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Inclusive and exclusive measurements of light-charged particles ("2*H,*He) and heavy fragments
have been made for the reaction 480 MeV *°Fe+"*Ag. The backward hemisphere emission of ‘*He
and 'H in coincidence with a heavy fragment can be well described by evaporative emission from a
combination of three sources: the detected fragment, the undetected fragment, and the composite
system prior to scission. Multiplicities for each of these sources are determined for two coincident
fragment groups: a fusion-fission-like group and a deeply-inelastic-reaction group. These multiplici-
ties have also been studied at two angles for the trigger fragment (61 =26° and 50°). For ;3 =26"°
the multiplicity of the light- charged particles (‘"H or *He) emitted from the composite nuclear sys-
tem (i.e., prior to scission) is ~— for the fusion-fission-like fragments, compared to z— for the
deeply inelastic reactions. This decrease implies that the deeply inelastic reactions occur in = 5 the
time required for fission reactions. For the deeply inelastic reactions, these multiplicities change
with trigger angle. This result also suggests that the lifetime of the composite system exerts some
control on the extent of evaporative particle emission. Energy and angular distributions of the coin-
cident light particles suggest extensive emission from a strongly deformed composite system, such as
that of a system en route to scission. Low-energy *He particles at forward angles, which cannot be
attributed to evaporation, exhibit a dependence on the angle with respect to the scission axis. This
result is attributed to emission that occurs very near to the instant of scission. High-energy *He
particles at forward angles are emitted prior to thermalization; they do not depend on the angle
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with respect to the scission axis.

I. INTRODUCTION

Light-charged-particle evaporation in heavy-ion reac-
tions has emerged as a very useful tool for probing the
dynamics of nuclear reactions. For heavy projectiles at
energies (E/ A4) less than 20 MeV/nucleon, it has been
shown that evaporative processes are prominent com-
pared to preequilibrium processes.! Light-charged-
particle evaporation has been found in coincidence with
evaporation residues’ produced in central collisions as
well as with fusion-fission, and deeply inelastic reac-
tions®~¢ that result from more peripheral collisions. It is
interesting to note that, for each of these reaction mecha-
nisms, evaporative particles have been observed to arise
from the composite nucleus prior to scission (see, for ex-
ample, Refs. 1, 3, and 6-15). In addition, particle eva-
poratlon occurs from one or both heavy fragments after
scission® and even near to the moment of scission.'®

Since particle evaporation seems to accompany many
types of nuclear reactions, and indeed all stages of any
particular reaction, it is natural to try to use this
phenomenon as a probe of the individual reaction mecha-
nisms, as well as the different stages of the reactions. To
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this end, we have chosen the reaction 480 MeV
6Fe + "'Ag for a study of particles in coincidence with
the three reaction classes above; the results give insights
into the different stages of each reaction. This reaction
has been shown to give a broad distribution of heavy frag-
ments 7 as well as a bountiful yield of light-charged parti-
cles.!® Measurements of the energy and angular distribu-
tions of the evaporative particles, together with the well-
developed statistical model of evaporation,'®!® provide
an interesting probe of the properties of the emitting nu-
clei. One can expect this probe to be sensitive to the tem-
perature, spin, and deformation of the emitter, and
perhaps even its lifetime. From the statistical evapora-
tion theory, one knows that certain angular symmetries
must be obeyed if thermal equilibrium is indeed achieved.
Perturbations of these symmetries (shadows,'>!° for ex-
ample) can also shed light on the nature of the emitter.

