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Abstract
Two-proton correlation functions have been measured at @

lab
“forward kinematics” reactions 14M+27A1, I4N+197

Au at E/A=75 MeV, for the
“inverse kinematics” reaction 1291{e+27A1 at E/A=31 MeV, and for the nearly
symmetric reaction 1295641225 ot E/A=31 MeV. For the reactions at 76 MeV
per nucleon, the correlation functions exhibit ;)ronounced maxima at rela-
tive proton momenta, g#20 MeV/c, and minima at q#0 MeV/c, These
correlations indicate emission from fast, nonequilibrium processes. They
are analyeed in terms of standard Gaussian source parametrisations and com-
pared 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 q®20 MeV, but only minima at
q¥0 MeV/c. These correlations indicate emission on a slower time scale.
They can be reproduced by calculations based on the Weisskopf fomula for
evaporative emission from fully equilibrated compound nuclei. For all reac-
tions, the measured longitudinal and transverse correlation functions are
very similar, in agreement with theoretical predictions.

w#26° for the

PACS index: 25.70 Np



1. Iptroduction

Two protons, emitted at auqll relative momenta from an excited nuclear
system, carry information about the space-time characteristics 6f the emit-
ting source [1-20] since the relative two-proton wave function reflects the
interplay of the mutual Coulomb and nuclear interactions and the Pauli ex-
clusion principle [1,2,10,20]. fhe average distance between the two emitted
protons depends on the spatial dimension and the lifetime of the emitting
systen, Consider two protons with an average velocity, v, emitted from a
static source of radius, r, and lifetime, T. After emission, the separation
between the two protons is r+vr. For the decay of equilibrated compound
nuclei with temperatures below 5 MeV, estimated emission times are larger
than several hundred fm/c [21]. As a consequence, the average distance be-
tween emitted particles 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, nonequilibrium light particle emission
in intermediate energy heavy ion collisions is calculated to proceed on
much shorter time scales [22,23] and average particle separations may
reflect the spatial dimension of the emitting system rather than the emis-

sion rate. Here, the nuclear interaction should be prominent,

Figure 1 illustrates the apparent sources expected for emission from
short-lived and long-lived nuclear systems [24]. For correlations at small
relative momenta, the detected particles have nearly the same final momenta
directed towards the detection system. The dots in the figure illustrate
the locations of protons, moving towards the detector with a given momen-
tum, 5. Protons emitted from a short-lived source (upper part) occupy a
small region of space, but protons emitted frowm a long-lived source (lower
part) occupy a large and elongated region of space [10,12,24]. The direc-
tion of elongation is along the direction of 3. In general, reduced
correlations are expected for emission from long-lived sources due to the
larger apparent source sigze. Moreover, for an elongated source, the Pauli
anti-correlation should be less in the longitudinal {elongated) direction
than in the transverse {non-elongated) direction. The longitudinal correls-
tion function (for which the relative xomentum, a=%(§1*32), is parallel to
total momentunm, ?=31+32) of a long-lived source may therefore be enhanced



as compared to the transverse correlation function (for which a is perpen-
dicular to ﬁ), unless the apparent source region becomes go large that

sensitivity to antisymmetrization effects is lost,

In most measurements of two-proton correlation functions, implicit sum-
mations over the relative angle, =cos-l(§-a/Pq), between relative and
total momenta of the proton pair were performed. While such measurements
did not explore the shape of the source function, they did corroborate the
qualitative expectations based upon the lifetime arguments outlined above,
Two-proton correlation functions measured in kinematic regions dominated by
evaporation from equilibrated reaction residues [13,16,17,18] exhibit a
minimum at qw0 MeV/c, but no maximum at a#20 MeV/c. The shapes of these
correlation functions could only be described by, assuming emission from
long-lived compound nuclei or, alternatively, from short-lived systeas of
unphysically large dimensions. In contrast, two-proton correlation func-
tions measured in kinematic regions dominated by fast nonequilibriua
emissions exhibit a clear maximum at qw20 MeV/c [3-9,11,12,14,15,18,19]
which becomes more pronounced with increasing kinetic energy of the emitted
protons [4,6-9,12,18,19]. 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 func-

tions measured for the most energetic protons [4,7,9].

More recently, longitudinal and transverse correlation functions were
measured, both for nonequilibrium [12] as well as equilibrium emigsions
[16,18}. None of these investigations found definitive evidence for elon-
gated soﬁrce shapes. For the case of equilibrium emisgsion, these findings
were shown to be consistent with theoretical correlation functions
predicted by the Weisskopf formula for evaporation from equilibrated com-
pound nuclei [16,18].

In order to elucidate similarities and differences of two-proton cor-
relation functions for equilibrium and nonequilibrium emission processes,
we performed measurements at Blab~25' for 14N induced reactions on 27Al and



197 129 27

Au at E/A=T7T5 MeV and for Xe induced reactions on “'Al and 1223n at

E/A=31 MeV. When light projectiles impinge on heavy target nuclei, emission
at forward angles is dominated by ponequilibrium processes and emission at
backward angles is dominated by equilibrium processee, see e.g. refs.

[8,15,16]. Taking advantage of this angular dependence, we studied nonequi-

librium emission in "forward kinematics" for the reactions 14N+27A1 and

14N+197

for the reaction

129, 122
Xe+t

Au at E/A=75 MeV and equilibriun emission in "inverse kinematics"
129Xe+27Al and for the nearly-symmetric reaction
8Sn at E/A=31 MeV. The measurements were performed with identical

detector geometries, energy calibrations and energy thresholds.

Experimental details are given in Section 2. In Section 3, the single-
particle inclusive proton cross sections are shown. The measured two-proton
correlation functions are presented in Section 4 and discussed in terms of
short-lived Gaussian sources to allow comparisons with previous analyses.
In Section 5, correlation functions for equilibrium emissions are compared
to predictions of the Weisskopf evaporation model. In Section 6, correla-
tion functions for nonequilibrium emissions are compared to predictions of
the Boltzmann-Uehling-Uhlenbeck model. A summary and conclusions are given
in Section 7. First results of this series of experiments have been pub-
lished previously [18,19].

