momentum
appears to be inadequate, and one may have to mix in ad-
ditional contributions from much larger sources or, alter-
natively, from long-lived evaporative processes to fit the
shape of the minimum at ¢ ~0 MeV/c. Because of the
inherent ambiguities of such an approach, we did not
pursue this possibility. Instead, we have indicated these
possible contributions by open-ended error bars.

While the average correlation functions measured for
the “N+27Al and “N+!7Au reaction are very similar
(see Fig. 4), significant differences surface when one ex-
plores the dependence on the total momentum of the pro-
ton pairs. Such more subtle differences, already apparent
in the raw data shown in Figs. 6 and 7, are clearly re-
vealed in Fig. 8. For the “N+!"’Au reaction, the ex-
tracted source dimensions exhibit a nearly monotonic in-
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~crease with decreasing total momentum of the detected

proton pair. For the “N+2Al reaction, on the other
hand, the extracted source dimensions are rather con-

‘stant over the range of P~400-750 MeV/c. The ex-

tracted source dimensions are comparable for the two
targets at high total momenta P R 800 MeV/¢, indicating
that very energetic particles are emitted by comparable
processes. At low momenta P 5500 MeV/c, the extract-
ed source dimensions are considerably larger for the reac-
tions on !¥Au than for the reactions on 2’Al, most likely
indicating larger contributions from slow evaporation
processes for the ’Au target.

C. Instrumental resolution

In order to evaluate instrumental distortions of the
‘measured correlation functions, we have simulated the
response of our experimental apparatus by taking its
known energy and angular resolution into account. The
solid curves in Fig. 9 show the undistorted correlation
functions, calculated for Gaussian sources with the indi-
cated radius parameters. The points are results of Monte
Carlo calculations in which the angular and energy reso-
lutions of the experimental apparatus are taken into ac-
count. In these calculations, the coincidence yield was
taken as

Yi(ppa)=[1+R(q)]Y(p))Y,(p,) , )

where the singles yields Y,;(p;) and Y,(p2) were taken
from the single-particle yields measured for the
4N +27Al reaction and R (q) was calculated by assuming
a Gaussian source of negligible lifetime [Eq. (7)] with the
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FIG. 9. Monte Carlo simulation for the response of the ex-
perimental apparatus. The curves show the undistorted correla-
tion functions assumed for the indicated gates on total momen-
tum P. The points represent the calculated response of the ap-
paratus after taking the energy and angular resolution effects
into account. The error bars show the statistical accuracy of
the Monte Carlo calculations.



radius parameter given in the figure. Both singles and
coincidence distributions were smeared by the energy and
angular resolution of the experimental apparatus and
sorted in the same way as the experimental data, using
three representative momentum gates. The simulated
correlation functions are in close agreement with the
original, theoretically predicted correlation function. Ex-
cept at very small relative momenta, line-shape distor-
tions caused by the resolution of the experimental ap-
paratus are negligible. Note, in particular, the absence of
visible distortions in the region of ¢=30-50 MeV/c,
where the Gaussian-source fits deviate from the experi-
mental correlation functions (see also Figs. 6 and 7).

V. EVAPORATIVE EMISSION

Correlation functions for particle evaporation from
long-lived compound nuclei can be calculated by using
the Wigner-function formalism!>?? [Eqs. (4)-(6)]. We
have used the statistical model of Ref. 23 to construct
Wigner functions for evaporative emission from equili-
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FIG. 10. Two-proton correlation functions measured for the
(a) "PXe+7Al and (b),(c) PXe+128n reactions at E/ A =31
MeV for the indicated gates on the total momenta P of the two-
proton pairs. The curves represent calculations for evaporative
sources at rest in the center-of-mass frame of reference; the pa-
rameters are indicated on the figure.
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brated compound nuclei. In this model, the average par-
ticle emission is calculated from the Weisskopf formula
and cooling of the compound nucleus is calculated from
the average mass and energy emission rates. Sub-barrier
emission is not incorporated because of the use of the
sharp cutoff approximation for the inverse cross sections.
For simplicity, the level density is approximated by that
of an ideal Fermi gas at the density of normal nuclear
matter.

A. Angle-integrated correlation functions

Since the inclusive cross sections are consistent with
substantial contributions from evaporative emission from
excited projectile residues, we calculate correlation func-
tions for two extreme cases: (i) emission from a source at
rest in the compound nucleus rest frame and (ii) emission
from a source at rest in the projectile rest frame.