In this study of ®Fe + "Ag we present inclusive data
for both the fragments (Sec. III) and the particles (Sec.
IV), and we use these measurements (along with others in
the literature) to gain an overall view of the various reac-
tion mechanisms. The most informative applications of
the light-charged-particle probe arise from the require-
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ment of a coincidence trigger. In Sec. V we present re-
sults for “He and 'H in coincidence with heavy fragments
separated by atomic number (Z). This coincidence
trigger was used to emphasize two different reaction
mechanisms: the deeply inelastic reaction (DIR) and the
fusion-fission-like breakup (FF). By use of a reaction
simulation code along with these data, we determine the
overall abundance of prescission and postscission emis-
sion, and we obtain information about the lifetime of the
composite nucleus. In Sec. VI we show spectra for “He at
forward angles, also in coincidence with Z separated frag-
ments. These results provide distinctions between pre-
thermalization emission and near-scission emission of
“He. In Sec. VII we examine the input parameters used
in the reaction simulations. We compare their values to
those expected for a classical spherical emitter in an
effort to gain insight into the possible shapes of the vari-
ous emitters. The detailed results of our particle-particle
coincidence study? (and related deductions concerning
associations with evaporation residues) will be published
elsewhere.

II. EXPERIMENTAL METHOD

A beam of **Fe of 8.5 MeV/nucleon was obtained from
the Lawrence Berkeley Laboratory Super-HILAC. After
passing through circular and four-jaw collimators (=3
mm)’? the beam traversed a self-supporting "*'Ag target
foil of 904 pg/cm? and was collected in a Faraday cup.
Heavy fragments, ranging in atomic number from Z =7
to 45 were detected in gas ionization telescopes (GT’s) of
approximately 4 msr solid angle.?! The GT’s were posi-
tioned for coincidence measurements at two angles: 26°
(near the grazing angle of 23.5°) and 50° (well away from
the grazing angle). However, for singles measurements
the GT’s were also placed at additional angles to deter-
mine angular distributions of the fragments. Light-
charged particles were detected in four, three-member,
solid-state telescopes (SST’s), as well as in two ionization
telescopes or “wedge” detectors (gas AE and solid-state
E). Each of these wedge detectors consisted of five stop-
ping detectors in an arc, sharing a common gas AE sec-
tion.?? One of the side-angle SST’s was mounted out of
plane (60°), as was one of the wedge detectors (0° to 40°
out of plane).

Fourteen in-plane detector angles and ten out-of-plane
detector angles were used as shown in Fig. 1 to record
light-charged-particle coincidences. For simplicity, we
present coincidence data from only certain detector an-
gles, such as those especially indicated in Fig. 1. The oth-
er detectors provided corroborating data, but the essen-
tial results can be seen clearly from the chosen subset.
Fragment-particle coincidences were recorded, as well as
particle-particle coincidences between the SST’s and the
wedge detectors. Standard Nuclear Instrumentation
Modules (NIM) electronics were used to process the sig-
nals from the detectors; analog signals were digitized and
written on magnetic tape by a Modcomp IV computer for
subsequent off-line analysis. We report here on singles
measurements for light-charged particles and fragments
and coincidence measurements between fragments and
particles. Singles measurements were also recorded with
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FIG. 1. Schematic diagram of the detector setup for the reac-
tion 480 MeV *°Fe 4+ "Ag. In this configuration, fragments
were detected in a gas-ionization telescope (GT) at O;p=26".
For a second configuration Oty was set to 310° or —50°. Light-
charged particles were detected at the positions indicated by
closed circles. Note that only some of the representative detec-

" tors have been numbered for the sake of clarity. Detectors 1, 2,

24,13, 13 4, and 14 were solid-state telescopes (SST’s), the rest
were ionization chambers (“wedge” detectors). This diagram
takes advantage of the symmetry associated with two actual
fragment telescopes (at+26° and —26°). Hence each particle
detector is shown at two angles. The detector setup without use
of the symmetry conditions is shown in Fig. 1 of Ref. 6 (after
identical rotations of the two GT’s and side-angle SST’s).

gold and carbon targets of known thickness to determine
the Ag target thickness and to allow for a correction for
carbon impurities that deposit on the target. Energy cali-
brations for each silicon detector were obtained with ThB
sources, and a 2°2Cf source was used to measure the
pulse-height defect of the heavy-fragment detectors.?
Solid angles were determined from a calibrated 2*!Am
source as well as from geometric measurements.