The experiment was performed in the 92 inch scattering chamber of the
National Superconducting Cyclotron Laboratory of Michigan State University
using'beans from the K1200 cyblotron. Typical beam intensities on target
9 14N—ions per second at E/A=75 MeV and IXIO8 129Xe—
ions per second at E/A=31 MeV. The beam spots on target had elongated
shapes of typically 1-2 mm width and 2-3 mm height. For reactions induced
by 129Xe, we used 27A1 and 1228n targets with areal densities of 5.6 and
5.3 ng/cnz, respectively. For reactions induced by 14N, we used 27A1 and
197Au targets with areal densities of 15.0 and 15.9 ag/cmz. respectively.

were approximately 5X10

Light particles were detected with two AE-E detector arrays consisting
of silicon AE-detectors and CsI(T1) or NaI(Tl) E-detectors. Figure 2 shows



the angles covered by individual telescopes in the the 8-¢ plane, where ©
and ¢ denote the polar and agimuthal angles with respect to the beam axis.

One array consisted of 37 8i-CsI(T1) telescopes; it was centered at the
polar and azimuthal angles of ©=25° and $=0°, Each telescope of this array
subtended a solid angle of AQ=0.37 msr and consisted of a 300 um thick
planar surface barrier detector of 450 ln2 active area and a cylindrical
CsI(Tl) scintillator (length 10 cm, diameter 4 cm) read out by a 400 nnz
PIN diode [25,26]. The nearest neighbor spacing between adjacent detectors
was A0=2.6°, The CsI(Tl) detector array was kept at a constant temperature
and had excellent gain stability (better than 1% over a time period of one
month).

The other array consisted of 13 8i-NaI(Tl) telescopes; it was centered
at the polar and azimuthal angles of ©=25° and ¢=90°. Each telescope of
this array subtended a solid angle of 49=0.5 msr and consisted of a 400 m
thick surface barrier detector of 200 mnz active area and a cylindrical
NaI(T1) scintillator (length 10 cm, diameter 4 cm) read out by a photomul-~
tiplier tube. The nearest neighbor spacing between adjacent detectors was
A6=4,4°. Energy calibrations of individual detectors were obtained by scat-
tering ®-particles of 90, 116, and 160 MeV incident energy from a (CHZ)n
target and detecting elastically scattered X-particles and recoil protons
at various laboratory angles. 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 [8]. These
gain drifts were determined in the off-line analysis and corrected with an
overall accuracy of better than 2%.

Coincidence and downscaled pingles data were taken simultaneously.
Energy calibr#tions are accurate to better than 2X. Typical detector energy
resolutions were of the order of 2% and 1% for protons of 40 MeV and 100
MeV, respectively. In our data analysis, a software energy threshold of 10
MeV was applied, and all coincidence data were corrected for random
coincidences,



3. ive t

Examples of inclusive energy spectra for protons detected at the ex-
treme angles covered by our detector array, 1 ab~ 18° and 33°, are shown in
Fig. 3. Spectra measured for reactions induced by 129Xe and 14N projectiles
are shown in the left and right panels, respectively. In order to gain
qualitative insight and allow comparisons with other data, we have fit
these cross sections with simple analytic functions. We have to caution,
however, that the extracted parameters are not uniquely determined by our
data and must not be overinterpreted since our measurements covered only a
small range of emission angles. -

For the 14N-induced reactions, we have chosen a simple three-gource
parametrization, representing isotropic Maxwellian contributions from a
target-like source, a projectile-like source, and an intermediate velocity
noneguilibrium source:

2 3 —_— [P WY N TETEY
dg gﬁ = T Niv _Uc_e [E Uc-l-Ei ZJEi(E Uc) coa&]/Ti . (1)
i=1

Here, Ni and Ti are relative nornelization and kinetic temperature
parameters, respectively. The energy E, 13 the kinetic energy of a particle
co~moving with the i-th source, E, =inc B « The Coulomb energy, U » corrects
for the Coulonb repulsion from heavy reactlon regsidues 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 1.
The spectra can be rather well described by assuming emission from target-
and projectile-like sources with temperature parameters of about 4 to 6 MeV
and by including a nonequilibrium component described, as before {7,8,28],
in terms of an intermediate velocity source characterized by a high kinetic
temperature parameter, Tw18-20 MeV. Particularly for the 14N+197Au reac-
tion, the fits indicate significant evaporative contributions from a
target-like source to the low-energy portion of the spectrunm,



For the Xe-induced reactions, fusion-like and projectile-like residues
have large velocities in the laboratory rest frame, and emission from these
two sources is strongly forward focussed. In comparison, contributions from
target-like 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 projectile- and fusion-like sources. For these sources, the simple
Coulomb correction adopted in Eq. (1) is inappropriate since the heavy
reaction residues have large velocities with respect to the laboratory rest
frame. Furthermore, the measurements include energies which lie below the
projectile and compound nucleus Coulomb barriers. Hence, the sharp trunca-
tion of the energy spectra for sub-barrier energies is inappropriate. For
these reasons, we adopted a parametrization similar to that used in ref.
[27]:

2 2
!2! 2 Us exp[-(U-U_}“/247] . _ B
= ¥ du 2 vzﬁ < \IE(I--U/Ecn i) e (ECI,I U)/T . {2)
= C ]

Here, Ecn .=R4E, —2V§_E-cose and E, -imczﬂz' as in ref. [27]), the integration
limits were chosen as U ;=max(0, U 5A ) and U.-lin(E ,U +54 ). In Eq.
(2), the Coulomb field is assuned to be gtationary 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 described by assuming evaporative
emission from a fusion-like source and a projectile-like source. (For the

129Xe+27Al reaction, fusion-like sourcee have velocities very similar to

the projectile velocity, Ppw0.26. For the 129 Xe+ 122

Sn reaction, fusion-like
sources have approximately half the beam velocity.) The fits shown by the
solid curves indicate strong contributions from decays of excited projec-
tile residues. The inclusion of a projectile-like source largely improves
the fits at lower energies. At these energies, the calculations are sensi-
tive to details of the parametrization of the ensemble of Coulomb barriers.

