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Exclusive studies of 130–270 MeV 3He- and 200-MeV proton-induced reactions on
27Al, natAg, and 197Au
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Exclusive light-charged-particle and IMF spectra have been measured with the ISiS detector array for
bombardments of 27Al, natAg, and 197Au nuclei with 130–270-MeV 3He and 200-MeV protons. The results
are consistent with previous interpretations based on inclusive data that describe the global yield of complex
fragments in terms of a time-dependent process. The emission mechanism for energetic nonequilibrium fragments
observed at forward angles with momenta up to twice the beam momentum is also investigated. This poorly
understood mechanism, for which the angular distributions indicate formation on a time scale comparable to the
nuclear transit time, are accompanied primarily by thermal-like emissions. The data are most consistent with a
schematic picture in which nonequilibrium fragments are formed in a localized region of the target nucleus at
an early stage in the energy-dissipation process, where the combined effects of high energy density and Fermi
motion produce the observed suprathermal spectra.
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I. INTRODUCTION

Among the most poorly-understood phenomena observed
in collisions between intermediate-energy projectiles and
complex nuclei is the formation of fast, forward-peaked
intermediate-mass fragments (IMF: 3 � Z <∼ 15). These frag-
ments are most transparently distinguished from equilibrium-
like processes in reactions induced by H and He projectiles
with energies between 100–1000 MeV [1] and reviewed
in [2]. They are also an important component of the yield
in heavy-ion reactions [2,3]. Experimentally, nonequilibrium
emission is characterized by strongly forward-peaked angu-
lar distributions, indicating a fragment formation time of
<∼30 fm/c. Further, the Maxwellian spectra exhibit hard tails
that have slope temperatures 2–3 times those expected for a
complete-fusion residue and extend up to momenta in excess
of twice the beam momentum [4,5]. This latter observation
suggests the importance of a fast collective mechanism in
which Fermi momentum plays an important role.

In contrast, at bombarding energies in the vicinity of the
barrier, it has been shown that IMF emission is an evaporative
process controlled by �-dependent barriers and the excitation
energy of the system [6,7]. In this energy regime the IMF
spectra are Maxwellian in shape, peaking near the Coulomb
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barrier, and exhibit slopes consistent with the binary decay
of an equilibrated composite nucleus. Several theoretical
treatments have successfully modeled these events within a
statistical formalism [2,8,9].

At beam energies above a few GeV, multiple IMF emis-
sion, or multifragmentation, becomes a significant additional
mechanism for IMF production. IMF spectra from light-ion-
induced reactions are characterized by unusually low average
kinetic energies, presumably due to the expansion/dilution
of the hot source [10]. As in the case of nonequilibrium
emission below the multifragmentation threshold, fragment
formation occurs on a fast timescale as projectile kinetic
energy is dissipated into internal excitation of the system [11].
Intranuclear cascade [12–14] and BUU [15,16] approaches
account for the initial projectile-target interaction relatively
well, and the final state of these hot systems can be well
described by statistical models [17–19]. However, attempts
to couple transport and decay phenomena in order to describe
the full evolution of these systems have met with only limited
success. Thus, the development of a unified reaction model for
multifragmentation poses a complex theoretical challenge.

The case of nonequilibrium IMF emission in light-ion-
induced reactions presents perhaps the simplest case for in-
vestigating dynamic fragment formation during the dissipative
phase of these reactions. Light-charged-particle (LCP: H and
He isotopes) emission has been accounted for by preequilib-
rium [20–22] and coalescence [23] models. However, these
approaches do not include IMF emission. Attempts to deal
specifically with the question of complex fragment production
have included the “snowball” model of Boal [24] and the
expanding accreting source model of Fields et al. [25]. Both
of these models invoke the concept of a localized region of
high excitation to produce energetic IMFs and have been able
to describe some aspects of the data [4,5,26].
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The objective of the present research has been to study
nonequilibrium emission in the Fermi-energy regime in an
effort to gain greater experimental insight into this phe-
nomenon. The experiment described here is the first attempt
to use a high solid angle multiple detector array to study
such reactions, thus permitting examination of correlations
among various reaction observables. We first describe the
experimental arrangement and then discuss the implications
of the data on the understanding of these processes.

