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Angular correlations between light particles have been studied to probe the extent to which a
thermally equilibrated system is formed in heavy ion collisions near the Fermi energy. Single-light-
particle inclusive energy spectra and two-particle large-angle correlations were measured for 40 and
50 MeV/nucleon C + C, Ag, and Au. The single-particle inclusive energy spectra are well fit by a
three moving source parametrization. Two-particle large-angle correlations are shown to be con-
sistent with emission from a thermally equilibrated source when the effects of momentum conserva-
tion are considered. Single-particle inclusive spectra and light-particle correlations at small relative
momentum were measured for 35 MeV/nucleon N + Ag. Source radii were extracted from the
two-particle correlation functions and were found to be consistent with previous measurements us-
ing two-particle correlations and the coalescence model. The temperature of the emitting source
was extracted from the relative populations of states using the quantum statistical model and was
found to be 4.87%% MeV, compared to the 14 MeV temperature extracted from the slopes of the ki-
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netic energy spectra.

I. INTRODUCTION

The extent to which thermalization occurs in inter-
mediate and relativistic energy heavy ion nuclear physics
has been the focus of many experiments in the last de-
cade. At relativistic energies single-particle inclusive
spectra of light particles were found to be thermal in ap-
pearance, leading to the introduction of the fireball mod-
el."? The basic idea behind the fireball model is that the
region of overlap between the projectile and target forms
a hot source moving at a velocity slightly less than half
the beam velocity. The source expands and emits parti-
cles with Maxwell-Boltzmann type energy distributions.
In addition, the spectra of light nuclei (d, t,*He,*He) were
found to be well described by the coalescence model.??
In the coalescence model composite fragments are
formed when nucleons are emitted close together in phase
space.

At intermediate energies, 20 < E,,, <200 MeV/ nu-
cleon, single-particle inclusive spectra were measured for
light and intermediate mass particles and found again to
be well described by a Maxwell-Boltzmann—type energy
distribution indicating the formation of a thermal
source.*~% Additional evidence for a thermal source was
found in the behavior of the d/p and *He/p ratios,*
which were found to be in general agreement with calcu-
lations using the fireball model. 2 Intermediate mass
particles have been shown to come from the same source
as the light nuclei.® In addition, the coalescence model,
which had previously been applied at relativistic ener-
gies* and at lower energies’ to light nuclei, was extended
to both light and intermediate mass fragments® at inter-
mediate energies. The extracted coalescence and source
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radii showed little variation with fragment mass indicat-
ing a common origin for the observed particles. Particles
detected in coincidence with intermediate rapidity frag-
ments and projectile-like fragments were also found to
come from the same source.’ Particles in coincidence
with projectile-like fragments very close to the beam
mass were found, however, to have a slower source veloc-
ity by about 30%, but the source temperature was found
to be the same as the temperature extracted from the sin-
gles spectra.

While single-particle inclusive kinetic energy spectra of
light and intermediate mass fragments have suggested
emission of all particles from the same thermally equili-
brated intermediate velocity source, some evidence of
nonthermal processes has been observed. At relativistic
energies quasi-elastic p-p scattering has been seen.!0— 12
Other two-particle correlations have suggested that
momentum conservation plays a key role in intermediate
energy reactions.*~!7 More recently experiments have
sought to measure the temperature of the intermediate
source by measuring the relative populations of various
nuclear states.'®~2° For a system in chemical equilibri-
um, the ratio of the populations of two states is given by

_ 2j2+1e—(E;AEfD/T 1)
2j,+1 ’

where j, and j, are the spins of the two states, E} and

E7 are the excitation energies of the states, and T is the

temperature.

The temperatures extracted from the populations of
nuclear states have been shown to be considerably lower
than the temperatures extracted from the kinetic energy
spectra.  Morrissey et al. showed that for 35
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MeV/nucleon N + Ag the populations of y-ray emitting
states indicated a temperature less than 1 MeV, while the
temperature extracted from the kinetic energy spectra
was 10 MeV.'®!® More recently, the method of Mor-
rissey et al. has been extended to particle unstable states
of light nuclei.??~2* For the system 35 MeV/nucleon
N + Au,? temperatures of between 3 and 9 MeV were
extracted from the particle unstable states of °Li. The
higher temperatures were obtained for higher total ener-
gy of the emitted SLi parent nuclei. Temperatures were
also extracted for particle unstable states in SLi and Li in
coincidence with fission fragments.?® The extracted tem-
peratures were shown to be about 5 MeV independent of
the folding angle of the two fission fragments. The popu-
lations of particle unstable states have also been mea-
sured for 60 MeV/nucleon Ar + Au.?* Temperatures of
4.6+0.7 and 4.2+0.5 MeV were extracted from widely
separated states in °Li and ®Be. In addition, a tempera-
ture of about 5.5 MeV was obtained using a global fit to
the populations of all the measured stable and unstable
states using the quantum statistical model.

In order to probe the extent to which a thermally
equilibrated source is created in heavy-ion reactions
around the Fermi energy we have performed two experi-
ments. In the first experiment single-particle inclusive ki-
netic energy spectra and two-particle large-angle correla-
tions of light nuclei were studied for 40 and 50
MeV/nucleon C-induced reactions on C, Ag, and Au tar-
gets. The measured single-particle inclusive energy spec-
tra are fit using a three moving source fit. A momentum
conservation model is used to determine the extent to
which energy and momentum conservation effects the
measured two-particle correlations.

In the second experiment the populations of particle
unstable states were measured for 35 MeV/nucleon N-
induced reactions on an Ag target using two-particle
correlations at small relative momentum. The popula-
tions of particle unstable states are extracted from the
two-particle correlations. The quantum statistical model
is used to extract the source temperature for 35
MeV/nucleon N + Ag from the populations of the parti-
cle bound and unbound states measured in the present
work combined with the data of Morrissey and Bloch for
the y- and neutron-emitting states. In addition, informa-
tion about the space-time extent of the emitting system is
extracted from the two-particle correlation functions.

II. EXPERIMENTAL SETUP

Both experiments were performed using beams from
the K500 Superconducting Cyclotron at Michigan State
University. Large angle correlations were measured for
C-induced reactions at 40 and 50 MeV/nucleon. The
beam was incident on targets of 26 mg/cm? graphite, 4.0
mg/cm? Ag, and 5.5 mg/cm? Au. The 40 MeV/nucleon
beam was used on all three targets while the 50
MeV/nucleon beam was used only on the graphite target.
The average beam intensity on the graphite target was 0.5
particle namps, on the other targets the average intensity
was 3 particle namps. The experimental setup for the
large angle correlation experiment is shown in Fig. 1 and
the positions and solid angles of the detectors are given in

Out—of—plane
Tags

FIG. 1. Chamber setup for large-angle correlation experi-
ment.

Table I. Particle identification and energy measurement
were achieved using twelve fast-slow phoswich tele-
scopes. Each telescope consisted of a 1.6 mm thick fast
plastic (BC-412) AE detector optically coupled to a 127
mm long slow plastic (BC-444) E detector. Two pairs of
telescopes were used as tag counters and eight telescopes
were used as array counters. One pair of tag telescopes
was placed at 6=45° with ®=180° and 90°. The second
pair of tag telescopes was placed at 6=25° with the same
azimuthal angles as the first pair. The tag telescopes at
® =180 were designated as the in-plane tag telescopes
and the pair at ®=90° were called the out-of-plane tag
telescopes. The nine array telescopes were placed at an-
gles ranging from 6=15° to 6=150° with ®=0".

TABLE 1. Telescope positions and solid angles for the large-
angle correlation measurement.