III. FRAGMENT SINGLES

Heavy-fragment singles cross sections were measured
at several angles between 23° and 55°. Figure 2 compares
AE-E maps (26° and 50°) to Z-E maps as obtained by
transformation with a standard algorithm.?* Our atomic
number (Z) resolution is =3 units (FWHM). The ability
to identify heavier fragments deteriorates rapidly at the
more backward angles. At 26° we could classify three
fragment groups by Z, and at 50° we could still classify
two such fragment groups. Overlaid on Fig. 2 are the Z
gates we have used for the fragment coincidence studies
described below.

The horizontal band of fragments [Figs. 2(b) and 2(d)],
visible at both angles, corresponds to a projectile-like-
fragment (PLF) peak of Z =26 that persists at all mea-
sured angles and over a large range of fragment energies.
For strongly damped reactions with fragment energy less
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than 300 MeV, this peak is mainly attributed to the class
of reactions usually called deeply inelastic reactions DIR
(not distinguished from quasifission). The horizontal tail
of the PLF locus extending below 100 MeV is ascribed to
slit scattering of the beam; its low intensity in encourag-
ing. Figure 3 shows charge distributions of the strongly
damped fragments (100 < E,, <300 MeV) at 26° and
(70 < E,p, <300 MeV) at 50°. The PLF peak at Z~=26
can be seen at both angles. There is no experimental
technique to separate completely the fusion-fission frag-
ments from these DIR fragments. We have simply divid-
ed the observed cross section into two Z groups at each
angle: one group of dominance for fissionlike fragments
(29 < Z < 37) and another for which the DIR peak dom-
inates (21 <Z <29). For the data at 50° we make a
Gaussian fit (as shown in Fig. 3) and use it as described
below. At 26° it was possible to isolate a third group of
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FIG. 2. Contour maps of the response for heavy fragments in
the GT’s. Detection angle 6,,,=26"° is on the left (a) and (b), and
detection angle 6,,,=50" is on the right (c) and (d). On the top
(a) and (c) is the raw AE vs E in channel number, and on the
bottom (b) and (d) the same data have been translated into
atomic number, Z vs E in MeV. Overlaid on the maps are out-
lines of the gating conditions used to separate the DIR com-
ponents (21 < Z <29) from the FF components (29 < Z <37 and
37<Z <45).
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FIG. 3. Inclusive cross section vs atomic number for the

fragment trigger angles 26° and 50°. Note the DIR peak for
Z =26 at both angles. For the 50° data, a Gaussian has been fit
to the FF component.

fissionlike fragments (37 < Z <45) with Z values greater
than that for symmetric breakup.

For strongly damped fragments with (E,,;, <300 MeV
and 10 <Z <37), the inclusive cross sections are plotted
in Fig. 4 as a function of the average c.m. angle. Only the
fragments of Z less than that for symmetric breakup were
included. To avoid misidentification of Z, a low-energy
cutoff was used between 50 and 100 MeV (depending on
the angle). The angular distribution seems to be
significantly more forward peaked than a 1/sinf_ , dis-
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FIG. 4. Angular distribution of inclusive heavy fragments in
the c.m. Fragments were divided into small Z slices between
Z =13 and Z =37, converted into an average c.m. angle, and
then summed. The solid curve is for 1/siné_ ,, , and it was nor-
malized to the symmetric breakup component (FF) at
0. m. =~90°. The dashed curve (DIR) is obtained by subtracting
this component from the data.
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tribution which is also shown. It is interesting to note
that both the fissionlike fragments (29 < Z < 37) and the
DIR fragments (21 < Z <29) appear to show this steep
angular distribution in the first quadrant. Such steep an-
gular distributions have previously been observed for this
reaction,!” as well as for other reactions.?> If a complete-
ly equilibrated compound nucleus is formed and if the
system rotates many times, then it will lose all forward-
backward asymmetry; in this case the limiting angular
distribution is =~1/sinf_ . These requirements are ap-
parently not satisfied by the more strongly forward-
peaked fragments. To examine these fragments in more
detail, we have simulated the energy spectra of the Z
group 29-37 both at 26° and at 50°, using standard distri-
bution functions for binary fission (described in Ref. 26).
We find that the 26° data require an average total kinetic
energy (TKE) value that is =10% higher than that re-
quired for the 50° data. This implies that the fragments
in the 29 < Z <37 group, detected at 26°, which we have
labeled as fusion-fission-like events, must include a com-
ponent of higher TKE that is not completely damped.
From other studies in this mass and energy regime®”?® it
is reasonable to expect some “fuzziness” in the distinc-
tion between FF and DIR groups, if they are based only
on Z selection. This notion weakens the distinction be-
tween the “FF and DIR gates” used for our particle coin-
cidence studies, but by no means eliminates it.