In Fig. 10 results of calculations assuming evaporation
from compound nuclei are compared with two-proton
correlation functions measured for the '*’Xe+27Al and
129X e+1228n reactions. The curves represent calculations
which were folded with the resolution of the experimental
apparatus and averaged over the appropriate momentum
bins using the experimental proton yields as relative
weights. In order to illustrate the sensitivity of the calcu-
lated emission rates to the initial temperature of the emit-
ting system, we used the compound nucleus values for the
mass A and charge Z, but treated the temperature as a
free parameter. Good agreement between calculations
and data is obtained for initial temperatures of about
7-10 MeV. For complete fusion of »*Xe-+?’Al and
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FIG. 11. Two-proton correlation functions measured for the
(a) Xe+*" Al and (b) '*°Xe+'%28n reactions at E/ 4 =31 MeV
for the indicated gates on the total momenta P of the two-
proton pairs. The curves represent calculations for evaporative
sources at rest in the projectile frame of reference; the parame-
ters are indicated on the figure.
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129X e+ 1228n, initial temperatures of 8.2 and 10.3 MeV, '
respectively, are calculated if one assumes the level densi-

ty of an ideal Fermi gas of normal nuclear matter density;
the more common relation T?=(8 MeV)E*/A gives
values of 5.8 and 7.3 MeV. However the equilibrated em-
itting systems should have temperatures which are some-
what lower than those calculated for compound nuclei
formed in complete fusion reactions'®3273* since some
energy is carried away by nonequilibrium emission.

In Fig. 11 we compare the data with calculations for
particle evaporation from equilibrated projectile residues
assumed to move with the initial projectile velocity. For
simplicity, we used the projectile values for the mass A
and charge Z, but treated the temperature as a free pa-
rameter. As before, the calculations were folded with the
resolution of the experimental apparatus and averaged
over the appropriate momentum bins using the experi-
mental proton yields as relative weights. For projectile
decays, the lower-momentum bin P =540-660 MeV/c
largely corresponds to sub-barrier emission. Therefore,
we only present calculations for the higher-momentum
bin P=660-750 MeV/c. Reasonable agreement with the
data is obtained for temperatures of about 10—15 MeV.

Fits to the correlation functions require higher temper-
atures when one assumes emission from projectilelike
sources rather than emission from fusionlike sources.
This is related to the fact that average emission times be-
come shorter for increasing temperature and for increas-
ing emission energy with respect to the rest frame of the
decaying nucleus.’”® In our detection geometry and for
our laboratory-momentum gates, the emitted particles
have lower kinetic energies in the projectile rest frame
than in the compound nucleus rest frame. For fixed tem-
perature, the correlations are therefore attenuated if one
assumes emission from the rest frame of the projectile as
compared to emission from the rest frame of the com-
pound nucleus. To reproduce the experimental correla-
tion function, one must choose a higher temperature for
the projectilelike source than for the fusionlike source:

Temperatures which provide the best description of the
experimental correlation functions shown in Figs. 10 and
11 may be unrealistically high. However, it may also be
unrealistic to assume pure equilibrium emission. Some
emission should take place prior to equilibration. Such
contributions would decrease the average lifetime of the
emitting system and produce stronger correlations.
Within the present equilibrium model, stronger correla-
tions can be produced by raising the temperature of the
source.”? Clearly, some quantitative uncertainties about
the exact nature of the emitting system remain. Howev-
er, the qualitative interpretation of the measured two-
proton correlation functions as predominantly caused by
slow evaporative emission is not affected by our incom-
plete knowledge of the mass, temperature, and velocity of
the decaying nucleus or by small contributions from
nonequilibrium emission processes.

B. Longitudinal and transverse correlation functions

We have explored the dependence of the two-particle
correlation function on the angle ¥=cos~!(P-q/Pg), be-
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tween the relative and total momentum vectors of the
proton pairs to search for clues on the source lifetime and
shape.>!1%1%18 Ag was illustrated in Fig. 1 and discussed
in Refs. 12, 14, 22, and 26, emission from a long-lived
system produces phase-space distributions elongated in
the longitudinal direction. Because of the reduced Pauli
anticorrelation in this direction, the longitudinal correla-
tion function (¥=~0° or 180°) of a long-lived source may
be enhanced compared to the transverse correlation func-
tion (¥ =90°), unless the average particle separations be-
come so large that sensitivity to antisymmetrization
effects is lost.