II. EXPERIMENTAL DETAILS

A. Apparatus

The experiment was performed at the Indiana University
Cyclotron facility with the Indiana Silicon Sphere (ISiS)
detector array [27]. Beams of 130- and 270-MeV 3He and
200-MeV protons bombarded targets of 27Al, natAg, and
197Au. The data presented here are primarily for the natAg
target, for which statistics were the highest. The ISiS array
[27] consists of 162 triple detector telescopes arranged in
a spherical geometry. Angular acceptance is 14◦–86.5◦ in
the forward hemisphere and 93.5◦–166◦ at backward angles,
with a total solid- angle coverage of 74% of 4π . Each
telescope includes a gas-ionization counter (IC) operated with
C3F8 gas, a 500-µm ion-implanted silicon (Si) detector and
a 28 -mm-thick CsI crystal with photodiode readout. The
telescopes provide Z-identification for fragments with Z < 16
and energies 0.7 � E/A � 8 MeV and isotope identification
for 8 � E/A � 92 MeV fragments, primarily Z = 1–4 in this
experiment. The target thicknesses for the 3He runs were
1.05 mg/cm2 197Au, and 0.68 mg/cm2 natAg; the target
thicknesses for the proton runs were 1.08 mg/cm2 197Au,
0.62 mg/cm natAg, and 0.20 mg/cm2 27Al.

During all runs the ISiS hardware trigger logic for event
acceptance was set for valid coincident signals in two or more
of the 162 silicon detectors. Following a valid trigger, the
IC/Si/CsI ADC’s were read out for each detector that had
a fast silicon signal passing the discriminator threshold. In
order to detect highly energetic light ions, the data-acquisition
code also checked the ADC hit registers for all CsI detectors
whenever an ISiS event occurred. During the 3He runs, if a CsI
detector fired without its corresponding silicon, then that CsI
ADC was also read and included in the event file. Gas pressure
in each ISiS hemisphere was monitored remotely. The average
forward hemisphere gas pressure was 17.7 ± 0.3 Torr, during
the 3He runs, and 18.03 ± 0.15 Torr during the proton runs.
The average backward hemisphere pressure was 18.8 ± 0.3
Torr during the 3He runs, and 16.62 ± 0.24 Torr during the
proton runs.

B. Detector calibrations

The silicon detectors were calibrated with an Ortec pre-
cision pulser and an 241Am alpha calibration source and
a precision pulser. The data from the test-input linearity
checks showed the detector and electronics response to be
well described by a single linear fit. To check the accuracy

of the silicon absolute energy calibration, the proton and
alpha-particle punch-through energies for each detector were
calculated with the DONNA energy loss program [28] and the
manufacturer-supplied thicknesses of the silicon detectors. In
most cases the predicted and observed values were found to
agree within better than 1% for both proton- and alpha-particle
punch-throughs for the silicon detectors. The linearity of the
electronics for the gas-ionization chambers was checked by a
method analogous to that used with the silicon detectors. Once
linear response had been confirmed, absolute energies for the
gas-ionization chambers (IC’s) were established through cross
calibration against the silicon energies. The CsI(Tl) crystals
were calibrated in a manner similar to that of the gas-ionization
chambers. However, because of the light output of a CsI(Tl)
crystal varies as a function of particle type and energy [29,30],
separate calibrations were performed for the proton, deuteron,
triton, 3He, 4He, 6Li, and 7Li lines in the silicon vs. CsI(Tl)
spectra. Losses in the silicon dead layer and aluminized-mylar
crystal wrapping were accounted for.