To integrate the fragment cross sections, we have di-
vided the measured values, close to 90° in the c.m., into
FF and DIR contributions. At these angles (for the 50°
data, for example), the projectilelike peak has diminished,
and we estimate the fusion-fission yield by a Gaussian fit
to the Z distribution, as shown in Fig. 3. These best esti-
mates for the FF contributions for 70° <6, <100° are
then used to normalize the solid curve (1/sinf, , ) shown
in Fig. 4. From time-of-flight studies of similar systems??
and from the systematics of fission angular distributions®
we expect this FF component to exhibit a 1/sinf, ,, dis-
tribution; thus we have used this form to describe and in-
tegrate the FF contribution. By subtracting this com-
ponent from the measured cross sections at c.m. angles
less than 70°, we deduce the angular distribution for DIR
shown in Fig. 4. Integration of the 1/sinf_ , curve gives
us an estimate of 4541150 mb for the fusion fission. Nu-
merical integration of the dashed curve gives 8191300
mb; we assign this value to the DIR component. The
large error bars reflect our estimate of the uncertainty in
this general procedure. From the results of Ref. 28 for
the reactions °Fe + '2%!22Sn, we have estimated the
evaporation-residue (ER) cross section to be 240+75 mb
for %Fe + "Ag.

In the sharp-cutoff approximation, these values lead to
spin-zone divisions shown in Fig. 5 and summarized in
Table I. A large portion of the total reaction cross sec-
tion, as calculated in Ref. 30, seems to be comprised of
quasielastic reactions. Near the grazing angle we do ob-
serve many fragments with lab energy greater than 300
MeV, but, since relatively little kinetic energy is dissipat-
ed in these reactions, charged-particle coincidences were
found to be be minimal in the backward hemisphere. The
I values in Table I have rather large error bars because
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FIG. 5. Schematic diagram of the reaction cross section as a
function of entrance channel angular momentum /. The values
shown were deduced from the measured fragment cross sections
and systematics. (See Table I).

they are dependent on an ER cross section deduced from
systematics, as well as the division of fragment cross sec-
tions detailed above. Even with these uncertainties, it is
apparent that this reaction can produce very hot, high-
spin composite systems that exist for some fraction of a
rotation, or sometimes even several rotations, before
binary breakup occurs. In this study, we use light-
charged-particle spectra to reflect the extent of energy
equilibration and to probe the early existence of the
nuclear-collision complex.

IV. PARTICLE SINGLES

Light-charged particles ("*°H and *He) were measured
in the SST’s and *He was also measured in the wedge
detectors. (The isotopes of 'H were also recorded in the

TABLE 1. 480 MeV %Fe 4 1071097, 163.165T3* (E*~211
MeV): Inclusive cross sections and spin zones.

Heavy fragment groups and associated spin limits

O Reaction (mb)* 2694

L max () 218
Opr+ O pir (mb) 1273+330
Ipir (#) 163120
1o (#) 110+13
ogg (mb)® 240+75
lgr(#) 6418

Light-charged particles from evaporation®

o (*He) (mb) 1790+125
o (CH) (mb) 80420
o (H) (mb) 260+50
o ('H) (mb) 32054250

?From Ref. 30.

®Estimateq from Ref. 28.