Figure 12 shows longitudinal and transverse two-
proton correlation functions measured for the reactions
129%e+2"Al (top panel) and the '*Xe+'%2Sn (bottom
panel). The longitudinal correlation functions, shown by
solid points, were evaluated for the gate |cos¥,|>0.77
(corresponding to the angular cuts of ¥;=0°-40° or
140°-180°). The transverse correlation functions, shown
by open points, were evaluated for the gate |cos¥,| 0.5
(corresponding to the angular cut of ¥, =60°-120°). For
improved statistical accuracy, the gates on the total mo-
menta of the proton pairs were made wider than in Fig.
10; the values are indicated in the figure. No statistically
significant difference between longitudinal and transverse
correlation functions is visible. However, this result does
not contradict theoretical expectations for evaporation
from long-lived compound nuclei. The solid and dotted

- curves in Fig. 12 show longitudinal and transverse corre-

lation functions calculated for evaporative emission using
the parameters indicated in the figure. The calculations
were averaged over the appropriate momentum bins and
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FIG. 12. Longitudinal (¥=0"-40° or 140°~180°) and trans-
verse (W=60°-120") two-proton correlation functions measured
for the reaction ¥Xe+%Al (top panel) and ®Xe-+'2%8n (bot-
tom panel) at E/A4 =31 MeV.



folded with the resolution of the experimental apparatus.
The predicted differences between transverse and longitu-
dinal correlation functions are of the order of a few per-
cent and, therefore, below the statistical sensitivity of the
present experiment.

It was shown in Ref. 22 that differences in the shapes
of longitudinal and transverse correlation functions ex-
hibit a strong dependence on the total momenta of the
proton pairs. For emission from equilibrated '*Ho com-
pound nuclei, significant differences between longitudinal
and transverse correlation functions are mainly predicted
for large momenta, but not for small momenta corre-
sponding to emission close to the barrier. Since evapora-
tive cross sections decrease exponentially as a function of
increasing kinetic energy of the emitted particles, in-
tegrals over wide momentum gates have predominant
contributions from - lower momenta for which the
differences between longitudinal and transverse correla-
tion functions are predicted to be small and difficult to
detect. Unfortunately, the statistical accuracy of our ex-
periment was insufficient for a more detailed exploration
of longitudinal and transverse correlation functions at
higher total momenta of the emitted proton pairs.

VI. COMPARISON WITH BUU CALCULATIONS

For intermediate-energy nucleus-nucleus collisions,
particle emission already sets in at the early, nonequili-
brated stages of the reaction for which purely statistical
treatments are clearly inappropriate. These early stages
of the reaction can be treated in terms of semiclassical
models based upon the Boltzmann-Uehling-Uhlenbeck
equation,®>3¢ which describes the space-time evolution of
the one-body phase-space distribution function. The
theory incorporates mean-field effects, nucleon-nucleon
collisions, and the Pauli-exclusion principle in the semi-
classical approximation; Coulomb effects are included.
Within the formalism of Refs. 12 and 22, the knowledge
of the one-body phase-space distribution function is
sufficient for the characterization of the size and lifetime
of the reaction zone formed in the nuclear collision and
for the calculation of the two-proton correlation function
at small relative momenta.

We solve the BUU equation by numerical methods
which are similar to the ones introduced by Ref. 35. In
our calculations, the numerical treatment of the Pauli-
exclusion principle is different from previous numerical
implementations. By explicitly storing f(p,r,t) on a six-
dimensional lattice in every time step, we were able to
greatly speed up the computer program without relaxing
the accuracy of the treatment of the Pauli-exclusion prin-
ciple.’” In our standard calculations, we used a stiff equa-
tion of state and energy-dependent free nucleon-nucleon
cross sections. (For the present reactions, the calcula-
tions exhibit little sensitivity to the stiffness of the equa-
tion of state.?>??) The Wigner functions of emitted parti-
cles were constructed from nucleons emitted during a
time interval of At,=140 fm/c following initial contact
of the colliding nuclei; the time ¢, was taken at the end
of the time interval At,. Nucleons were considered as