6 [ Solid
Telescope (deg) (deg) angle (msr)

In-plane tag 1 25 180 1.22
In-plane tag 2 45 180 2.41
Out-of-plane tag 1 25 90 1.22
Out-of-plane tag 2 45 90 2.41
Array telescope 1 15 0 1.02
Array telescope 2 25 0 1.22
Array telescope 3 45 0 2.41
Array telescope 4 55 0 1.02
Array telescope 5 70 0 2.41
Array telescope 6 85 0 241
Array telescope 7 100 0 241
Array telescope 8 150 0 2.41
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The unstable resonance experiment was performed us-
ing a beam of 35 MeV/nucleon '*N incident on a target
of 1.6 mg/cm2 Ag. Two types of detectors were used in
the unstable resonance experiment. Particle identifica-
tion and energy measurement were achieved using sixteen
fast-slow phoswich telescopes stacked in a 4X4 array.
The sixteen telescopes used in this experiment were of the
type used in the large angle correlation experiment. Each
phoswich had an opening angle of 5.7° and the entire ar-
ray had a solid angle of 165 msr. To improve further the
angular resolution of the array, a multiwire proportional
counter (MWPC) was placed in front of the phoswich ar-
ray. The MWPC contained three wire planes, two at
right angles with respect to each other and the third at
45° with respect to the first two planes in order to resolve
possible ambiguities in events with more than one parti-
cle. The wire spacing of this counter is 2.5 mm, but the
wires are paired together giving an effective spacing of 5
mm to provide an angular resolution of 0.7°. Data were
taken with the MWPC at central angles of 6=35°, 45°,
60°, and 80°

The kinetic energy spectra of the bound states of the
He, Li, and Be isotopes studied in the unstable resonance
experiment were measured in a separate experiment using
a single two element Si stack. The stack consisted of a
400-um AE detector and a 5-mm E detector and had a

TABLE II. Telescope energy ranges for unstable resonance
singles measurement.

Low energy cut High energy cut

Particle (MeV) (MeV)
*He 26 111
“He 29 126
*He 35 151
°Lj 54 237
Li 59 254
"Be 80 350
Be 92 392
10Be 95 411

solid angle of 1.54 msr. Data were taken at the same an-
gles, 6=135° 45°, 60°, and 80°, measured in the unstable
resonance measurement. The energy range measured for
each isotope is given in Table II.

The phoswich telescopes used in both experiments
were calibrated using beams of deuterons and alphas fol-
lowing each experiment. The silicon detectors used in
the singles measurement for the unstable resonance ex-
periment were calibrated using calibrated pulsers.

C+C 40 MeV/nucleon
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FIG. 2. Light-particle energy spectra for 40 MeV/nucleon C + C. The angles are 15°, 25°, 45°, 55°, 70°, 85° 100°, and 150°. The

lines are the results of moving source fits.
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III. LARGE-ANGLE CORRELATIONS

A. Light-particle inclusive kinetic energy spectra

Representative inclusive energy spectra for p, d, ¢, 3He,
and “He for 40 MeV/nucleon C + C and Au are shown in
Figs. 2 and 3, for 6=15°, 25°, 45°, 55°, 70°, 85°, 100°, and
150°. The spectra for the other systems have been
presented previously.?® The spectra have been corrected
for reaction losses in the phoswiches, and the errors
shown are statistical. The spectra are smooth, decreasing
monotonically with increasing angle and decaying ex-
ponentially at high energies, suggesting a thermal origin
for the observed particles. The spectra show signs of
emission from a fast projectile-like source at the forward
angles, 6=15° and 25°. At low energies there is evidence
of emission from a slow target-like source.

B. Moving source parametrization

We have fitted the data with a triple moving source
parametrization, which assumes the presence of a
projectile-like source, a target-like source, and an inter-
mediate velocity source. All three sources are assumed to
move in the beam direction. While it is true that at
40-50 MeV/nucleon the three sources are not well

separated, the energy spectra show definite signs of each
of the three sources. The energy spectra for each source
are assumed to be described by a relativistic Maxwell-
Boltzmann energy distribution. In the rest frame of each
source the distribution is given by

d20' oy e-E'/‘r

" 4mm® 2r/mPK (m /1) +(r/m)Ko(m /7)

przdpldﬂl -
(2)

where p’ and E’ are the momentum and total energy of a
particle in the source rest frame, and K, and K, are
modified Bessel functions of the second kind, and o, and
7 are the production cross section and source tempera-
ture for the given source. The energy spectra in the lab
are then given by

d’s  pE'd%o 3)
dE dQ _prldpldﬂi ’
where
E'=y(E —Bp cosO,,) , (4)

p and E are the momentum and total energy of a particle
in the lab frame, 6,,, is the lab angle, and S is the velocity
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FIG. 3. Light-particle energy spectra for 40 MeV/nucleon C + Au. The angles are 15°, 25°, 45°, 55°, 70°, 85°, 100°, and 150°. The

lines are the results of moving source fits.
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TABLE II1. Energy and angle ranges used for moving source fits and the Coulomb shifts for Ag and Au data.

Particle Target Source
Ag Au Target-like Intermediate Projectile-like

V. (MeV) V. (MeV) 0 E (MeV) 6 E (MeV) 6 E (MeV)

p 4 5 100-150° 10-50 55-85° 40-125 15-25° 40-125

d 4 5 100-150° 10-50 55-85° 50-125 15-25° 40-150

t 4 5 85-150° 10-50 55-85° 50-75 15-25° 50-100
‘He 5 10 45-70° 40-80 45-70° 80-200 15-25° 80-250
‘He S 10 45-85° 40-60 45-55° 100-200 15-25° 80-250

of the source in the lab. For each source f3, 0, and T are
fit using those angles and energies that are dominated by
the source being fit. The angles and energy ranges fit for
each source are listed in Table III. Also listed in Table
IIT are the Coulomb shifts that were applied to the Ag
and Au data prior to fitting. The fits are shown in Figs. 2
and 3 as lines and the extracted parameters are listed in
Table IV. Typical uncertainties are 5-20% for o,
+0.002-0.007 for B and £0.2-0.5 MeV for 7. The
target-like source was not fitted for the *He spectra for
the Ag and Au targets. Due to the lack of helium spectra
backward of 6=285°, the target-like source for the helium
isotopes had to be fit using the low-energy part of the
spectra at more forward angles. In addition, the fit for
the intermediate source included the 45° spectra for the
helium isotopes. The extracted parameters for the heli-

um isotopes have higher velocities and temperatures for
the target-like and intermediate sources than do the hy-
drogen isotopes. For the projectile-like source the helium
isotopes have the same velocities as the hydrogen iso-
topes, but higher temperatures. These differences be-
tween the extracted parameters might be due to the
different angular and energy ranges used in the fits.

The fits are excellent except for some differences at for-
ward angles for the carbon target. These differences may
be caused by the small size of the sources for the C 4+ C
system. The intermediate source size with the largest
weight 27b-db- A) is twelve nucleons.

C. Two-particle in-plane correlations, 45° tag

The two-particle correlations are shown in Figs. 4-8
for p-p, p-d, d-d, d-*He, and “He-*He. The correlations

TABLE IV. Moving source parameters.