The elastic-scattering peak of the 130-MeV 3He beam was
well defined in the most forward CsI ring and was used as a
check of the calibration accuracy. The agreement indicates that
the CsI calibration is accurate to within 2%. Further details of
the calibration procedures can be found in [31].

III. RESULTS

Previous inclusive studies of light-ion-induced reactions in
the Fermi-energy domain have shown that LCP and IMF pro-
duction occur from two principal mechanisms: statistical decay
of an equilibrated residue and fast nonequilibrium emission.
The equilibrium component is supported by the observation
of nearly isotropic angular distributions for the heavier
fragments and Maxwellian spectra with slope temperatures
consistent with evaporation from a composite nucleus. The
nonequilibrium events are strongly forward peaked and exhibit
spectral tails that extend to kinetic energies much greater
than expected for compound nucleus decay. Semi-exclusive
studies [32–34] have shown that the equilibrium IMFs appear
to originate in more central collisions whereas nonequilibrium
events come from peripheral processes. In addition, LCP-LCP
correlation studies [35] indicate that nonequilibrium emission
occurs from a smaller, hotter source than equilibrium emission.

A. Inclusive results

In Fig. 1 we show representative inclusive 4He energy
spectra as a function of angle for the 200-MeV p + natAg
reaction. Both the spectral shapes and their angular evolution
are typical of the combined effects of equilibrium and nonequi-
librium emission and are in good agreement with previous
measurements [1]. The Coulomb-like spectral peaks evolve
systematically with angle and exhibit angular distributions that
are approximately isotropic. The high-energy tails of the 4He
spectra, however, extend up to about 170 MeV, nearly twice
the momentum of the beam. While the strong bias for forward
angles is apparent for the nonequilibrium events, it is observed
that these tails persist even at the backward-most angles.
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FIG. 1. Alpha particle spectra at all measured angles for the
200-MeV p + natAg reaction in coincidence with one or more charged
particles.

Although the cross section for these events is small, their
explanation nonetheless constitutes a significant challenge for
theory.

The laboratory angular distributions for the integrated
spectra, shown in Fig. 2 for Z = 1–9 nuclei emitted in the
200-MeV p + natAg reaction, also exhibit characteristic be-
havior, i.e., the yield is peaked along the beam direction in the
forward hemisphere, but nearly isotropic for angles greater
than 90◦. This behavior is observed for the other systems
studied here as well. The forward peaking is strongly influ-
enced by the energetic tails of the spectra. This is illustrated
in Fig. 3 where laboratory angular distributions are plotted
for evaporation protons in the spectral peaks (Ep < 12 MeV)
and the nonequilibrium tails (Ep > 20 MeV). Whereas the
evaporative component is consistent with isotropic emission
from a slowly moving source (velocity < 0.01c), the observed

FIG. 2. Angular distributions for Z = 1–9 fragments for the
200-MeV p + natAg reaction in coincidence with one or more charged
particles.

FIG. 3. Angular distribution of evaporative (Ep < 12 MeV) and
nonequilibrium (Ep > 12 MeV) Z = 1 fragments for the 200-MeV
p + natAg reaction in coincidence with one or more charged particles.

nonequilibrium yield increases by an order of magnitude
between the most backward and most forward angles. For
the heavier fragments the forward-backward ratios are of
order three-to-four, except for He ions for which a much
flatter angular distribution is observed relative to IMFs. This
difference may be due to the large yield of 4He from secondary
decay of heavier fragments in addition to the residue.

Two other features of the inclusive data also are consistent
with earlier data: the charge distributions and the 3He/4He iso-
tope ratio. The charge distribution for the 200-MeV p + natAg
reaction is shown in Fig. 4. Power-law and exponential fits
to the charge distributions (including He) yield exponent

FIG. 4. Fragment charge distribution for the 200-MeV p + natAg
reaction measured at 119 degrees in the laboratory frame in
coincidence with one or more charged particles. Circles are data,
the line represents a power-law fit to the cross sections (including
He) with exponent τ ∼ −5.
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FIG. 5. Ratio of 3He-to-4He yield as a function of He energy,
measured at 18 degrees in the laboratory frame for the 200-MeV
p + natAg reaction. Circles represent data, error bars correspond to
one standard deviation due to random error, the straight line is a linear
fit to the data.