Again, it must be stressed that the extracted source parameters are not



uniquely determined because of the small angular range covered by our
detector array. In order to illustrate some of the existing uncertainties,
we have also described the tail of the energy spectra {Ex40 MeV) by assum-
ing emission from a single source moving with the velocity of the compound
nucleus. These calculations 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 preaént investigation to provide a unique
interpretation of the single-particle inclusive crogs sections. The adopted
parametrizations should, therefore, be viewed with a "grain of salt",
Nevertheless, the calculations indicate possible contributions from a num-
ber of differenp sources which cannot be disentangled without ambiguity.

The experimental two-particle correlation functions, R(q), are

presented as a function of relative momentum, q, using the definition:
+ =+ -+
BY),(B10B,) = €y, 1R(QIIY, BV, (By) (3)

‘Here, Bl‘and 52 are the laboratory momenta of particles 1 and 2; q=i:31-32:
is the relative momentum of the particle pair; le(ﬁl,ﬁz) is the
coincidence yield; and Yl(ﬁl) and Yz(ﬁz) are the single particle yields.
For each experimental gating condition, the sums on both sides of Eq. (3)
are extended over all energy and detector combinations corresponding to the
given bins of q. The normalization constant, 012, is determined by the re-
quirement that R(q)=0 for large relative momenta.

Theoretical correlation functions are calculated with the formula
[1,2,10,20]:

1e(3,3) = sa’rry(d)iod,}i? . (4)

Here, ﬂ=31+32 is the total momentum of the proton pair, ¢(a,;) is the rela-
tive two-proton wave function, and Fﬁ(;) ia defined by:
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Jaxe(Br2, Xei/a, 1 ) 0(B/2, 32,8, )

Fﬁ(l‘ = ’ (5)

e ®/2,1,e,)12

Here, the Wigner funct:on, f(p,r.t ), is the phase-gpace distribution of
particles of momentum p at p051t10n r at some time, t), after the emission
proceas. The function f(p,r,t ) can be expressed in terms of the emission
functxon, g(p,r,t), i.e. the probab111ty of emitting a particle with momen-
tum D at location » and time t [20]:

£

£(3,7.t,) = sat g(d,P-B(e,-t)/m,¢) . (6)
)

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

g8(3/2,2,t) = p d(t)expl-ri/rd(p)] . (7)

To allow conﬁarisons with these pfevious analyses and to systematize our
data, we will adopt this parametrization for the calculations presented in
this section. In Sects. 5 and 6 we will calculate correlation functions
with more realistic distributions f(B,;,t>)‘calculated from the Weisskopf
evaporation formula and from solutions of the semiclassical BUU transport

equation, respectively.

Two-proton correlation functions corresponding to sums over all detec-
tors and all proton energies above the applied software energy threshold of

10 MeV are compared in Fig, 4. The correlation functions measured for the

reactions 14N+27A1 and 14 197Au exhibit pronounced maxima at relative

momenta g#20 MeV, see top panels of Fig. 4. Small but significant'd1f~
ferences exist at small relative momenta where the minimum at gw0 is more

pronounced for the 27Al than for the 197Au target. The correlation func-

129

tions measured for the Xe-induced reactions do not exhibit a pronounced

maximum at q¥20 MeV, but only a minimum at gv0 MeV/c, see bottom panels of

Fig. 4. The correlation functions measured for the reactions 129Xe+27Al and
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129Xe+1228n have very similar shapes. On the other hand, the correlation

14N and 129
ferent. For orientation, the solid lines show theoretical correlation
functions predicted for Gaussian sources of negligible lifetime. For the

reactions induced by 14N and 129Xe, radius parameters of r=4.4 and 70 fa

functions measured for Xe induced reactions are strikingly dif-

were used, respectively. These source parameters should be compared to the
equivalent radius parameters for Al and Au nuclei, r«{Al)»®2.5 fa and
ro(Au)®4.4 fm , which are obtained from tabulated [29] rms charge radii
using the approximate relation ra=(2/3)1/2rr.a. For the 14N—induced reac-
tions a source radius of r=4.4 fm is not necessarily unreasonable.
However, it is astonishing that this radius parameter exhibits no obvious
dependence on the size of the target nucleus. A purely geometrical inter-
pretation of the correlation function is, therefore, in doubt. For the
large source parameter, r #70 fm, used to describe the correlation func-
tions measured for the 129Xe induced reactions, a purely geometrical
interpretation is clearly unphysical and the lifetime of the emitting sys-

tem must play a major role,

4 e e tot @

Two-proton correlation functions are known to exhibit strong depend-
ences on the energy of the emitted particles [4,6-9,12,18,19] or,
equivalently, on the total momentum, §=BI+32, of the coincident proton
pair. Figure 5 shows two-proton correlation functions for two repre-
sentative momentum gates, measured for the reactions 129Xe+27A1 {upper

panel) and 129Xe+122

Sn (lower panel). The momentum gates represented by the
solid and open pointe correspond to protons emitted with kinetic energies
below and above the compound nucleus Coulonb'barriers, respectively. For
the 129Xe+27A1 reaction, the two momentum gates, P=480-570 and 660-750
MeV/c, select protons with kinetic energies of E, g% 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 129Xe+1228n reaction, the two momentum
gates, P=270-540 and 540-660 MeV/c, select protons with kinetic energies of
Ec.n.’ 1-15 and 15-27 MeV, respectively. As can be expected from qualita-
tive time scale arguments, sub-barrier emission results in a reduction of

the minimum at w0 MeV/c. Furthermore, correlation functions at sub-barrier
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energies can suffer enhanced attenuations and/or distortions from sequen-
tial decays of primary fragments emitted in particle unbound states [21]
and from deflections in the Coulomb field of the heavy reaction residue.
Because of these additional complications, 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 Section 5.

14N-induoed reactions ex-

The correlation functions measured for the
hibit a more pronounced dependence on the total momentum of the detected
proton pairs. Figures 6 and 7 show correlation funptions for representative
ranges of the total momentum, P, for the reactions 14N+27A1 and 14N+197Au,
respectively. Consistent with previous measurements, the maxioum at gw20
MeV/c becomes more pronounced for larger total momenta, i.e., for the emis-
sion of more emergetic particles. For the lowest momentum gate, P=270-390
MeV/c, the correlation functions are distinctly different for the two tar-

gets. For the 27Al target, a clear maximum at q¥20 MeV/c is measured. For

the 197Au target, on the other hand, this maximum is barely visible and the
shape of the correlation function resembles that measured for evaporative

processes.