emitted when, during this time interval, the surrounding
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density fell below p, =p,/8 and when subsequent interac-
tion with the mean field did not cause recapture into re-
gions of higher density. This test for recapture was con-
tinued over a time interval of At =180 fm/c after contact.
The finite size of our lattice did not allow us to explore
much larger emission times. However, the consideration
of much larger emission times should not necessarily lead
to more reliable results since, in our present approxima-
tion, the nuclei are not stable over long time scales and
the BUU calculations become inaccurate due to spurious
decays. While our particular choice of the parameters
At, and p, is reasonable, it involves a certain degree of
arbitrariness. Typically, different reasonable choices of
At, and p, modify the magnitude of the predicted corre-
lation functions by 5—10 %:; in some instances, the sensi-
tivity to these parameters can be larger.?? For the reac-
tions “N+2Al and “N+1Au, the correlation func-
tions were calculated from the phase-space points ob-
tained from a total of 5250 and 4500 computational
events, respectively, with impact parameters distributed
according to their geometrical weights; appropriate aver-
ages over impact parameter, orientation of the reaction
plane, and momenta of the outgoing particles were taken
into account. More details of our calculations are given
in Ref. 22.

A. Singles cross sections

While it is our main purpose to test the space-time evo-
Iution of reactions predicted by the BUU theoty, it may
still be instructive to compare the single-particle cross-
sections measured for the N-induced reactions with
those predicted by BUU calculations. In Fig. 13 the solid
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FIG. 13. Single-proton cross sections calculated with the
BUU theory (open points) are compared to experimental cross
sections (solid points) for the reactions “N-+2’Al (top panel)
and "N+""Au (bottom panel) at E/A=75 MeV. Circular-
and diamond-shaped symbols indicate laboratory angles of 18°
and 33°, respectively.
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points represent the measured single-proton cross sec-
tions for the reactions “N-+2’Al (upper panel) and
UN+"7Au (lower panel); cross sections predicted by
BUU calculations are shown by open points. For the
emission of energetic protons, the cross sections predict-
ed by the BUU calculations are in rather good agreement
with the data. However, at lower energies £ <70 MeV,
the predicted cross sections are larger than the measured
ones. At least part of this discrepancy may be attributed
to the fact that the present calculations do not incorpo-
rate cluster emission. The formation and emission of
clusters is expected to be particularly important when the
phase-space density is high, i.e., at low kinetic energies.
In these regions of phase space, the flux of emitted nu-
cleons will appear, in part, in the form of bound clusters.
On the basis of these qualitative arguments, one can ex-
pect that proton cross sections predicted by BUU calcu-
lations should be larger than the experimental cross sec-
tions for free protons; the effect should be most pro-
nounced for protons of low energies. ’

B. Angle-integrated correlation functions

Two-proton correlation functions calculated from den-
sity distributions predicted by the BUU equation are
compared, respectively, in Figs. 14 and 15 with our mea-
surements for the ““N+?7Al and N +!"7Au reactions at
E/A =75 MeV. Shown are correlation functions with
no selection on the angle ¥ between the total and relative
momentum vectors of the proton pairs. The gates placed
on the total laboratory momenta of the emitted proton
pairs are indicated in the figures. Overall, two-proton
correlation functions predicted by the BUU theory (solid

curves) are in rather good agreement with the measured

correlation functions (points). It is particularly gratifying
that the calculations can qualitatively reproduce the ob-
served strong dependence of the correlation functions on
the total momentum of the emitted proton pairs. For the
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FIG. 14. Two-proton correlation functions, measured for the
reaction “N+?"Al at E/ A =75 MeV, are compared with corre-
lation functions predicted with the BUU theory. The gates
placed on the total momenta P of the coincident particle pair
are indicated.

W. G. GONG et al. 43

low-momentum gate of the “N+1!7Au reaction, the
maximum of the calculated correlation function is larger
than that of the experimental correlation function (see
Fig. 15). This discrepancy is not surprising since the
emission of low-energy protons is expected "to have
significant contributions from slow evaporative processes
which are not incorporated into our calculations. In fact,
the existence of a sirong evaporative component in the
low-energy portion of the proton spectrum for the
YN+ %7Au reaction was already inferred from the shape
of the minimum of the correlation function at ¢ 515
MeV/c (see Sec. IV B) as well as from the shape of the
single-particle spectra (see Sec. III). The inclusion of eva-
porative processes would lead to more extended Wigner
functions and, hence, to more attenuated correlation
functions. .