values of order 4–5 for the various systems studied here.
Figure 5 presents the ratio of 3He to 4He as a function of energy
measured at 18◦ in the laboratory system for 200-MeV protons
incident on natAg. The 3He/4He dependence on He kinetic
energy measured here is nearly identical to that observed with
4.8 GeV 3He-ion bombardments of natAg and 197Au [36]. In
the present case the spectra strongly support an interpretation
in which evaporative 4He ions dominate the ratio at low
He kinetic energies, but as the He energy increases, the
nonequilibrium tail of the 3He spectrum becomes the principal
isotopic species, as has previously been reported [37,38].

B. Exclusive results

Since these measurements comprise the first light-ion study
at these bombarding energies in which charged particles have
been detected with large solid-angle coverage, broad fragment
energy acceptance and significant detector granularity, they
provide a unique opportunity to utilize coincidence gates
and particle-correlation techniques to characterize the reaction
mechanism(s).

1. Multiplicity distributions

One useful gauge of excitation-energy deposition in
intermediate-to-high energy collisions is the charged-particle
multiplicity (NCP) distribution. Here we identify (NCP) as
the number of observed charged particles in an event, to
be distinguished from the true multiplicity, M , corrected for
detector acceptance.

Figure 6 summarizes the observed multiplicity distributions
for 3He bombardment of natAg and 197Au targets. Plots are
normalized so that Ni/Ntot = 1. The left-hand panel shows

FIG. 6. Charged particle multiplicity distributions for the
3He + natAg and 3He +197Au reactions, at energies indicated. Each
histogram is normalized so that Ni/Ntot = 1.

the influence of light-ion bombarding energy for the natAg
target. Up to nine charged particles are detected in the most
violent events and the dependence on total projectile energy
is apparent in the figure. Thus, the qualitative correlation
with expected energy deposition is confirmed. In order to
reconstruct the total excitation energy deposition E∗, it is
necessary to account for neutron emission. However, no
neutron-charged particle correlation measurements currently
exist for similar reactions so that any such reconstruction
would be highly model-dependent.

The right-hand panel of Fig. 6 compares the observed
multiplicity distributions for the same projectile and bombard-
ing energy with 270-MeV 3He ions incident on natAg and
197Au targets. The higher values of NCP for the natAg target
are attributed to two factors. First, neutrons compete more
favorably with charged-particle emission for the higher Z,
more neutron rich, 197Au nucleus, and second, higher E∗/A
values (temperatures) should be reached with the natAg nuclei
relative to 197Au, thus reducing the Coulomb barrier hindrance
to charged-particle emission.

Next we consider the influence of various coincidence gates
on the multiplicity distributions. Figures 7 and 8 compare
multiplicity distributions for the 270-MeV 3He + natAg and
the 200-MeV p + natAg systems, respectively. In each figure
NCP distributions are shown for all events (dominated by p

and 4He) and events containing at least one IMF. By requiring
coincidence with an IMF, the distribution is skewed towards
higher multiplicities for both projectile types. If NCP is again
used as a gauge of excitation energy, these figures suggest that
on average IMF emission is associated with higher excitation
energy deposition in the collision. In addition, Fig. 7 shows
the multiplicity distribution associated with events containing
a Li fragment with a kinetic energy above 90 MeV (85% of
the 3He beam momentum). For this gate, it is observed that the
chance of an event with a high multiplicity decreases by nearly
an order of magnitude. This fact highlights the sensitivity of
the coincidence measurements to the finite energy available
in the system: ejection of a highly energetic particle leaves
behind a proportionately cooler residue that is less capable
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FIG. 7. Charged-particle multiplicity distributions for the
270-MeV 3He + natAg system under three gating conditions: (1)
events containing at least one IMF, (2) all events, and (3) events
with a high energy Li(>90 MeV). Each histogram is normalized so
that �Ni/Ntot = 1.

of emitting large numbers of particles. The high energy Li
fragments are strongly forward-peaked and would generally
be attributed to nonequilibrium-like processes. The contrast
between the two IMF gates leads one to speculate that gating
on equilibrium-like IMFs may serve as a centrality gauge for
these reactions (indeed, the best theoretical fits to the backward
angle fragment charge distributions in Ref. [5] assumed full
linear momentum transfer).