Target-like source

Intermediate source

Projectile-like source

Cross Velocity Temp. Cross Velocity Temp. Cross Velocity Temp.
section section section
Particle g, (mb) B (c) 7 (MeV) g, (mb) B (¢) T (MeV) 0o (mb) B (¢) 7 (MeV)
40 MeV/nucleon C + C
p 620 0.016 4.6 472 0.146 11.4 311 0.259 49
d 470 0.027 4.3 138 0.124 11.1 215 0.234 5.5
t 460 0.037 3.8 56 0.124 10.3 74 0.201 5.7
‘He 280 0.064 5.5 62 0.152 11.8 95 0.251 9.6
‘He 970 0.071 5.3 260 0.149 9.7 757 0.240 7.0
50 MeV/nucleon C + C
P 600 0.022 5.3 460 0.174 14.0 361 0.288 5.2
d 380 0.026 4.8 158 0.145 13.0 239 0.267 6.6
t 205 0.047 5.5 99 0.153 8.8 S1 0.237 5.5
*He 350 0.053 6.2 60 0.184 12.7 90 0.291 9.9
‘He 470 0.080 6.8 111 0.165 11.7 652 0.271 7.9
40 MeV/nucleon C + Ag
p 8200 0.015 3.5 1910 0.129 11.9 760 0.257 6.1
d 1800 0.019 4.2 920 0.123 11.9 411 0.251 7.8
t 800 0.020 4.2 420 0.113 11.7 157 0.210 6.2
He 241 0.179 15.4 66 0.278 11.4
“He 1640 0.063 7.0 808 0.163 16.0 737 0.255 7.0
40 MeV/nucleon C + Au
P 8700 0.012 3.6 2450 0.123 12.2 670 0.263 6.7
d 2000 0.015 3.8 1020 0.118 12.2 414 0.256 7.5
t 1100 0.031 4.3 480 0.115 13.3 154 0.208 5.3
3He 162 0.168 17.1 88 0.267 8.7
‘He 1250 0.069 7.7 569 0.154 18.4 866 0.253 6.6
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FIG. 4. Two-proton correlation function for which one pro-
ton is detected at 0,=—45°. The lines are the results of
momentum conservation model calculations that are described
in the text.

are shown in terms of the two-particle correlation cross
section, o ,, divided by the singles cross sections, o and
0,. In each case one of the particles is detected at
0,=—45° and the second particle is detected between
6,=—150° and +150°. A negative angle for the second
particle means the two particles were observed on the
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deuteron is detected at 6, = —45°. The lines are the results of
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in the text.
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momentum conservation model calculations that are described
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same side of the beam, while a positive angle indicates
emission on opposite sides of the beam. For the
nonidentical particle cases (p-d, d-*He), the case for
which the heavier particle was detected at 6,=—45° is
shown. The correlations have been integrated over the
energy ranges given in Table V.
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In general, the correlations for the C 4 C systems show
a broad maximum at positive angles which indicates a
preference for emission of particles to opposite sides of
the beam. The magnitude of the peak increases as the
mass of the observed particles increases and is slightly
larger at 50 MeV/nucleon than at 40 MeV/nucleon. For
negative angles the correlations are almost flat as a func-
tion of the angle of the second particle. The p-p and d-
“He correlations are exceptions to this trend because they
show peaks at 8,= —55°. These peaks come from the de-
cay of particle unstable states in *He and °Li. The
C + Ag and C + Au systems have different systematic
behavior. The correlation function is in general almost
symmetric about 6,=0° with the same side being only
slightly preferred. The p-p peak coming from *He break
up in the light C 4 C systems is considerably weaker in
the heavier systems. Both the d-*He and *He-*He corre-
lations show strong peaks coming from the decay of par-
ticle unstable states of °Li and *Be. The *He-*He peak
was not observed in the lighter systems because it is
difficult to form a ®Be given that the average intermediate
velocity source contains only twelve nucleons. The parti-
cle pairs that are not shown all exhibit the same charac-
teristics that are seen in Figs. 4-8. The p-t, p-*He, and t-
“He correlations all have peaks at 6, = —55° which comes
from the decay of particle unstable states.

D. Momentum conservation model

Energy and momentum conservation effects have been
used to explain the observed correlations for small sys-
tems at lower energies. '>'*!” In order to explore the ex-
tent to which our data is affected by conservation laws we
have carried out calculations incorporating these effects.

TABLE V. Energy ranges for correlations.

Particle Energy (MeV)
D 12-80
d 16-80
‘He 47-135
9,13

The calculation assumes emission of two particles
from a source of size A4 nucleons. After the first particle
is emitted the source recoils, re-equilibrates, and then em-
its the second particle. The calculation is repeated with
the second particle being emitted first. The two cases are
then averaged to produce the final coincidence cross sec-
tion. The entire calculation is integrated over impact pa-
rameter with each impact parameter having a weight
dW =2mb-db- A where b is the impact parameter and A4
is the source size which comes from a fireball model®?
calculation. The calculation is normalized by the total
reaction cross section. The parameters listed in Table IV
for the intermediate source were used to describe the em-
itting source.

The results of the momentum conservation calcula-
tions are shown in Figs. 4-8 as solid lines. The calcula-
tions have been renormalized to the data at 8,= +445°
and +55°. The calculations do a good job of reproducing
the general trends in the data but miss some of the de-
tails. In the lighter systems the same side correlations are
basically flat, except for those cases that have contribu-
tions from the decay of resonances, while the calculation
predicts a broad minimum at about 6,=—80°. The
heavier systems have a ‘“V” shaped dip around 6,=0°,
but the calculations show no such dip.

Until now we have assumed that the observed two par-
ticle correlations are coming only from the intermediate
source although from the inclusive spectra shown in Figs.
2 and 3 it is evident that a substantial fraction of the ob-
served particles comes from sources other than the inter-
mediate source. In Fig. 9(a) the contribution to the
deuteron singles cross section from each of the three ob-
served sources is shown for the C + Au system. For
small angles the projectile source contributes heavily to
the singles cross section while for large angles the target-
like source dominates the cross section. Even for small
angles for which one would expect the projectile-like
source to dominate, the target-like source contributes
about ten percent of the total cross section. Figure 9(b)
shows the contribution to the two-deuteron coincidence
cross section from each of the three sources according to
momentum conservation calculations using the parame-
ters for each of the sources given in Table IV. From Fig.
9(b) we can see that adding the contributions of the three
sources together will increase the coincidence cross sec-
tion around 6,=0° by less than 10% while in Fig. 9(a) we
see that the addition of the projectile and target-like
sources more than doubles the singles cross sections near
6,=0°. This summation will lead to the dip around 0°
which is observed in the data.
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FIG. 9. (a) Contribution from the three sources to the deute-
ron singles cross section, (b) to the two-deuteron coincidence
cross section for 6,=-—45°, and (c) for 6,= —25° for 40
MeV/nucleon C + Au.

For the lighter systems the effect of the other two
sources is somewhat different than for the heavier sys-
tems. Figure 10(a) shows the contribution to the deute-
ron singles cross section for each of the three sources for
40 MeV/nucleon C+ C. At forward angles the
projectile-like source is far more dominant than it is for
C + Au. The projectile-like source is also the leading
contributor to the two-deuteron coincidence cross section
at the most forward angles as seen in Fig. 10(b) for corre-
lations with 6,=—45°. The target-like source contribu-
tion to the two-deuteron cross section is peaked at about
6,=+50°.