The solid curves in Figs. 6 and 7 show correlation functions calculated
for Gaussian sources of negligible lifetime, Eq. (7), using momentum de-
pendent source parameters shown in Fig. 8. In these calculations,
appropriate averages over total momentum were performed, and the resolution
of the hodoscope was taken into account. The overall trends of the data are
well described. However, the shapes of the measured correlation 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
q#30-40 MeV/c. In addition, for the 14N+197Au reaction, the adopted
parametfization fails to reproduce the exact shape of the minimum at qr0
MeV/c for the low momentum gate, P=270-390 MeV/c.
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In order to provide a simple description of the momentum dependence of
the two-proton correlation functions measured for the 14N—induced reac-
tions, we have constructed 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 re-
quiring that the correlation function calculated for this source could
reproduce the height of the maximum of the measured correlation function,
The dependence of the extracted radius parameters on the total momentum of
the detected particle pair, ro(P), is shown in Fig. 8. The error bars indi-
cate estimated systematic errors. For the 14 197Au reaction, the adopted
parametrization faile to reproduce the shape of the minimum at ow0 MeV/c
for the low momentum gates, P<350 MeV/c. Here, the assumed monotonic de-
pendence of the radius parameter on total momentum appears to be
inadequate, and one may have to mix(in additional contributions from much
larger sources or, alternatively, from long lived evapdrative procegses to
fit the shape of the minimum at q#0 MeV/c. Because of the inherent am-
biguities 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 14N+27A1 and
14 197Au reaction are very similar (see Fig. 4), significant differences
surface when one explores the dependence on the total momentum of the
proton pairs. Such more subtle differences, already apparent in the raw
data shown in Figs. 6 and 7, are clearly revealed in Fig., 8, For the
14N+197Au feaction, the extracted source dimensione exhibit a nearly
monotonic increase with decreasing total uonéntul of the detected proton
pair. For the 14N+27Al reaction, on the other hand, the extracted source
dimensions are rather constant over the range of Pw400-750 MeV/c. The ex~
tracted source dimensions are comparable for the two targets at high total
momenta, P>800 MeV/c, indicating that very energetic particles are emjitted
by comparable processes. At low total momenta, P¢500 MeV/c, the extracted
source dimensions are considerably larger for the reactions on 197Au than
for the reactions on 27A1, most likely indicating larger contributions from

slow evaporation processes for the 197Au target.



14

4.3 r ta] resolytion

In order to evaluate instrumental distortions of the measured correla-
tion 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, cal-
culated for Gaussian sources with the indicated radius parameters. The
points are results of Monte Carlo calculations in which the angular and
energy resolutions of the experimental apparatus are taken into account. In
these calculations, the coincidence yield was taken as

¥y5(By,8,) = (14R(Q))Y,(3))V,(3,) , (8)

where the singles yields, YI(BI) and Y}(ﬁz), were taken from the single
particle yields measured for the 14N+ Al reaction and R(q) was calculated
by assuming a Gaussian source of negligible lifetime, Eq. (7), with the
radius parameter given in the figure. Both singles and coincidence dis-
tributions were smeared by the energy and angular resclution of the
experimental apparatus and sorted in the same way as the experimental data,
using three representative momentum gates. The simulated correlation func-
tions are in close agreement with the original, theoretically predicted
correlation function. Except at very small relative momenta, line shape
distortions caused by the resolution of the experimental apparatug are neg-
ligible. Note, in'barticular. the absence of visible distortions in the
region of g#30-40 MeV/c where the Gaussian-source fits deviate from the ex-

perimental correlation functions (see also Figs. 6 and 7).

9. Evaporative Emisgion

Correlation functions for particle evaporation from long~lived compound
nuclei can be calculated by using the Wigner-function formalism [10,20],
Eqgs. (4-6). We have used the statistical model of ref. [21]) to construct
Wigner functions for evaporative emission froam equilibrated compound
nuclei. In this model, the average particle emisegion 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 in-
corporated because of the use of the sharp cut-off approximation for the
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inverse cross sections. For gimplicity, the level density is approximated
by that of an ideal Fermi gas at the dehsity of normal nuclear matter.

1 i | r
Since the inclusive cross sections are consistent with substantial con-
tributions from evaporative emission from excited projectile residues, we
calculate correlation functions for two extreme cages, (1) emission from a
source at reat 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
129xe+27Al and 129 122

which were folded with the resolution of the experimental apparatus and

Sn reactions. The curves represent calculations

averaged over the appropriate momentum bins using the experimental proton
yields as relative weights. In order to illustrate the sensitivity of the
calculated emission rates to the initial temperature of the emitting sys-
tem, 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 ahout 7-10
MeV. For complete fusion of 129Xe+27A1 and 129X lzzsn. initial tempera-
tures of 8.2 and 10.3 MeV, respectively, are calculated if one assumes the
level density of an 1deal Fermi gas of normal nuclear matter dengity; the
more common relation, T -(8 MeV)XE*/A, gives values of 5.8 and 7.3 MeV.
However, the equilibrated emitting systems should have temperatures which
are somewhat lower than those calculated for compound nuclei formed in com-
plete fusion reactions [8,30-32] since some energy is carried away by
nonequilibrivm emission.

In Fig. 11 we compare the data with calculations for particle evapora-
tion from equilibrated projectile residues assumed to move with the initial
projectile velocity. For simplicity, we used the projectile values for the
mass, A, and bharge, 7, but treated fhe temperature as a free parameter. As
before; the calculations were folded with the resolution of the experimen-
tal apparatus, and averaged over the appropriate momentum bins using the
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experimental proton yields as relative weights. For projectile decays, the
lower momentum bin, P=§540-660 MeV/c, largely corresponds to subbarrier
emisgion. 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 temperatures when one
assumes emission from projectile-iike sources rather than emission from
fusion-like sources. This is related to the fact that average emission
times become shorter for increasing temperature and for increasing emission
energy with respect to the rest frame of the decaying nucleus [20,21]. In
our detection geometry and for our laboratory-momentuam gates, the emitted
particles have lower kinetic energies in the projectile rest frame than in
the compound nucleus rest frame. For fixed temperature, 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 compound
nucleus. To reproduce the experimental correlation function, one must
choose a higher temperature for the projectile-like source than for the
fusion-like source.