For the “N-+2"Al reaction, the sensitivity of the calcu-

" lated correlation functions to the nuclear equation of

state and the magnitude of the in-medium nucleon-
nucleon cross section has already been discussed in Refs.
21 and 22. The calculations were shown to depend
significantly on the magnitude of the in-medium cross
sections, but only weakly on the stiffness of the equation
of state. For illustration, Fig. 14 also shows calculations

‘for which the in-medium cross sections were taken as

one-half of the free nucleon-nucleon cross sections’ (dot-
ted curves). For the low- and intermediate-momentum
gates, the calculated correlation functions exhibit
enhanced maxima when the in-medium cross sections are
reduced. For the high-momentum gate, this sensitivity is
reduced. The agreement with the data is significantly
worse for the calculations using the reduced in-medium
cross sections. For the N+ 1% Au reaction, dependences
on the stiffness of the equation of state and the magnitude
of the in-medium cross sections were not explored be-
cause calculations for this heavier target would have re-
quired large additional amounts of computer time.

A close comparison of Figs. 6 and 7 with Figs. 14 and

—_— e — =

T ]
20 r 563 19740 (**N,pp), E/A=75MeV |
I =25° ]
- o P=840-1230MeV/c 1.
B & P=450— 780MeV/c 1
15— o. P=270— 390MeV/c
.
= e
v
5 |
A
o
1.0 —
Lo
- g
L%
05 : .
4] 50 100

g (Mev/o)

FIG. 15. Two-proton correlation functions, measured for the
reaction “N+!7Au at E/4=75 MeV, are compared with
correlation functions predicted with the BUU theory. The gates
placed on the total momenta P of the coincident particle pair
are indicated.
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15 reveals that correlations functions calculated from the
BUU theory provide an improved description of the
shape of the experimental correlation functions in the re-
gion of ¢ =30-50 MeV/c as compared to those calculat-
ed for spherical Gaussian sources. This difference in line
shape is related to the fact that BUU calculations pro-
duce nonspherical phase-space distributions. For a more
detailed discussion, see Ref. 22.

C. Longitudinal and transverse correlation functions

Figures 16 and 17 present longitudinal and transverse
correlation functions measured for the “N--?7Al and
UN+17Au reactions at E/A4 =75 MeV, respectively.
As before, longitudinal (solid points) and transverse (open
points) correlation functions were evaluated for the gates
|cosW;| > 0.77 and |cos¥,| <0.5, respectively. The upper
and lower panels of the figures show data for different
gates on the total momenta of the emitted particle pairs

P =270-420 and 420-780 MeV/c for the *N+27 Al re-

action and P=270-450 and 450-780 MeV/c for the
14N+ 197Au reaction. For each gate, left- and right-hand
panels show results obtained with different normalization
conventions. The right-hand panels depict longitudinal
and transverse correlation functions normalized with a
single normalization constant C,,, which was deter-
mined, for each gate on P, by normalizing the angle in-
tegrated correlation function R((g) by the condition

[ daRyg)=0, ©)
Ag
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where Ag=60-100 MeV/c. With this normalization,
longitudinal and transverse correlation functions gated
by low total momenta (P=270-420 and 270-450
MeV/c, top right-hand panels of Figs. 16 and 17) attain
distinctly different values for larger relative momenta
q 240 MeV/c. For higher total momenta (P =420-780
and 450-780 MeV/c, bottom right-hand panels of Figs.
16 and 17), differences at large relative momenta are less
significant.

At small relative momenta, residual dynamical correla-
tions are expected to be small and the use of a single nor-
malization constant should be justified. With this
presumption, we do not find statistically significant
differences between longitudinal and transverse correla-
tion functions at small relative momenta g <30 MeV/c.
This experimental result is in agreement with that of Ref.
14 for which the same (angle-independent) normalization
convention had been adopted.