The angular distributions of fragments observed in coinci-
dence with an IMF are presented in Fig. 9 for the 200-MeV
p + natAg reaction. Relative to the inclusive data presented in
Fig. 2, there is a strong suppression of forward-peaked LCPs

FIG. 8. Charged-particle multiplicity distributions for the
200-MeV p + natAg reaction under two gating conditions: (1) all
events and (2) events with at least one IMF. Each histogram is
normalized so that �Ni/Ntot = 1.

FIG. 9. Angular distributions for fragments observed in events
containing at least one IMF. Progression in order of relative cross
section proceeds Z = 1, 3, 2, 4, 5, 6, 7, 8.

relative to IMFs when demanding coincidence with a larger
fragment. This is consistent with energy conservation consid-
erations associated with emitting an IMF, as discussed above.
However, it should be remembered that these IMF events
still have higher charged-particle multiplicities than average
inclusive events (Fig. 8). While somewhat counterintuitive,
these trends are consistent: the lower average multiplicities
observed for all events is due to the large weight of NCP = 2
events in the average and events consisting only of Z = 1 and
Z = 2 fragments, which drive down the relative probabilities
of higher NCP events.

2. Linear momentum distributions

Linear momentum distributions were used to investigate
the formation of non- equilibrium IMFs. Figure 10 shows the
distribution of total observed linear momentum for events with
a fast, forward Li fragment (ELi > 50 MeV, 14◦ � θlab � 33◦)
emitted in the 200 MeV p + natAg reaction. The broad
distribution extends past twice the beam momentum of
640 MeV/c and peaks around 950 MeV/c, indicating that a
large amount of unobserved momentum was carried away in
the backward direction. In Fig. 11 the event-by-event total
transverse momentum distributions observed for events with
the fast, forward fragments (ELi > 50 MeV, 14◦ � θlab � 33◦)
(right frame), is compared with the transverse momentum
distribution observed for all events (left frame). It is seen
that, in general, the events containing preequilibrium Li
fragments appear to have a much more diffuse “doughnut-like”
distribution, corresponding to the transverse projection of the
fast Li momenta at the gated angles. This fact, along with
the large amount of “missing” backward linear momentum in
Fig. 10 indicates that the unobserved transverse momentum is
carried away in a direction opposite that of the preequilibrium
Li fragment.
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FIG. 10. Total linear momentum for 200-MeV p + natAg events
with a fast forward Li. (ELi > 50 MeV, 14◦ � θ � 33◦). The impulse
at 644 MeV/c indicates the beam momentum.

Because of the high energy acceptance of the ISiS array,
it is extremely unlikely that the missing momentum is carried
away by light charged particles or IMFs. We therefore deduce
that the undetected momentum balance is accounted for by
the recoil of the heavy residue (which would fall below the
ISiS E/A acceptance). Such a conclusion is consistent with
an intermediate time-scale process (such as an accreting source
or coalescence-like ejection) as has been suggested previously
[4,5].