The dashed lines in Figs. 4—8 are the results of three-
source momentum conservation calculations. These cal-
culations take into account only correlations between two
particles coming from the same source. Unlike the
single-source calculation discussed earlier, no normaliza-
tion has been applied to the three source calculation.
The calculation now produces a “V” shape for small 6,
for the heavier systems. Also, where the single source
calculation had a broad minimum for same side correla-
tions, the three source calculation shows a maximum at
about 8,= —55°. This maximum is almost as large as the
opposite side maximum for the heavier systems. The
most notable disagreement between the data and the
three-source calculation is the underprediction of the
coincident cross section for large 6,. This disagreement
is probably due to correlations between in which one par-
ticle comes from the intermediate velocity source and the
other particle comes from the target-like source. Corre-
lations involving particles from different sources are not
included in the three-source momentum conservation cal-
culation.
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FIG. 10. (a) Contribution from the three sources to the
deuteron singles cross section, (b) to the two-deuteron coin-
cidence cross section for 8, = —45°, and (c¢) for 8, = —25° for 40
MeV/nucleon C + C.

E. Two-particle in-plane correlations, 25° tag

The two-particle correlations triggered on a light parti-
cle at 6,=25° are shown in Figs. 11 and 12 for p-p and d-
d. The correlations have the same general features as the
correlations triggered on the 45° tag telescopes. The light
C + C systems show a strong enhancement of the oppo-
site side, while the heavier C + Ag and C 4 Au systems
are symmetric about 8,=0°. There is some evidence in
all four systems of an enhancement at 8,= — 15° in the p-
p correlations.

The lines in Figs. 11 and 12 are the results of three
source momentum conservation calculations. The calcu-
lations do not reproduce the data for ,= —25° as well as
they do for 6,=—45°. Most noticeably the calculations
predict a strong peak at small positive angles for p-p and
d-d correlations in the C + C systems and for p-p correla-
tions in the heavy systems. The general trends are, how-
ever, reproduced in most cases with the best agreement
for d-d correlations in the heavy systems.

The peak at small positive angles for C + C systems
comes from the very large contribution to the two-
particle correlation function coming from the projectile-
like source. This contribution is shown for the two-
deuteron correlations in Fig. 10(c). For the C + Au sys-
tem, the projectile-like source contribution at the most
forward angles is still less than that of the intermediate
source as shown in Fig. 9(c). For both the C + C and
C + Au systems the importance of the target-like source
is considerably less for 8; = —25° than it is for 6,= —45°.
The contribution to the two-deuteron coincidence cross
section coming from the intermediate source is very simi-
lar for the two tag angles.
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FIG. 11. Two-proton correlation function for which one pro-
ton is detected at 0,=—25°. The lines are the results of
momentum conservation model calculations as described in the
text.

F. Out-of-plane correlations

In addition to the in-plane correlations described in the
previous sections, two-particle out-of-plane correlations
were also measured. Correlations were measured be-
tween the out-of-plane tag telescopes (®=90°) and the
nine in-plane detectors with ®=0°. The correlations will
first be presented in terms of the two-particle correlation
function used in the previous section. Then the ratio of
in-plane to out-of-plane correlations will be discussed.
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FIG. 12. Two-deuteron correlation function for which one
deuteron is detected at 6, = —25°. The lines are the results of
momentum conservation model calculations as described in the
text.
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FIG. 13. Two-proton out-of-plane correlation function for
6,=25° (triangles and dashed lines) and 6;=45" (squares and
solid lines). The lines are the results of momentum conservation
model calculations as described in the text.

The two-particle out-of-plane correlation functions for
p-p and d-d are shown in Figs. 13 and 14. The lines are
the results of three-source momentum conservation cal-
culations. One particle is detected at ®=90° with
6,=25" (triangles and dashed lines) or 45° (squares and
solid lines). The second particle is detected at ®=0° with
15°<6,<150°. The correlations are integrated over the
same energy ranges as the in-plane correlations. The
correlation functions show very little difference between
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FIG. 14. Two deuteron out-of-plane correlation function for
6,=25° (triangles and dashed lines) and 6,=45° (squares and
solid lines). The lines are the results of momentum conservation
model calculations as described in the text.
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the different systems. The p-p and d-d correlations rise
slowly from 6,=15° to 45° and then level off.

For the p-p correlations the momentum conservation
calculations do an excellent job of reproducing the gen-
eral trend and magnitude of the data for the heavy sys-
tems. In the C + C system, the trend but not the magni-
tude of the correlations is reproduced for 8, = —45°. For
6,=—25° the calculation has a large maximum at for-
ward angles where the data has a minimum.

For the d-d correlations the calculation once again gets
the trend but not the magnitude of the C + C systems for
6,=—45° and has a maximum at forward angles for
6,=—25°. In the heavier systems the general trend is
reproduced by the calculations for both angles when one
remembers that for large-angle correlations between
deuterons emitted from the target source and those emit-
ted from either the projectile or intermediate sources are
not included in the calculation. These correlations be-
tween deuterons from different sources will raise the cal-
culation at backward angles where the singles cross sec-
tions are dominated by the target-like source.

The ratio of in-plane to out-of-plane correlations for
the tag detectors at 8, is defined as

R(6) 0126, ®,=180°,0,,P,=0") /0 (6,,®,=180°)
27 6,,(0,,®,=90°6,®,=0")/0,(0,,d,=90") ’

(5)
where 0, is the two-particle coincidence cross section
for in-plane (®,=180°) or out-of-plane ($,=90°) and 0,
is the singles cross section for the in-plane tag (®,=180°)
or the out-of-plane tag (¥,=90°). The ratio of in-plane
to out-of-plane correlations are shown in Figs. 15-17 for
the 45° tag telescopes. The lines are the results of three
source momentum conservation calculations. The data
show very little difference between the two C + C sys-
tems and between the two heavier systems (C + Ag and
C + Au).

For the 45° tag telescopes the momentum conservation
calculations do an excellent job of reproducing both the
shape and magnitude for the heavy systems. For the
C + C systems the momentum conservation calculations
over-predict the in-plane to out-of-plane ratio. The
overprediction of the ratio for the C + C systems is prob-
ably due to the greater importance of correlations be-
tween particles from different sources in the light systems
than in the heavy systems. Correlations between parti-
cles coming from different sources would lower the ratio
of in-plane to out-of-plane correlations. These results
differ from our previous results.?’

Recently Bauer?® has studied two-proton correlations
using the Boltzmann-Uehling-Uhlenbeck (BUU) equation
modified to conserve momentum. In the BUU approach
the reaction being studied is simulated using 100 parallel
ensembles of test particles. The test particles move in a
mean field with collisions treated using a cascade ap-
proach with Pauli blocking. The results, shown in Fig.
18 for 40 MeV/nucleon C + C—pp, reproduce the
overall trend of the data. Bauer’s BUU calculations have
also reasonably reproduced the in-plane to out-of-plane
ratio for 85 MeV/nucleon C + C (Refs. 15 and 16) and
the azimuthal correlations for 25 MeV/nucleon O + C.17
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FIG. 15. Ratio of in-plane to out-of-plane correlations for
two-protons for 40 MeV/nucleon C + C (squares and solid
lines), C + Ag (circles and dashed-dotted lines), C + Au (dia-
monds and dashed lines), and 50 MeV/nucleon C + C (triangles
and dotted lines). One proton is detected at 6,=45°. The lines
are results of momentum conservation model calculations as de-
scribed in the text.
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and dotted lines). One proton is detected at 6,=45°. The lines
are results of momentum conservation model calculations as de-
scribed in the text.
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FIG. 17. Ratio of in-plane to out-of-plane correlations for
two-alphas for 40 MeV/nucleon C + C (squares and solid lines),
C + Ag (circles and dashed-dotted lines), C + Au (diamonds
and dashed lines), and 50 MeV/nucleon C + C (triangles and
dotted lines). One alpha is detected at 8, =45°. The lines are re-
sults of momentum conservation model calculations as de-
scribed in the text.