_We have checked by Monte Carlo calculations that the
different asymptotic values assumed by longitudinal and
transverse correlation functions are not due to trivial
effects of detector acceptance or resolution. These
differences cannot be understood in terms of the present
model for intensity interferometry. They might, howev-
er, be related to dynamical correlations caused by impact
parameter averaging effects when the single-particle dis-
tributions exhibit significant azimuthal asymmetries. We
give a brief discussion of dynamical correlations caused
by impact parameter averaging in the Appendix. Howev-
er, we feel that the present BUU calculations may not

27A1(14N,pp), E/A=75Mev, ®av=25°
T T T T T T T T T T T

151 .
9&,9
M
10 M&Mﬂ | S %ofﬁﬁw
i P=270-420MeV/c [ P=270— 420MeV/c
—_ $ o y=(60—120)° o ¥=(60—-120)° ]
T 05 P * y=(0-40,140-180)° T e y=(0—40,140—180)° ]
(2 ——— e
: 1.5 — 62'9-8 -+ og'ﬁg. —
:0 ..Oa :‘ o’gb
* [ ]
_ , I c%,! .
1.0 $ W— $ -
i * P=420-780MeV/c 1 * P=420-780MeV/c
L@ o ¥=(680-120)° 10 o 9=(60—120)° J
0.5 _‘1 e =(0—40,140—180)° i_‘l » y=(0-40,140-180)° ]
N . N ] A N N . N i N N N
0 50 0 50 100
q (MeV/c)

FIG. 16. Longitudinal (¥ =0°-40° or 140°~180°) and transverse (¥ =60"-120°) two-proton correlation functions measured for the
“N+27Al reaction at E/ A4 =75 MeV. In the left-hand panels, longitudinal and transverse correlation functions were normalized in-
dependently; in the right-hand panels, the normalizations were determined from the W-integrated data.
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model such effects to a sufficient degree of accuracy since
the theory does not reproduce the low-energy portion of
the energy spectrum (see Fig. 13). One should, therefore,
not expect to reproduce dynamical correlations at the re-
quired level of accuracy of a few percent.

The left-hand panels in Figs. 16 and 17 show longitudi-
nal and transverse correlation functions normalized in-
dependently over the relative-momentum interval
Ag=60-100 MeV/c by separately enforcmg the condi-
tions

[ daRy r(g)=0 (10)
Agq

for the longitudinal and transverse correlation functions
R;(g) and R;(g). With this renormalization, the longi-
tudinal correlation functions gated by the low-total-
momentum cuts (P =270-420 and 270-450 MeV/c, top
left-hand panels of Figs. 16 and 17) exhibit larger maxima
than the transverse correlation functions, qualitatively
consistent with an elongated source or a source of finite
lifetime. For the YN-+27Al reaction, this difference
disappears for higher total momenta (P =420-780
MeV/e, bottom left-hand panel of Fig. 16). For the
YN +197Au reaction, the transverse correlation function
for the higher-momentum gate (P =450-780 MeV/c,
bottom left-hand panel of Fig. 17) exhibits a larger max-
imum than the longitudinal correlation functlon, con-
sistent with an oblate source.

We should caution that independent normalizations of
longitudinal and transverse correlation functions cannot
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be justified a priori. Therefore, the correlation functions
shown in the left-hand panels of Figs. 16 and 17 should
not be misconstrued as experimental evidence for de-
formed source shapes. The different normalizations
adopted for the construction of the correlation functions
shown in the right- and left-hand panels of the two
figures are only used to illustrate the uncertainties within
which differences and similarities between longitudinal
and transverse correlations are established experimental-
ly.

Figure 18 shows theoretical predictions for longitudi-
nal and transverse correlation functions for the “N+27A1
and “N+'7Au reactions. These calculations employed
the same cuts on P and ¥ which were used in the data
analysis. Differences predicted for longitudinal and
transverse correlation functions are small. They are of
the order of the statistical uncertainty of our measure-
ments, but considerably smaller than the systematic nor-
malization uncertainties illustrated in Figs. 16 and 17.
Without an accurate understanding of the distortions
caused by dynamical correlations, it appears futile to ex-
tract information on the shape of the phase-space distri-
butions of emitted particles from differences between lon-
gitudinal and transverse correlation functions.