Temperatures which provide the best description of the experimental
correlation functions shown in Figa, 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 cor-
relations can be produced by raising the temperature of the source [20].
Clearly, some quantitative uncertainties about the exact nature of the
emitting system remain. However, the qualitative interpretation of the
measured two-proton correlation functions as predominantly caused by slow
evaporative emission is not affected by our incomplete knowledge of the
mass, temperature, and velocity of the dedaying nucleus or by =small con-
tributions from nonequilibrium emission processes.
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LONS gina plia_wrangverge correlatio
We have explored the dependence of the two-particle correlation func-
tion on the angle, V = cos_llﬁ-a/Pq], between the relative and total
momentum vectors of the proton pairs to search for clues on the source
lifetime and shape [2,10,12,16]. As was illustrated in Fig. 1 and discussed
in refs. [10,12,20,24], emission from a long-lived system produces phase-
space distributions elongated in the longitudinal df}ection. Because of the
reduced Pauli anti-correlation in this direction, the longitudinal correla-
tion function (V0" or 180°) of a long-lived source may be enhanced
compared to the transverse correlation function (¥90°), unless the average
particle separations become so large that sensitivity to antisymmetrigation
effects is lost.

Figure 12 shows longitudinal and transverse two-proton correlation
functions measured for the reactions 129Xe+27A1 (top panel) and the
129Xe+1223n (bottom panel). The longitudinal correlation functions, shown
by solid'pointa, were evaluated for the gate }cosW'{§0.77 (corresponding to
the angular cuts of Wl=0'-40' or 140°-180"). The transverse correlation
functions, shown by open points, were evaluated for the gate :coth:£0.5
(corresponding to the angular cut of W£=60'—120'). For improved statistical
accuracy, the gates on the total momenta of the proton pairse were made
wider than in Fig. 10; the values are indicated in the figure. No statisti-
cally 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
correlation functions calculated for evaporative emission using the
parameters indicated in the figure. The calculations were averaged over the
appropriate momentum bins and folded with the resolution of the experimen-
tal apparatus. The predicted differences between transverse and
longitudinal correlation functions are of the ordér of a few percent and,
therefore, below the statistical sensitivity of the present experiment,

It was shown in ref. [20] that differences in the shapes of lon-
gitudinal and transverse correlation functions exhibit a strong dependence
on the total momenta of the proton pairs. For emission from equilibrated
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165Ho compound nuclei, significant differences between longitudinal and

transverse correlation functions are mainly predicted for large momenta,
but not for small momenta corresponding to emission close to the barrier.
Since eﬁaporative cross sections decrease exponentially as a function of
increasing kinetic energy of the emitted particles, integrals over wide
momentum gates have predominant contributions from lower momenta for which
the differences between longitudinal and transverse correlation functions
are predicted to be small and difficult to detect. Unfortunately, the
statistical accuracy of our experiment was insufficient for a more detailed
exploration of longitudinal and transverse correlation functions at higher
total momenta of the emitted proton pairs.’

For intermediate energy nucleus-nucleus collisions, particle emission
already sets in at the early, non-equilibrated stagesa 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
bagsed upon the Boltzmann-Uehling-Uhlenbeck equation [33,34] 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 semiclassical approximation. Within
the formalism of refs. [10,20], the.knowledge of the one-body phase-space
distribution function is sufficient for the characterization of the sige
and lifetime of the reaction zone formed in the nuclear collision and for
the calculation of the two-proton correlation function at small relative
nomenta.

We solve the BUU equation by numerical methods which are similar to the
ones introduced by ref. [33]. The major new numerical technique used in our
present calculat1ons is the treatment of the Pauli exclusion principle., 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 principle
[35]. In our standard calculations, we used & stiff equation of state and

energy~-dependent free nucleon-nucleon cross gections, (Fbr the present
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reactions, the calculations exhibit little sensitivity to the stiffness of
the equation of state [19,20].) The Wigner functions of emitted particles
were constructed from nucleons emitted during a time interval of Ate=140
fa/c following initial contact of the colliding nuclei. Nucleons were con-
sidered as emitted when, during this time interval, the surrounding density
fell below pe=pa/8 and when subsequent interaction with the mean field did
not cause recapture into regions of higher density. This test for recapture
was continued 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 would not neces-
sarily lead to more reliable results since, in our present approximation,
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 Ate and Pe is reasonable, it involves a certain degree of
arbitrariness. Typically, different reasonable choices of Ate and Po modify
the magnitude of the predicted correlation functions by 5-10%; in some in-
stances, the sensitivity to these parameters can be larger [20]. For the
reactions 14N+27A1 and 14N+197Au, the correlation functions were calculated
from the phase space points obtained from a total of 5250 and 4500 computa~
tional events, respectively, with impact parameters distributed according
to their geometrical weights; appropriate avérages 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
refs. [20].

6.1. Singles cross sections

While it is our main purpose to test the space-time evolution of reac-
tions predicted by the BUU theory, it may still be instructive to compare
the single-particle cross sections measured for the 14N-induced reactions
with those predicted by BUU calculations. In Fig. 13, the solid points rep-
resent the measured single-proton cross sections for the reactions 14N+27A1
(upper panel) and 14N+197Au {lower panel); cross sections predicted by BUU
calculations are shown by open points. For the emission of energetic
protons, the cross sections predicted by the BUU calculations are in rather

good agreement with the data, However, at lower energies, E<70 MeV, the
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predicted cross sections are larger than the measured ones, At least part
of this discrepancy may be attributed to the fact that the present calcula-
tions do not incorporate cluster emission. The formation and emission of
clusters is expected to be particglarly important when the phase space den~
s8ity is high, i.e. at low kinetic energies. In these regions of phage
space, the flux of emitted nucleons will appear, in part, in the form of
bound clusters. On the basis of these qualitative arguments, one can expect
that proton cross sections predicted by BUU calculations should be larger
than the experimental cross sections for free protons; the effect should be
most pronounced for protons of low energies.