We have also examined the total charge and momentum
balance in the 200 MeV p+27Al reaction. As the left frame of
Fig. 12 shows, there are a large number of events for which
the entire charge of the system is observed for the 27Al target,
(the available E∗/A is ∼ 7 MeV/nucleon, on the order of the
total binding energy). The right-hand frame of Fig. 12 shows
the total linear momentum detected for those events where
nearly the entire charge of the system has been observed
(12 � Zobs � 14.). The momentum distribution peaks at
550 MeV/c, roughly 85% that of the beam, with a full-width at
half-maximum of 430 MeV/c. The balance of the momentum
is most likely carried by neutrons and the average one-to-two
charged particles that are not observed due to geometry.
The angle-dependent fragment-charge distributions for events
falling into the 12 � Zobs � 14 gate (Fig. 13) are consistent with

FIG. 11. (Color online). Transverse momentum distributions for all events (left frame) and events containing a fast forward Li (right
frame), (ELi > 50 MeV, 13◦ � θ � 33◦), for the 200-MeV p + natAg reaction. Intensity color coding: black > purple > red > yellow >

green > blue > violet.
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FIG. 12. Left frame: Distribution of
total observed charge for valid 200-MeV
p + 27Al events. Vertical lines indicate
gating condition for right frame. Right
frame: distribution of total linear momen-
tum for those p + 27Al events for which
12 � Zobs � 14. Impulse at 644 MeV/c
indicates beam momentum.

these high linear momentum transfers, showing an excess of
heavier "residue-like" fragments at the forward lab angles, and
more typical power-law-like behavior at backward lab angles.

3. Fragment-fragment correlations

If the forward peaking of the differential cross sec-
tions is due to preequilibrium emission, measurements of
the forward-to-backward yield ratios under various gating
conditions may provide information regarding the equilib-
rium and preequilibrium character of the reaction. Table I
lists forward-to-backward yield ratios as a function of fragment
charge observed under four gating conditions: (1) all events,
(2) those events with an energetic backward proton (Ep >

20 MeV, 147 � θlab � 166◦), (3) those events with a lower en-
ergy backward proton (9 � Ep � 12 MeV, 147◦ � θlab � 166◦),
and (4) those events with an energetic forward proton (Ep >

20 MeV, 33◦ � θlab � 52◦). Autocorrelation due to gating
on angles used in the ratio definitions was minimized by
normalizing yields in the gated regions to the remainder of
the spectrum.

The results show that the most forward-peaked distributions
of LCPs and IMFs are obtained in coincidence with the
energetic backward protons. The ratios become consistently
more isotropic as one moves from the lower-energy backward

protons, to the sum of all events, and finally showing the
least forward peaking when coincidence with an energetic
forward proton is required. For all gating conditions, Li
fragments show the strongest forward peaking, and He
fragments show the most isotropic distribution (consistent
with the previous discussion of evaporation/preequilibrium
yields). It is attractive to speculate on the source of the
increased forward peaking observed for the backward-angle
proton gates. However, it is not clear as yet whether the trend
is due to a change in equilibrium and preequilibrium ratios, to
an anti-correlation of fragment emission at angles near those
of the gated particle, or simply to momentum-conservation
effects. Any full explanation must account for the decreased
anisotropy observed for the energetic-forward-proton gate.

Fragment-fragment correlation studies also provide insight
into the breakup dynamics of these reactions. In Fig. 14,
the correlation functions for the opening angle between two
complex fragments are shown for the 200-MeV p+27Al and
natAg systems. The angular correlation function is defined as:

R(θ ) + 1 =
∑
ij

Yij (θij θj )
/ ∑

kl

Ymix(θk, θl) (1)

where Yij refers to two fragments in the same event emitted at
angles i and j , and Ymix selects fragments from two separate

TABLE I. Forward (14◦ � θlab � 33◦) to backward (120◦ � θlab � 166◦) yield ratios for Z = 1–4 fragments under various gating conditions
for the 200-MeV p + Ag reaction.