_ VIL. SUMMARY AND CONCLUSIONS

In summary, we have measured two-proton correlation
functions for emission processes governed by different
emission time scales. Fast nonequilibrium processes were

197Au(l"‘N pp) E/A 75MeV, 8,,=25°

[ T T ]
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FIG. 17. Longitudinal ( ¥ =0"-40" or '140°-180°) and transverse (¥=

60°~120°) two-proton correlation functions measured for the

14N+ ¥7Au reaction at E/ A =75 MeV. In the left-hand panels, longitudinal and transverse correlation functions were normalized
independently; in the right-hand panels, the normalizations were determined from the W-integrated data.
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FIG. 18. Longitudinal (¥ =0°-40" or 140°~180°) and trans-
verse (W =60°-120°) two-proton correlation functions predicted
by BUU calculations. The left- and right-hand panels show cal-
culations for the reactions “N+27Al and “N+"7Au, respec-
tively. The momentum cuts are indicated in the individual
panels.

investigated, in “forward kinematics,” for '“N-induced
reactions on *’Al and '"’Au at E/4 =75 MeV. Slow
evaporative processes were studied at £/ 4 =31 MeV for
the near-symmetric reaction *Xe+!2’Sn and for the “in-
verse kinematics” reaction 2Xe+?’Al. Two-proton
correlation functions measured for these qualitatively
different reaction mechanisms exhibit significant
differences in shape. These differences are well under-
stood in terms of the Wigner-function formalism for
two-proton intensity interferometry>'%%? once realistic
reaction models are used to generate the one-body
phase-space density distribution of the emitted protons.
Correlation functions measured for nonequilibrium
emission in the “N-induced reaction at E/ A4 =75 MeV
exhibit pronounced maxima at relative momenta g =20
MeV/c and minima at ¢ =0 MeV/c. The maximum at
g =20 MeV/c is caused by the attractive singlet S-wave
interaction between the two emitted protons. The
minimum at g =0 MeV/c reflects the combined effects of
the Coulomb repulsion and the Pauli-exclusion principle.
For these reactions, the emission time scales are
sufficiently short that the final phase-space distributions
of the emitted particles are of nuclear or smaller dimen-
sions. The measured correlation functions can be rather
well understood by applying the final-state interaction
model of Refs. 3, 12, and 22 to one-body phase-space dis-
tributions predicted by the Boltzmann-Uehling-
Uhlenbeck transport equation. Correlation functions cal-
culated for the YN +2"Al reaction exhibit significant sen-
sitivity to the magnitude of the in-medium cross section,
but only weak sensitivity to the stiffness’ of the equation
of state. It is particularly gratifying that the theory can
J

43 SPACE-TIME EVYOLUTION OF THE REACTIONS “N+74], ...

1817

reproduce the observed strong dependence of the experi-
mental correlation functions on the total momentum of
the coincident proton pairs. :

- Correlation functions measured for evaporative  pro-
cesses in 2Xe-induced reactions at E/A4 =31 MeV do
not exhibit maxima at g =20 MeV/c, but only minima at
q=~0 MeV/c. For these reactions, rather small emission
rates lead to large spatial separations between emitted
particles and a loss of memory of the size of the emitting
nucleus. The measured correlation functions can be rath-
ér well understood by applying the final-state interaction
model of Refs. 3, 12, 22 and to one-body phase-space dis-
tributions predicted by statistical model calculations
based on the Weisskopf formula. The predicted correla-
tion functions exhibit only moderate sensitivity to de-
tailed properties of the decaying nucleus.

For all cases investigated in this experiment, longitudi-
nal and transverse correlation functions were found to be
very similar. Our data could not provide definitive evi-
dence for elongated source shapes expected from simple
lifetime arguments. The experimental observations are,
however, consistent with more detailed calculations for
which the predicted differences between longitudinal and
transverse correlation functions were too small to be
detected by the present experiment.
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APPENDIX: IMPACT PARAMETER AVERAGING

Correlations between coincident particles do not only
arise from quantum statistics and/or final-state interac-
tions, but also from a number of dynamical and kinemati-
cal effects. At large relative momenta, for example, the
measured correlations can be strongly influenced by
phase-space restrictions imposed on finite systems by con-
servation laws®3%7* or by implicit averages over impact
parameter and orientation of the reaction plane.**”*
For example, the detection of a single particle will shift
the total momentum of all remaining particles; for small
systems this effect can lead to significant correlations at
large relative momenta.>3 "% If the single-particle dis-
tribution is azimuthally anisotropic, the detection of one
particle can filter out a nonisotropic distribution of
reaction-plane orientations,*®**~47 causing nonisotro-
pic azimuthal correlation functions.