6. inte e ti t

Two-proton correlation functions calculated from density distributions
predicted by the BUU equation are compared, respectively, in Figs. 14 and
15 with our measurements for the 14N+2?A1 and 14N+197Au reactions at E/A=75
MeV. Shown are correlation functions with no selection on the angle, V¥, be-
tween 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 gualitatively reproduce the observed
strong dependence of the correlation functions on the total momentum of the
emitted proton pairs. For the low-momentum gate of the 14N+197Au 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 in-
corporated into our calculations. In fact, the existence of a strong
evaporative component in the low-energy portion of the proton spectrum for
the 14N+197Au reaction was already inferred from the shape of the minimum
of the correlation function at q$15 MeV/c (see Sect. 4.2) as well as from
the shape of the single particle spectra (Bee Sect. 3). The inclusion of
evaporative processes would lead to more extended Wigner functions and,

hence, to more attenuated correlation functions.
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For the 14N+27A1 reaction, the sensitivity of the calculated correla-

tion functions to the nuclear equation of state and the magnitude of the
in-medium nucleon-nucleon cross section has already been discussed in refs.
[19,20]. The calculations were shown to depend significantly on the mag-
nitude 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 (dotted curves). For the low and inter-
mediate momentum gates, the calculated correlation functions exhibit
enhanced maxima when the in-medium cross sections are reduced. For the high |
momentum gate, this senaitivity is reduced. The agreement with the data ie
significantly worse for the calculations using the reduced in-medium cross
gsections. For the 14N+197Au reaction, dependences on the stiffness of the
equation of state and the magnitude of the in-medium cross sections were
not explored because 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 15 reveals that
correlations functions calculated from the BUU theory provide an improved
description of the shape of the experimental correlation functions in the
region of qw¥30-40 MeV/c as compared to those calculated for spherical
Gaussian sources. This difference in line-shape is related to the fact that
BUU calculations produce non-spherical phase-space distributions. For a
more detailed discussion see ref, [20].

Figures 16 and 17 present long1tudina1 and transversge correlation func-
tions measured for the 14N+27A1 and 197Au reactiona at E/A=T5 Mev,
respectively. As'before, longitudinal (solid points) and transverse (open
points) correlation functions were evaluated for the gates .cosW 120.77 and
.cosWt.éo 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 MeV/c and P=420-780 MeV/c for the *N+27Al reaction, and
P=270-450 MeV/c and P=450-780 MeV/c for the 14N+197Au reaction., For each
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gate, left and right hand panele show results obtained with different nor-
malization conventions. The right hand panels depict longitudinal and
transverse correlation functions normalized with a single normalization
constant, Clz, which was determined, for each gate on P, by normalizing the
angle integrated correlation function, Ro(q), by the condition,

Jaary(@) =0, (9)

iq
where Aq=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 dif-
ferent values for larger relative momenta, q>40 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 gignificant,

At small relative momenta, residual dynamical correlations are expected
to be small and the use of a single normalization constant should be jus-
tified. With this presuaption, we do not find statistically significant
differences between longitudinal and transverse correlation functions at
small relative momenta, q$30 MeV/c. This experimental result ie in agree~
ment with that of ref. [12] 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 func-
tions are not due to trivial effects of detector acceptance or resolution.
These differences cannot be understood in terms of the present model for
inteﬁsity interferometry. They might, however, be related to dynamical cor-
relations caused by impact parameter averaging effects when the single
particle distributions exhibit significant azimuthal asymmetries., We give a
brief discussion of dynamical correlations caused by impact parameter
averaging in the Appendix. However, we feel that the present BUU calcula-
tions may not model such effects to a sufficient degree of accuracy since

the theory does not reproduce the low-energy portion of the energy spectrum
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(see Fig. 13). One should, therefore, not expect to reproduce dynamical
correlations at the required level of accuracy of a few percent.

The left hand panels in Figs. 16 and 17 show longitudinal and
transverse correlation functions normalized independently over the
relative-momentum interval, Aq=60-100 MeV/c, by separately enforcing the
conditions,

{1.. -
qu RL,T(Q) =0, (10)

Aq

for the longitudinal and transverse correlation functions RL(q) and RT(q).
With this renormalization, the longitudinal correlation functions gated by
the low total nonéntul cuts (P=270-420 and 270-450 MeV/c, top left-hand
panels of Figs. 16 and 17) exhibit larger maxima than the transverse cor-
relation functions, qualitatively consistent with an elongated source or a
source of finite lifetime. For the 14N+27A1 reaction, thia-diffe?ence dis-
appears for higher total momenta (P=420-780 MeV/c, bottom left-hand panel
of Fig. 16). For the 14N+197Au reaction, the transverse correlation func-
tion for the higher momentum gate {P=450-780 MeV/c, bottom left-hand panel
of Fig. 17) exhibits a larger maximum than the Iongitudinal correlation

function, consistent with an oblate source.

We should caution, that independent normalizations of longitudinal and
transverse correlation functions cannot be jﬁstified 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 deformed 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 uncertaintiegs within which dif-
ferences and similarities between longitudinal and transverse correlations
are established experimentally.

Figure 18 shows theoretical predictions for longitudinal and transverse

correlation functions for the 14N+27A1 and 14N+197Au reactions. These cal-

culations employed the same cuts on P and ¥ which were used in the data
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analysis., Differences predicted for longitudinal and transverse correlation
functions are small. They are of the order of the statistical uncertainty
of our measurements, 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 extract information on the shape of the phase space
distributions of emitted particles from differences between longitudinal
and transverse correlation functions.