IV. UNSTABLE RESONANCES

A. Two-particle correlation functions

In this section the two-particle correlation functions at
small-relative momentum will be presented. The correla-
tion function, R (Ap)+ 1, is defined as
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FIG. 18. Ratio of in-plane to out-of-plane correlations for
two protons from 40 MeV/nucleon C + C using the BUU mod-
el (Ref. 28) (histogram) compared to the data (circles).

R(Ap)+1=No ,(Ap)/a'y(Ap) 6)

where 0, is the number of particle pairs with relative
momentum Ap, o}, is the number of randomized particle
pairs with relative momentum Ap, and N is a normaliza-
tion constant picked such that the correlation function
for large Ap is one. The random particle pairs are creat-
ed by keeping the last five of each particle type and calcu-
lating their momentum relative to the current particle
pair. Thus for each actual correlation, ten random corre-
lations are generated.

The two-particle correlations are shown in Figs.
19-21. The lines in each figure are the results of calcula-
tions by Boal and Shillcock? for final state interactions
between the emitted particles for various source radii
coming from Coulomb and nuclear interactions between
the two particles. For some of the particle pairs (p-t and
d-t) the calculation has been carried out using the
Coulomb interaction only. The calculations have been
smeared to account for the experimental resolution of the
MWPC and telescope array. Both the calculations and
the smearing will be discussed in Sec. V.

The two-proton correlation function at small relative
momentum is shown in Fig. 19. The correlation function
has a broad maximum at Ap=20 MeV/c. The peak
height decreases with increasing angle. This peak has
been described previously in terms of both emission of
’He (Ref. 30) and in-flight final state interactions between
two randomly emitted protons.®! In Koonin’s®' descrip-
tion the correlation function depends on the space-time
extent of the emitting system and is often used to extract
the source size of the emitting system. The extraction of
source sizes from the correlation functions will be dis-
cussed later in greater detail. The correlation function
also shows an anticorrelation for small Ap caused by
Coulomb repulsion between the two protons. Calcula-
tions of the correlation function as a function of the size
of the emitting source are shown in Fig. 19 for radius
r=4.0 (solid line), 4.5 (dotted line), 5.0 (dotted-dashed

35 MeV/nucleon N+Ag-pp

50 75 25 50 75
Ap (MeV/c)

FIG. 19. Two-proton correlation function for 35 MeV nu-
cleon N + Ag. The lines are the results of final-state interaction
calculations as described in the text.
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FIG. 21. Correlation functions for triton-alpha and alpha-
alpha from 35 MeV/nucleon N + Ag at 45°.

line), and 7.0 fm (dashed line).

The proton-triton correlation function is shown in Fig.
20(a). The correlation function has a series of three un-
resolved peaks corresponding to the first three excited
states (E,, =20.1, 21.1, and 22.1 MeV) in *He which can
decay via proton or neutron emission. The solid line is
the calculated correlation function for a source of radius
7.0 fm.

The two-deuteron correlation function is shown in Fig.
20(b). The two-deuteron correlation function rises
smoothly to one. The calculated correlation function is
shown for sources of radius 7.0 (solid line), and 8.0 fm
(dashed line).

The deuteron-triton correlation function is shown in
Fig. 20(c). The correlation function has two peaks corre-
sponding to the second and third excited states
(E=16.76 and 19.8) in *He.

The two-triton correlation function is shown in Fig.
20(d). Like the two-deuteron correlation function, the
two-triton correlation function rises smoothly to one.
The calculated correlation function is shown in Fig. 20(d)
for sources of radius 6.0 (dotted-dashed line), 7.0 (solid
line), and 8.0 fm (dashed line).

The triton-alpha correlation function is shown in Fig.
21(a). The large peak at Ap=70 MeV/c comes from the
decay of the second excited state (E., =4.630 MeV) of
Li. Lying at higher Ap are the next two states of 'Li
(E.,=6.68 and 7.4597 MeV). The bump at Ap=30
MeV/c has been attributed by Pochodzalla et al.?* to two
step decays such as ’Li* —¢ +°Li—t +a+n.

The two-alpha correlation function is shown in Fig.
21(b). The peak at Ap=18 MeV/c comes from the decay
of the particle unstable ground state of *Be. The broad
peak at Ap=110 MeV/c corresponds to the first excited
state (E,, =3.04) of ®Be. The peak at Ap=40 MeV/c is
the combination of the decay of the *Be} ,; state which
decays by emitting an alpha leaving a °Li which in turn
decays to a proton and an alpha,?* and the ghost state of
the ®Be ground state.’273* The calculated correlation
function is shown in Fig. 21(b) for a source of radius 7.0
fm including the nuclear interaction (solid line) and for a
Coulomb only interaction (dashed line).

B. Source sizes

Two-particle correlations have been used for some time
to determine the size of the emitting source. In astrono-
my the Hanbury-Brown Twist interferometer is used to
measure the size of stars by looking at two-photon corre-
lations. > Two-pion correlations have been used in high-
energy>® and nuclear physics’”3® to measure the space-
time extent of the interaction region. In nuclear physics
two-proton correlations have been used to extract infor-
mation about the space-time extent of the interaction re-
gion by many authors**~*? using the description of Koo-
nin.?! Recently, two-particle nuclear interferometry has
been extended to other particle pairs by Boal and
Shillcock.??  Chitwood et al.??> and Pochodzalla
et al.*** have used the calculations of Boal and
Shillcock to extract source sizes from several particle
pairs. In most cases the finite lifetime of the emitting
source is neglected. The effect of neglecting the finite life-
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TABLE VI. Extracted source radii (fm) from two-particle correlations 35 MeV/nucleon N + Ag.

Correlation 35° 45° 60° 80° Average
pp 4.340.3 4.5+0.3 4.5+0.3 4.8+0.3 4.5+0.2
pd 9.3+£0.8 9.1+0.7 9.610.8 10.2+0.9 9.5+0.4
pa 5.0+0.3 4.6+0.3 4.6+0.3 44104 4.7+0.2
dd 6.7+0.8 7.3+0.7 8.81+0.9 7.6+1.0 7.5+0.4
da 5.2+0.5 49+04 5.0£0.5 4.9+0.5 5.0+0.2

tt 6.6x1.1 5.9+0.8 6.4+1.2 7.1+2.1 6.3£0.5
aa 4.7+0.3 4.2+0.3 4.3+0.5 4.4+0.2

time of the emitting source is to increase the extracted
source radius.

The source sizes have been extracted for p-p, p-d, p-a,
d-d, d-a, t-t, and a-a correlations by using the calcula-
tions of Boal and Shillcock smeared for the experimental
resolution. The smearing was done by taking the calcu-
lated correlation function and multiplying by the random
correlations, o(,(Ap), to produce o,,. The resulting o,
was then smeared assuming a Gaussian shaped distribu-
tion of width &p. For the correlations with resonances
the width, §p, was adjusted so that the full width at half
maximum (FWHM) of the smeared correlation function
was the same as the FWHM of the peak in the data. For
the correlations without resonances the width was adjust-
ed to give a shape as similar to the data as possible. The
smeared calculations are shown in Figs. 19-21 as lines.

The source radii were determined by X minimization
at each angle for each particle pair. The extracted radii,
given in Table VI, are in general agreement with previous
results. 222443 The extracted radii show little variation
with angle or beam energy. The radius extracted from
the d-a correlations are larger by about 1 fm than those
obtained previously.?*?* This difference is probably due
to the resolution in the present experiment.