For semiclassical reaction models, the impact-
parameter averaged correlation function, consistent with
Eq. (3), can be written in the form

C(P,q)=N(P)

[ badb dg[Ti(b,¢,1P+q)II(b,4,1P—q)C/(b,4,P,q)]
[ bdbdg[1ib,6,+P+q)] [ bdb dg[1I(b,4,3P—q)] -

N V)
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Here b denotes the impact parameter, ¢ denotes the azimuthal orientation of the reaction plane, II(b,¢,p) is the proba-

bility of emitting a particle with momentum p for events characterized by b and ¢,

C/(b,¢,P,q) is the correlation func-

tion due to final-state interactions and/or quantum statistics for given b and ¢, and N (P) is a suitably chosen normali-
zation constant which makes the normahzatlon at large relative momenta consistent with the experimental data. We

can write this expression in the form

[ bdb dg[Ti(b,4,LP+q)II(b,$,1P—q) cf(b 4,P,q)]

C(P,q)=N(P)C/(P,q)C%P,q)

[ babdg[II(b,¢,1P)1(b,4, ;P)Cf(b ¢,P,q)]

[bdbdg[n (b, ¢, 3 P)I1(b,$,1P)]
, (A2)
[ badbdg[Tis,g, ;P—I-q)H(b $,1P— q)]
with
[bdb d$[T1(b,¢, +P)TI(b,4,1P)C/(6,4,P,q)] T o
Cf(P’q)z - ,, E I N L  ’=> R " i (53)
[ bab d¢[IT(b $,1P)I1(b,$,1P)] o ,

[bab d¢[T(b,¢, 1P+ (b, 4,1P—q)] L

C4P,q)= (A4)

Here C/(P,q) is the correlation function due to final-state
interactions and/or quantum statistics, renormalized to
unity for large relative momenta for which
Cc/(b,4,P,q)=1, and C4P,q) is the “dynamical correla-
tion function” which describes correlation caused by
averaging over b and ¢.

In Eq. (A2) the terms in curly brackets can be neglect-
ed to a good approximation. [If the correlation function
C/(b,4,P,q) is independent of b and ¢, the terms in the
curly brackets-cancel exactly.] For two-proton correla-
tion functions, the correlation function Cf(b,¢,P,q) is
nontrivial only for small relative momenta g <30 MeV/c,
for which one may approximate
1%(b,$,iP)=~1I(b,¢,LP+q)II(h,¢,2P—q). This ap-
proximation reduces the two factors in the curly brackets
to unity. At larger relative momenta, C/| (b,¢,P,q)=1
and the denominators and enumerators of the two terms
in the curly brackets cancel cross wise. It should, there-
fore, be reasonable to use the approximation

C(P,q)=N(P)C/(P,q)C%P, q) (A5)

With Eq. (A5) one can lncorporate dynamical correla-
tions in a fairly straightforward fashion. (Note, however,
that other physical processes, not considered in our cal-

fbdbdqﬂ[ﬂ(b ¢,4P+q)] [ b db dg[I1(b,4,1P

—

culations, may also affect the correlations at small total
momenta, e.g., distortions in the Coulomb field of the
heavy reaction residue or feeding from the decay of parti-
cle unbound states.)

In our measurements, distortions due to dynamical
correlations may be present in some of the correlation
functions extracted for low total momenta. For example,
there is evidence for shape distortions in the correlation

function for the “N+1%7Au reaction at small total mo-

menta (see Fig. 7). More significant are the difficulties en-
countered in the normalization of transverse and longitu-
dinal correlation functions for the “N-induced reactions
at low total momenta (see Figs. 16 and 17). However, the
present BUU calculations do not provide an accurate
description of the cross sections for such low-energy
emissions (see Fig. 13). Furthermore, dynamical correla-
tions test different aspects of the model than correlations
due to final-state interactions. Therefore, we have decid-
ed to neglect them in our calculations and used Eq. (A3)
for the calculation of the impact-parameter averaged
correlation functions. For comparisons with experimen-
tal data, the calculated correlation functions were renor-
malized at larger relative momenta g 260 MeV/c to
make them consistent with the normalization conven-
tions adopted in our data analysis.
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