In summary, we have measured two-proton correlation functions for emis-
gion processes governed by different emission time scales. Fast
nonequilibrium processes were investigated, in "forward kinematica", for
14N—induced reactions on 27Al and 197Au at E/A=75 MeV. Slow evaporative
procesges were studied at E/A=31 MeV for the near-symmetric reaction
129Xe+1228n and for the "inverse kinematics” reaction 129Xe+27Al. Two-
proton correlation functions measured for these qualitatively different
reaction mechanisme exhibit significant differences in shape. These dif-
ferences are well understood in terms of the Wigner function formalism for
two-proton intensity interferometry [2,10,20] 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 14N-
induced reaction at E/A=75 MeV exhibit pronounced maxima at relative
momenta q¥20 MeV/c and minima at gqw0 MeV/c. The maximum at w20 MeV/c is
caused by the attractive singlet S-wave interaction between the two emitted
protons. The minimum at q¥0 MeV/c reflects the combined effects of the
Coulomb repulsion and the Pauli-exclusion principle. For these reactions,
the emizsion time scales are sufficiently short that the final phase~gpace
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. [2,10,20] to one-body
phase-space distributions predicted by the Boltzmann-Uehling-Uhlenbeck
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transport equation. Correlation functions calculated for the 14N+27Al reac-

tion exhibit significant sengitivity 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 reproduce the
observed strong dependence of the experimental correlation functions on the
total momentum of the coincident proton pairs,

Correlation functions measured for evaporative pfocesses in 129Xe-
induced reactions at E/A#31 MeV do not exhibit maxima at qw20 MeV/c, but
only minima at qw0 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 func-
tions can be rather well understood by applying the final-state-
interaction-model of refs. [2,10,20] to one-body phase-space distributions
predicted by statistical model calculations based on the Weisskopf formula,
The predicted correlation functions exhibit only moderate sensitivity to
detailed properties of the decaying nucleus.

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

This work is based upon work supported by the National Science Foundation
under Grant numbers PHY-86-11210, PHY-89-13813, PHY~-89-06116 and the
Department of Energy under grant number DE.FG802-88ER. 40404.A000. WGL ac-
knowledges the receipt of U.S. Presidential Young Investigator Award and NC
acknowledges partial support by the FAFPESP, Bragil.
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Correlations between coincident particles do not only arise from quan-
tum statistics and/or final state interactions, but also from a number of
dynamical and kinematical effects. At large relative momenta, for example,
the measured correlations can be strongly influenced by phase space
restrictions imposed on finite systems by conservation laws [4,36-41], or
by implicit averages over impact parameter and orientation of the reaction
plane [38-43]. For example, the detection of a single particle will shift
the total momentum of all remaining particles; for small systems this ef-
fect can lead to significant correlations at large relative momenta [4,36-
41]. If the single-particle distribution is azimuthally anisotropic, the
detection of one particle can filter out a non-isotropic distribution of
reaction-plane orientations [38,39,42-45] causing non-isotropic azimuthal
correlation functions.

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

, jbdbae{m(b, ¢, 1B+3)u(b, ¢, 4B-2)0T(b,0,8,3)}
C(§!Q) = N(ﬁ) { o4 r o d
jbdbd¢{l(b,,4+3)} jbdbde{m(b, ¢, 4B-3)}

(A1)

Here, b denotes the impact parameter; ¢ denotes the azimuthal orientation
of the reaction plane; H(b,¢,5) is the probability of enitting a particle
with momentum B for events characteriszed by b and ¢; Cf(b,¢,§,a) is the
correlation function due to final state interactions and/or quantum statias-
tics for given b and ¢; N(ﬁ) is a suitably chosen normalization comstant
which makes the normalization at large relative momenta consistent with the
experimental data. We can write this expression in the form:

Jbdbde{n(b, ¢, 4B+n(b, ¢, 48-3)ct (b, 0,8,3))

c(®,d) = wB)-o" B3 B3 ( L POTY
jbdbd®{m(b, ¢, 4B)u(b,9,4B)C" (b,9,B,3))

_,‘bdbdq:{n(b,@,*ﬁ)n(b,o,i‘r’)}
}
Jbdbde{m(b, e, 4B+d)(b, 0, 4B-3))

X (A2)
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with

[bdbde{n(b,¢,18)n(b,*,48)cT (b,¢,8,3))
{bdbd¢{n(b,¢,§ﬁ)n(b,¢.iﬁ)}

cf3,3)

’ (A3)

'jbdhd@{n(b.¢,i§+a)ﬂ(b'°si§"3)}

Cd(ﬁsa) = - '
Jbdbde{m(b,e,1B+3)} fbdbde{m(b, ¢, 48-3))

(A4)

Here, Cf(ﬁ,a) is the correlation function due to final state interactions
and/or quantun atatistics, renormallzed to unity for large relative momenta
for which C (b, ?,q) = 1, and C (ﬁ,q) is the "dynamical correlation
function" which describes correlations caused by averaging over b and ¢.

In Eq. (AZ), the terms in curly brhckets can be neglected to a good ap-
proximation. {If the correlation function Cf(b,O,ﬁ,a) is independent of b
and ¢, the terms in the curly brackets cancel exactly.] For two-proton cor-
relation functions, the correlation function Cf(b ¢ ?,a) is non-trivial
only for small relative momenta, q<30 MeV/c, for which one may approximate
H (b, ¢,}§) # M(b,¢ §ﬂ+q)n(b ¢ iﬁ—q) This approximation reduces the two
factors in the curly brackets to unity. At larger relative momenta,

C (b,¢ ﬁ,q)nl and the denominators and enumerators of the two terms in the

curly bracketa cancel cross-wise. It ahould, therefore, be reasonable to
use the approxluatxon'

c(8,3) = n®)-cf(3,3) ¢4, . (A5)

With Eq. (A5), one can incorporate dynamical correlations in a fairly
straightforward fashion. (Note, however, that other physical processes, not
considered in our calculations, 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 particle unbound gtates. )

In our measurements, distortions due to dynamical correlations may be
present in some of the correlation functions extracted for low total
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momenta. For example, there is evidence for shape distortions in the cor-
14N+197
Fig. 7. More significant are the difficulties encountered in the normaliza-
tion of transverse and longitudinal correlation functions for the 14N-
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 correlations test different agspects of the model than correla-
tions due to final state interactions. Therefore, we have decided to
heglect them in our calculations and used Eq. (A3) for the calculation of
the impact parameter averaged correlation functions. For éonparisons with
experimental data, the calculated correlation functions were renormalized
at larger relative momenta, q260 MeV/c, to make them consistent with the
normalization conventions adopted in our data analysis.

relation function for the Au reaction at small total momenta, see
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proton cross sections shown in Fig. 3. The spectra for the 14N and 129Xe-

induced reactions were fit with Eq. {1) and (2), respectively. The

normalization constants Ni are given in units of [nh/(sr-nevalz)]. Also

given are the velocities, ﬂpro and BCN’ of the projectile and the compound
(MeV)!A (MeV)! i

Table 1: Fit parameters used for the description of the inclusive single

nucleus.
Reaction

i(MeV)i

1
P

PNy

L+

(s}

ﬂnro ; SCN

3.84

\ 31 22.81 | 0.025 |

129v0427a1 1 0.26 1 0.21 ! 5.18

4.07 |

2.0 } 1} 52.40 | 0,234 |

129¢0427a1 ¢+ 0.26 1 0.21 ! 7.25 !