One interesting feature of the extracted radii is that for
those correlations involving particle pairs that do not
have resonances (p-d, d-d, and t-t), the size of the emit-
ting source is larger than for those pairs that have reso-
nances. This pattern has been seen before.?>?** Chit-
wood et al.? also found that the source radii extracted
from the first peak in the d-a correlations was smaller by
about 0.5 fm from the radii extracted from the second
peak. The calculations by Boal®® assume that all the
two-particle correlations come from particles that are
randomly emitted and then have in-flight final state in-
teractions. For randomly emitted particles experiencing

in-flight final state interactions one would expect that a
single source size would describe all the states. If, howev-
er, some of the observed correlations come instead from
the decay of emitted particle unstable nuclei, then the ex-
tracted source radius would be smaller than the true ra-
dius and since the different states are populated accord-
ing to the temperature of the system, it is possible that
different states will yield different apparent source radii.

It has been suggested that the different extracted
source radii may result from a sequential freeze-out.?>*
In the case of sequential freeze-out, different particles
may be used to probe different stages of the interaction.

The source radii extracted using two-particle correla-
tions at small relative momentum can also be compared
to the radius extracted using the coalescence model. %4546
For 92 and 137 MeV/nucleon Ar + Ca, Au reactions® the
source radius extracted using the coalescence model for
particles of mass 2-14 was r=3.7 fm. This radius is
slightly smaller than the radius extracted from pp and aa
correlations and much smaller than the radius extracted
from pd, dd, and tt correlations (6—10 fm). It should be
remembered that the extraction of the source radius from
the two-particle correlations was done neglecting the life-
time of the emitting system. If one includes the finite life-
time of the emitting system then the measured source ra-
dius will decrease.

C. Bound state spectra

The single-particle inclusive energy spectra for the
bound states of He, Li, Be, and B are shown in Fig. 22
(see also Table VII). The lines are the result of single
moving source fits to 0=45°, 60°, and 80°. The extracted
source parameters are listed in Table VII along with the
Coulomb shifts used in the fits. The fits indicate that the
intermediate velocity source dominates the cross sections

TABLE VII. Moving source parameters for 35 MeV/nucleon N + Ag.

Particle V. (MeV) Cross section (mb) Velocity (c) Temperature (MeV)

‘He 8 223+15 0.162+0.011 12.4+0.5

‘He 8 2090+100 0.095+0.003 12.1+0.4

‘He 8 55+5 0.072+0.004 14.2+0.5

°Li 12 66+4 0.116+0.003 15.1£0.3

"Li 12 119+7 0.108+0.004 14.6+0.3

"Be 16 35+3 0.128+0.003 14.6+0.3
9.10Be 16 40+3 0.115+0.002 15.2+0.3

B 20 140450 0.122+0.004 13.410.6
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for 6=45°-80°. The 35° spectra show signs of enhance-
ment due to contributions from the projectile-like source.
The extent of contamination of the 'Li spectra by the de-
cay of %Be (Ref. 45) is estimated to be 4.3 mb of ®Be
identified as "Li per 50 mb of 3Be. Based on the cross sec-
tions for the stable Be isotopes this means that about 2—4
mb of the Li cross section comes from the decay of Be.

D. Populations of particle unstable states

In order to extract the populations of particle unstable
states, the contribution to the two-particle correlation
functions coming from randomly emitted particles must
be subtracted. The populations of particle unstable states
were found by integrating the two-particle coincidence
cross section o ,(Ap) over those values of Ap that corre-
spond to the state of interest. For each Ap step the cross
section is given by

o={o;,(Ap)—0c,(Ap)[R (Ap)+1]1/N}/e(Ap) , @)

where o,(Ap), 0},(Ap), and N are the same as before
(Sec. IVA). R (Ap)+1 is the theoretical correlation func-
tion for Coulomb only final state interactions for a source
radius r, and e(Ap) is the efficiency of the MWPC-
phoswich array calculated by a Monte Carlo calculation.
The cross sections were extracted using source radii of
r=7 and 8 fm for the theoretical correlation function,
R (Ap)+1. The extracted cross sections given in Table
VIII are for a source size of r=7 fm with errors including
the uncertainty arising from the use of a different source
size, a 10% uncertainty for the efficiency calculation, and
statistics.

The extraction of the populations of the particle unsta-
ble states was done assuming that randomly emitted par-
ticles have Coulomb only final-state interactions. Two-
particle correlations coming from randomly emitted par-
ticles which interact through nuclear forces to produce
resonant states are indistinguishable from emitted parti-
cle unstable states. Possible corrections for these random
correlations will be discussed in Sec. IV F.

TABLE VIII. Extracted cross sections of particle unstable states (mb/sr).

35 MeV/nucleon

State(s) 35° 45° 60° 80°

Hed 1 2 3.540.6 1.11+0.16 0.24+0.04 0.043+0.007
He% 5 0.39+0.18 0.14+0.08 0.042+0.015 0.008+0.003
SHel, ¢ 0.75+0.24 0.44+0.08 0.081+0.018 0.010:£0.003
SLig.,.7.5 11.5+10.6 2.7+0.3 0.42+0.05 0.031+0.005
LiZ g6 11.3+£10.4 2.7+0.3 0.46+0.06 0.031+0.004
SLiZ 3 565 1.56:0.29 0.34:£0.06 0.058+0.010 0.0027+0.0008
Li¥es 7.240.9 1.05+0.13 0.151+£0.019 0.0074:+0.0012
TLid 65 7.46 3.240.5 0.44+0.06 0.043+0.008 0.0011:+0.0005
*Bet,, 3.77+0.03 0.399+0.004 0.0503£0.011
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E. Quantum statistical model and extraction
of nuclear temperature

Previous work has established the importance of feed-
ing of light nuclei by the decay of heavier particle un-
bound states.2!"2#*® In order to extract information such
as temperature from the relative populations of states,
the amount of feeding to each individual state needs to be
measured or calculated. Using the quantum statistical
model of Hahn and Stdcker*® the extent of feeding to
each of the observed states may be calculated. In the
quantum statistical model the initial population of a state
is determined from its chemical potential, statistical
weight and the temperature. Approximately 40 stable
and 500 unstable nuclear levels up to mass 20 are includ-
ed in the calculation. After the initial populations are
determined, the excited states are allowed to decay using
the known branching ratios.

We have extracted the nuclear temperature for the 35
MeV /nucleon system by X? minimization using the quan-
tum statistical model. For the quantum statistical model
calculation the neutron to proton ratio was calculated us-
ing the fireball model''? and was found to be 19/17 for
the most probable impact parameter. The break-up den-
sity was fixed at p=0.18p,, which is the density obtained
from a break-up radius of 7 fm and a source of 36 nu-
cleons. The temperature was extracted using the popula-
tions of the particle bound states measured in the singles
run and the particle unstable states extracted from the
two-particle correlations. In addition, the data of Mor-
rissey'®!° and Bloch?**"%° for y- and neutron-emitting
states for the same system were also included. For the
particle bound states the ratio of the cross section each
for isotope extracted from the moving source fit to the
®Li ground-state cross section was compared to the ratio
calculated by the quantum statistical model. For the par-
ticle unstable states the cross sections given in Table VIII
were integrated from 0=45° to 80°, which corresponds to
6=35°-90° due to the 20° opening angle of the MWPC-
phoswich array. The 35° data have been excluded be-
cause they contain a component coming from the
projectile-like source. The ratio of these integrated cross
sections were then taken to the cross section of either the
ground state of the appropriate isotope or to SLi ground
state integrated over the same angles and energies using
the moving source parameters. These ratios are given in
Table IX, the quoted errors include a 10% uncertainty in
the absolute normalizations for the particle unstable
states and the particle bound states. Using these parame-
ters the temperature was determined to be 4.8 728 MeV.
In Fig. 23 the calculated ratios for temperatures of
T=4.8 and 14 MeV are compared to the data. The mov-
ing source fits to the bound state kinetic energy spectra
indicate a source temperature of about 14 MeV. The 14
MeV calculation shown in Fig. 23 clearly does a very
poor job of fitting the data. The extracted temperature of
4.8 MeV agrees with the temperature extracted at
higher-energies (60 MeV/nucleon Ar + Au) (Ref. 24) us-
ing the quantum statistical model, and with the tempera-
tures extracted from widely separated states in °Li for 35
MeV/nucleon N + Au (Ref. 23) and Li and ®Be for 60

TABLE IX. Excited-state ratios for 35 MeV/nucleon N + Ag.