Z = 1 2 3 4

Backward proton (Ep > 20 MeV, 147◦ � θlab � 166◦) 4.0 2.7 8.0 6.0
Backward proton (9 � Ep � 12 MeV, 147◦ � θlab � 166◦) 3.3 2.4 5.7 6.8
All events (ungated) 2.3 2.0 4.6 3.9
Forward proton (Ep > 20 MeV; 33◦ � θlab � 52◦) 2.1 1.8 3.8 3.7
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FIG. 13. Fragment charge distributions measured at (progressing
clockwise from upper left) lab angles of 16, 61, 102, and 156 degrees
for 200-MeV p + 27Al events with 12 � Zobs � 14.

events at angles k, l. Because of the low probability for
IMF-IMF pairs, we have gated on one He nucleus and one
IMF; energy gates have also been imposed to separate thermal-
like from pre-equilibrium fragments. For the 27Al target,
the maximum in the correlation function is near 180◦, with
the energetic fragments correlated more strongly. Since the
charge of the two fragments comprises a significant fraction
of the total available charge, this observation seems consistent
with fission-like emission dominated by the Coulomb field of
the system. Comparison with N -body breakup [39] simula-
tions indicate a time scale of ∼200 fm/c for the 27Al system.

For the silver target, the results are quite different. The
correlation function for the more energetic component of
the spectrum is nearly independent of opening angle, with a
slight preference for backward angles. This behavior suggests

a significant difference in the emission time of the two
fragments, so that the second fragment is unperturbed by its
predecessor. For the soft component, however, the correlation
function strongly favors small opening angles. This may be
in part due to the α-Li breakup channels in 10,11B, but even
with Li fragments gated out, the effect persists. Thus, these
correlation studies further support a time-dependent reaction
mechanism controlled largely by Coulomb effects, momentum
conservation and phase space considerations.

4. Summary

Exclusive observables for the 200-MeV p+27Al and natAg
and 130 and 270 MeV 3He + natAg and 197Au systems have
been measured. As in previous studies at these energies,
preequilibrium and equilibrium emission mechanisms provide
a consistent interpretation of the data. The ungated observ-
ables agree qualitatively with those from previous inclusive
measurements, and thus lend themselves to analysis in the
context of a multi-source emission formalism. These ob-
servables include forward-peaked ejectile spectra with strong
preequilibrium tails, statistical-like fragment distributions at
backward angles, and 3He-to-4He ratios that increase rapidly
with increasing fragment energy.

Analysis of exclusive observables shows a systematic
dependence of charged-particle multiplicity on bombarding
energy and target type. Furthermore, it is found that IMF coin-
cidence gates can be used to select on higher or lower average
multiplicities, and that this sensitivity is linked strongly to en-
ergy conservation considerations. In the most violent p+27Al
events event-by-event linear momentum distributions, as well
as the angular dependence of fragment charge distributions,
are consistent with large linear momentum transfers. Both
linear momentum and transverse momentum distributions as-
sociated with preequilibrium fragment formation in p + natAg
events argue for a time-dependent emission scenario, followed
by statistical decay. Finally, angular yield ratios have also
been found to depend on the choice of various coincidence
gates.

In summary, these exclusive studies strengthen previous
interpretations that suggest complex fragment emission in
light-ion-reduced reactions is a time-dependent process dom-
inated by statistical effects, the Coulomb field of the system
and momentum conservation considerations. It is suggested
that nonequilibrium fragments appear to have their origin
in a hot, localized region of the nucleus that exists early
in the energy dissipation process. This localized region of
high temperature, combined with collective Fermi motion
effects, seem essential to explain the high energy tails of the
spectra at very forward angles. However, the cooling effect
of nonequilibrium fragment emission leaves the residue in a
much lower state of excitation, so that subsequent emissions
are largely thermal in character. Thus, while the present
data form a macroscopic picture of the reaction dynamics,
they fail to enhance our understanding of fast fragment
formation. It appears that experiments that emphasize the
forwardmost spectra with significantly enhanced statistics,
isotope resolution and neutron-emission information will be
required to attack this problem in greater depth.
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FIG. 14. Relative-angle correlation
functions for fragment pairs with Z � 2
as a function of opening angle. Data are
for 200-MeV p + 27Al (open points) and
natAg (solid points), gated on fragment
energy, as indicated on figure.
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