6.0

2.0 } 1} 36.57 | 0,213 !

129641225, 1 0.26 1 0,13 | 4.23 !

4.25

2.0 ; 1} 66.05 | 0.241 |

7.13 | 0.130 | 13.92 }

2.0 ! 1! 58.0

129ye+122, 1 0,26 1 0.13 ! 9.88 !

8.13 }

i 0,130 |
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Fig. 1. Illustration of source functions for emission from short~lived
(upper part) and long-lived (lower part) nuclear systems. The dots indicate

the locations of protons of a given momentum after the last proton has been
emitted.

Fig. 2. Polar coordinates of detector geometry used in this experiment.

Fig, 3. Inclusive proton cross sections measured, at ©

the reactions 1291e+27A1 and 129Xe+122

and the reactions 14N+27A1 and 14N+197

lab=18' and 33°, for
8n at E/A=31 MeV (left hand panels)
Au at E/A=76 MeV (right hand panels).

Fig. 4. Comparison of energy integrated two-proton correlation functions
measured for the reactions 14N+27A1 and 14N+197Au at E/A=75 MeV (top
panels) and the reactions 129Xe+27A1 and 129Xe+1228n at E/A=31 MeV (bottom
panels), The solid curves represent correlation functions predicted for
Gaussian sources of negligible lifetime for the indicated radius
parametersg, r,.

Fig. 5. Two-proton correlation functions measured for the reactions
129Xe+27A1 and 129Xe+1223n at E/A=31 MeV. The gates on the total momenta,

P, of the coincident proton pairs are indicated; solid and open points rep-

resent center-of-mass energies bhelow and above the compound nucleus Coulomb
barriers.

Fig. 6, Two-proton correlation functions measured for the reaction
14N+27A1 at E/A=75 MeV. The gates placed on the total momenta, P, of the
coincident particle pairs are indicated. The solid curves represent cal-
culations for Gaussian sources of negligible lifetime assuming a dependence
of the radius parameter, ro, on total momentum, P, asz shown by the open
points in Fig. 8 and folded with the response of the experimental ap-

paratus,

Fig, 7. Two-proton correlation functions measured for the reaction
14N+197Au at E/A=T5 MeV. The gates placed on the total momenta, P, of the
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R
coincident particle pair are indicated. The solid curves represent calcula-
tions for Gaussian sources of negligible lifetime assuming a dependence of

the radius parameter, r,, on total momentum as shown by the solid points in

Fig. 8 and folded with the response of the experimental apparatus,

Fig, 8. Radius parameters, r,, for Gaussian sources of negligible lifetime
extracted from two-proton correlation functions gated by different total
momenta, P, of the coincident particle pairs for 14N induced reactions on

27A1 and 197Au at E/A=75 MeV. The error bars indicate estimated syatematic

errors,

Fig. 9. Monte-Carlo simulation for the response of the experimental ap-
paratus. The curves show the undistorted correlation functions assumed for
the indicated gates on total momentum, P. The points represent the calcu-
lated response of the apparatus after taking the energy and angular
resolution effects into account. The error bars show the statistical ac-
curacy of the Monte-Carlo calculations.

Fig.10, Two-proton correlation functions measured for the 129Xe+27A1 (pﬁrt
a) and 129Xe+1228n (parts b,c) reactions at E/A=31 MeV for the indicated
gates on the total momenta, P, of the two-proton pairs. The curves repre-
sent calculations for evaporative sources at rest in the center-of-mass
frame of reference; the parameters are indicated on the figure.

Fig.11. Two-proton. correlation functions measured for the IZQXe+2?Al (part
a) and 129Xe+1228n (part b) reactions at E/A=31 MeV for the indicated gates

on the total momenta, P, of the two-proton pairs. The curves represent cal-
culations for evaporative sources at rest in the projectile frame of
reference; the parameters are indicated on the figure.

Fig.12. Longitudinal (¥=0"-40" or ¥=140°-180") and transverse (¥=60°-120")

two-proton correlation functions measured for the reaction 129Xe+27A1 (top

panel) and 1291e+1228n (bottom panel) at E/A=31 MeV.
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Fig.13, 8ingle proton cross sections calculated with the BUU theory {open
points) are compared to experimental cross sections (solid points) for the
reactions 14 27AI (top panel) and 14 197Au (bottom panel) at E/A=75 MeV.
Circular and diamond shaped symbols indicate laboratory angles of 18° and
33°, respectively.

Fig.14. Two-proton correlation functions, measured for the reaction
14 27Al at E/A=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.

Fig.15, Two-proton correlation functions, measured for the reaction
14N+197Au at E/A=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.

Fig.16. Longitudinal (¥=0°-40" or ¥=140°-180") and transverse (¥=60°'-120")
two-proton correlation functions measured for the 14N+27A1 reaction at
E/A=75 MeV. In the left hand panels, longitudinal and transverse correla-
tion functions were normaliged independently; in the right hand panels, the

noraalizations were determined from the V-integrated data.

Fig.17. Longitudinal (¥=0°-40° or ¥=140°-180") and transverse (¥=60°-120")
two-proton correlation functions measured for the 14N+197Au reaction at
E/A=75 MeV. In the left hand panels, longitudinal and transverse correla-
tion functions were normaliged independently; in the right hand panels, the

normalizations were determined from the ¥-integrated data.

Fig,18. Longitudinal (WEO°~40' or ¥=140°-180") and transverse (¥=60°-120°)

two-proton correlation functions predicted by BUU calculations. The left

and right hand panels show calculations for the reactlons 14N+27A1 and

14 197Au, respectively. The momentum cuts are 1ndicated in the individual

panels.
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