State Ratio to Ratio
4]'lf3}2"().1,21,1‘22‘1 4Heg.\. 0-013t8ﬁ%2
*Hefs 76 (’Lig.\ 0.015*4:663
SHCI‘:).s hLig.\. 0.048*4:07
*Lig., s ®Li, . 0.77+532
°Li3 156 *Lig . 0.60*3:35
6Li:3|.5.65 hLigA. 0-074i8ﬁg§§
"Lif os "Lig.. 0.20*3-5%
7Li:es.7.4so 7Lig..\ 0.078 tglgi};
*Be¥ s °Li, .. 0.17:3%8

MeV/nucleon Ar + Au (Ref. 24).

To illustrate the importance of feeding, Fig. 24 shows
the calculated feeding for several states. In general, over
half the observed bound state spectra come from the de-
cay of heavier states. Two of the particle unstable states
("Lig 476 and ®Be¥ o) are heavily fed, but most of the par-
ticle unstable states are affected very little by feeding
from higher states.

The difference between the temperature extracted from
the kinetic energy spectra and the population of the
states may be related to time of formation of the complex
fragments. The kinetic energy spectra of the protons and
neutrons in the intermediate source are fixed in the early
hot stage of the interaction. If complex fragments are
formed later as the source is cooling, then the distribu-
tions of the states will reflect the later cooler tempera-
ture. The kinetic energy spectra of the complex frag-
ments are determined by the spectra of the protons and
neutrons that coalesced to form the fragment.

Similarly, it has been pointed out that while the aver-
age energy per particle stays constant during the expan-
sion of the source, the relative abundances of the states
change as the source expands and cools.?® Thus the ki-
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FIG. 23. Quantum statistical model calculations of the pro-
duction of the measured state for 7=4.8 and 14.0 MeV and
p=0.18p,. The excited states and particle unbound states
shown in the bottom half of the figure are identified in Table X.



38 ANGULAR CORRELATIONS NEAR THE FERMI ENERGY 161

TABLE X. Key to particle unstable and gamma states in Fig.
23,

Letter State Decay Reference

a “Heo.1,21.1.22.1 p-t

b SHel 5 d-t

c SHe}; - d-t

d SLi;.s.,rs pa

e °Li 156 d-a

s Lt y 18

4 6Li:35,5.65 d-a

h "Lig 476 14 47

i "Lif s t-a

J "Lig 68,7.456 l-a

k TLi% 156 n-SLi 25

[ "Begaso Y 47

m 8Lig og % 19

n 8Li3 5ss n-"Li 25

) *Belos a-a

P 10Bey i n-"Be 50
12g¥ n-'B 50

netic energy spectra will reflect the temperature of the
early hot stage of the interaction, while the populations
of different states will reflect the temperature at the time
of freeze-out. If this is the case, then freeze-out appears
to occur at a temperature of around 5 MeV for interac-
tions in the 35-60 MeV/nucleon range.

F. Final-state interactions versus emission
of particle unstable nuclei

One of the most important questions that arises in the
measurement of the nuclear temperature through the
measurement of particle unstable states is the question of

100 35 MeV/nucleon N+Ag QSM o 0 18y,
80f °He *He ®He °Li 7Li 7Be °Be |
60} i I
w oof T — ]
I 40 |
= E
g 20t
r-q') o
:: 30: Bej o4
=0t 7 Beh s ; E
15 8 Lij j
4 0 98
10
. "L e 3

FIG. 24. Quantum statistical model calculation of the feed-
ing to the observed states for a source temperature of 4.8 MeV
and a freeze-out density of 0.18p,,.

at what point does one consider a particle to have been
formed and emitted. In particular, is the emission of par-
ticle unstable nuclei the same as in-flight final-state in-
teractions or is it a totally different process? If the latter

-is the case, then one is only interested in those two-

particle correlations that come from the decay of emitted
unstable nuclei when extracting the temperature of the
emitting source. The problem then arises of how to elim-
inate the in-flight final-state interactions from the ob-
served two-particle correlations. This could be accom-
plished if one could determine a unique source size for all
particles. One would then be able to use the calculated
correlation function for the nuclear and Coulomb final-
state interactions in the extraction of the populations of
the particle unstable states.

The problem of determining whether final state in-
teractions are the same as emission of particle unstable
nuclei can be examined by looking at the trends shown in
the two-particle correlations. As mentioned earlier,
correlations involving two particles that exhibit reso-
nances have a consistently smaller extracted source radii
than those particle pairs with no resonances. It has been
suggested that differences in the time of freeze-out for
different particles may be responsible for these different
radii.?’ On the other hand if all particles come from a
source that is the same size and if the emission of particle
unstable nuclei and final-state interactions are different
processes, then correlations involving particles with reso-
nances will be enhanced and a smaller source radii will be
extracted for these correlations. In addition, the
difference between the extracted source radii for the two
peaks in the d-a correlations?? could then be understood
in terms of a greater enhancement of the lower-lying state
leading to a smaller apparent radius for it.

It is also interesting to look at the behavior of two-
proton correlations as a function of the size of the target
nucleus. Two-proton correlations at small relative
momentum have been studied for 25 MeV/nucleon
160 4+ 12C, 274130, and '"Au*’. The peak of the correla-
tion function increases with increasing target size. Using
Koonin’s model, 3! this leads to a smaller extracted source
radius as one increases the target size. If, on the other
hand, one interprets the data in terms of the decay of 2He
then the data may be explained in terms of the 2He cross
section increasing with increasing source size.

The two-particle correlations have been observed to be
stronger for higher two-particle total energy,??** lead-
ing to a smaller extracted source radius. It has been sug-
gested that this may mean that higher-energy particles
tend to come from smaller sources.?* On the other hand,
in the case of correlations with resonances this increase in
observed correlations might be due to a greater cross sec-
tion for the emission of particle unstable nuclei at high
energy than the random emission of two lighter nuclei
each at relatively high energies.

In the large-angle correlations presented earlier it was
shown that the decay of particle unstable nuclei contrib-
ute heavily to the two-particle correlation function at rel-
atively large angles (10°~25°). For the system nearest 35
MeV/nucleon N + Ag, 40 MeV/nucleon C + Ag, the
large-angle correlations shown in Fig. 8 indicate that
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there are about twice as many a-a coincidences on the
same side of the beam as on opposite sides of the beam.
In p-d and d-d correlations it was shown that there is a
slight favoring of the opposite side over the same side for
this system. The excess in same side correlations seen in
Fig. 8 clearly must come from the emission of *Be and
not from two alphas that have final state interactions.

Using Boal’s® calculations of the final-state interaction
including both the nuclear and Coulomb potentials for a
radius of 7.0 fm the cross section for the first excited state
of ®Be was extracted in the same fashion as described in
Sec. IVD. The cross section was found to be
0.507£0.093 mb compared to 0.6901+0.097 mb obtained
from the Coulomb only calculation. In addition to being
smaller by about 25%, the cross section is now much
more sensitive to the source radius that is used. Unfor-
tunately the full nuclear and Coulomb calculation exists
for only a limited number of the two-particle correlations
that have resonances. In addition, in the present experi-
ment the resolution is sufficient to perform the nuclear
plus Coulomb background subtraction for the p-p and a-
a cases only. The effect of subtracting a background that
assumes a component coming from in-flight final-state in-
teractions would be to lower the extracted cross sections
of particle unstable states and hence reduce the extracted
temperatures.

V. SUMMARY AND CONCLUSIONS

Single-particle inclusive kinetic energy spectra and
two-particle large-angle correlation functions have been
measured for 40 and 50 MeV/nucleon C induced reac-
tions. The light-particle energy spectra have been well fit
with a three moving source parametrization assuming the
emission of particles from three distinct sources all mov-
ing in the beam direction. One source, the projectile-like
source, has a velocity of about 85% of the incident beam
velocity and a temperature of about 4-5 MeV. The
second source, the target-like source, has a velocity of
about 5-10 % of the incident beam velocity with a tem-
perature of 3.5-4.5 MeV. The spectra are dominated by
the third source, the intermediate velocity source, which
has a velocity intermediate between the projectile and
target velocities and a temperature of 10—15 MeV.

Two-particle in-plane correlations were measured with
tag detectors at ;= —25° and —45°. For both tag angles
the C 4 C systems showed a strong preference for emis-
sion of two particles to opposite sides of the beam. The
enhancement in opposite side emission increases as the
total mass of the observed particles increases. Very little
difference was observed between the two beam energies,
40 and 50 MeV/nucleon. For the heavier systems,
C + Ag and C + Au, the correlations were more sym-
metric about the beam axis with opposite side correla-
tions only slightly enhanced over same side correlations.
For all four systems the decay of particle unstable light
nuclei contributed heavily to the two-particle large-angle
correlations. For an opening angle of 10°, enhancements
in the correlation function are observed for p-p, p-t, p-
“He, d-*He, t-*He, and *“He-*He. The contribution to the
correlation function for particle unstable resonances can

be as high as 80% (d-*He for 40 MeV/nucleon C + C).
Out of plane correlations were also measured with tag
telescopes at 8, =25° and 45° at $=90°. The correlations
were found to be nearly flat with a slight decrease at more
forward angles. The ratio of in-plane to out-of-plane
correlations shows an enhancement in the emission of
particles in the same plane. As with the in-plane correla-
tions, the enhancement is largest for the light systems
and for higher total mass of the observed particles.

In order to determine the extent to which conservation
of momentum affects the measured correlations, momen-
tum conservation calculations were carried out. Using a
momentum conservation calculation incorporating emis-
sion from all three sources, the general trend of the in-
plane 45° tag correlations were reproduced. The overall
agreement was not as good for the correlations with the
25° tag, perhaps due to the increased importance of corre-
lations involving particles from different sources. For the
out-of-plane correlations the agreement between the
momentum conservation calculations and the data was
good only for the heavier systems. The momentum con-
servation calculation did a reasonably good job of ex-
plaining the ratio of in-plane to out-of-plane correlations
for the heavy systems. For the light systems the calcula-
tion consistently overpredicted the ratio of in-plane to
out-of-plane correlations, this may in part be due to
correlations between two particles from different sources.

A close packed array of sixteen phoswich telescopes
positioned behind a multiwire proportional counter was
used to measure two-particle correlations at small rela-
tive momentum for the reaction 35 MeV/nucleon
N + Ag. The correlations were measured at central an-
gles of 8=35° 45°, 60°, and 80°. The correlations have
been used to extract information about the space-time ex-
tent and temperature of the intermediate velocity source.
Source radii extracted from two-particle correlations are
in good agreement with the radii extracted by previous
authors. The radii are smallest for particle pairs with res-
onances, pp, pa, da, and aa (4.5-5.0 fm), and largest for
nonresonant pairs, pd, dd, and tt (6.3-9.5 fm). Little
difference was found in the extracted source radii as a
function of angle and beam energy. The radii are some-
what larger than those extracted using the coalescence
model due, in part, to the neglecting of the lifetime of the
emitting source. If a nonzero source lifetime is used then
smaller source radii are obtained.

One important question that has come up is when is a
particle considered to have been emitted from the source?
In particular, are particle unstable nuclei emitted from
the source or are all observed resonances the results of
in-flight final-state interactions? If particle unstable nu-
clei are emitted, in addition to other particles experienc-
ing in-flight final state interactions, then the observed
two-particle correlations are the results of a combination
of the two processes. If this is the case, then radii ex-
tracted from particle pairs with resonances will be small-
er than radii extracted from nonresonant pairs because
the decay of particle unstable light nuclei will enhance
the correlation functions which leads to a larger extract-
ed radius. 1If, on the other hand, all observed resonances
are the results of in-flight final-state interactions then the



differences in the extracted radii may indicate different
emission times for different particles or perhaps that
different particle pairs come from different types of col-
lisions.

The difference between the source radii extracted using
particle pairs with resonances and those without reso-
nances has also been attributed to different freeze-out
times for different particles. Those particles that freeze-
out earlier will yield a smaller source radius than parti-
cles that freeze-out at a later stage of the interaction. In
this view information about the source at different times
may be obtained by looking at different particles.

Using the populations of bound and unbound states
measured in the present experiment and the y and neu-
tron emitting states measured by Morrissey et al. and
Bloch et al. a source temperature of 4.873% MeV has
been extracted. The quantum statistical model of Hahn
and Stocker was used in order to correct for feeding from
higher-lying states to the observed states. Overall, the
quantum statistical model does an excellent job of fitting
the populations of all the measured states at the same
time. The use of the quantum statistical model to take
into account feeding from higher-lying states has elim-
inated the previous discrepancy in the temperature be-
tween measurements using particle bound y-ray emitting
states and measurements using particle unbound states.
The temperature is in good agreement with the tempera-
ture extracted from particle unbound states for 35
MeV/nucleon N + Au and 60 MeV/nucleon Ar + Au.
The temperature extracted from the population of states
is about 10 MeV lower than the temperature extracted
from the kinetic energy spectra. The reason for this
disagreement may be that the two temperature measure-
ments represent the temperature of the emitting source at
different times. The kinetic energy spectra are fixed early
in the interaction while the populations of the states
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change as the source expands and cools. Thus the tem-
perature measured from the populations of the states
would represent the temperature at the time of freeze-
out. If this is the case, then the freeze-out temperature
does not change measurably for beam energies between
35 and 60 MeV /nucleon.

In conclusion it has been shown that two-particle
large-angle correlations are consistent with emission from
a thermally equilibrated system. While the measured
two-particle correlations are not isotropic, as emission
from a thermally equilibrated source would require, the
effects of momentum conservation requirements have
been shown to account for most of the deviation from an
isotropic distribution. As the number of nucleons in the
emitting source increases the correlation functions be-
come more isotropic.

The use of the quantum statistical model has resolved
the discrepancy between temperature measurements us-
ing the populations of y-ray emitting states and those us-
ing particle unstable states. The temperature extracted
from the populations of nuclear states is still considerably
lower than the temperature extracted from the kinetic en-
ergy spectra. Further work is needed to eliminate the
contribution of final state interactions to the populations
of the particle unstable states. Theoretical calculations
are needed for the nuclear final state interactions of
several particle pairs and either a theoretical or experi-
mental value for the freeze out radius is needed.
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