‘o= 41rf (do/dQ)sinb, ,, d6. ., The forward-peaked com-
ponents are not included in the integration.
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wedge detectors, but the AE resolution and punch
through of the E detector made it impossible to
differentiate "%H or to measure the total energy.) The
angular distribution of “He is given in Fig. 6; numerical
integration using the backward-hemisphere data yields a
cross section of 1790+£125 mb. It is interesting to note
that the observed anisotropy for *He (in the backward
hemisphere) is very similar to that measured for the reac-
tion 337 MeV “°Ar + "*Ag.3 For that reaction, complete
angular distributions were also measured for LZ3H as
well. We use the angular distributions of 'H, ?H, and *H
from that study (they are nearly isotropic) along with our
data for 6,,,~60° to get integrated cross sections of
80£20 mb for *H, 260+50 mb for *H, and 3205+250 mb
for '"H. Note that for the 1513-mb cross section for the
strongly damped reactions (240 mb ER + 454 mb
FF + 819 mb DIR), we observe roughly 1.2 *He particles
and 2.1 'H particles per reaction. (Very few coincident
particles were observed for the weakly damped fragments
of E|,p, > 300 MeV.)

In Fig. 7 we present a representative display of *He sin-
gles spectra, plotted in the center-of-mass frame. We
note the similarity of spectral shape at all but the most
forward angles. To give further detail, we show in Fig. 8
a contour map of the invariant cross sections. At the
most backward angles there is a significant departure
from circles centered about the c.m. velocity. This could
arise from strong spin effects on a composite nuclear
emitter or from evaporative sources not traveling with
average velocity equal to that of the c.m. (e.g., from tar-
getlike fragment emission in DIR). All of the forward-
angle spectra show additional contributions to the cross
section due to preequilibrium process (not plotted in Fig.
8 but discussed below). In Fig. 9 we show angular distri-
butions of the alpha particles as a function of their chan-
nel energy. This plot shows that the high-energy a’s ex-
hibit the strongest backward peaking, as would be expect-
ed for a spin-driven anisotropy from a composite nuclear
emitter. This feature can also be expected for emission
from fission fragments.

All of these data suggest that there might be a
significant amount of emission from the composite nu-
cleus. However, as we have noted, there are other reac-
tion mechanisms that can also contribute to the produc-
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FIG. 6. Measured c.m. angular distribution for inclusive ‘He.
The solid curve is a symmetric fit to the backward hemisphere
data. Integration of this component gives 1790125 mb.
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tion of light-charged particles. In the next section we use
fragment-particle coincidences along with a reaction
simulation code to determine the division of particles ac-
cording to source, i.e., between the composite nuclear
system and the fully accelerated fragments.

V. FRAGMENT-PARTICLE COINCIDENCES AND
REACTION SIMULATION ANALYSIS

Nuclear evaporation is a well-formulated, statistically
determined mechanism for producing light-charged parti-
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FIG. 7. Typical c.m. spectra for inclusive *He at several an-
gles. Note the similarity in spectral shape for the backward-
angle detectors.
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cles (reviewed in Refs. 18, 19 and 31). Such evaporative
emission exhibits cylindrical symmetry about the spin
axis of the emitter, and is controlled by the transmission
coefficient T, for each exit-channel / wave and the level
density [p(E*,J)] of the daughter nucleus. However,
even for a single compound nucleus with a unique excita-
tion energy (E*) and spin (Jy), it is difficult to write an ex-
act analytic equation for the energy spectra of the eva-
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FIG. 9. Measured c.m. angular distributions of inclusive *He
particles for various channel energy bins. The total inclusive
*He distribution is given at the top for reference.

porated particles.! We have developed a Monte Carlo re-
action simulation code GANES to describe these spectra
and angular distributions from evaporation theory, along
with the kinematic shifts associated with the velocity
spectra of the emitters (e.g., the fission of DIR fragments
and the composite nuclei). A complete description of the
program may be found in Ref. 26. The basic objective of
this reaction simulation is to calculate the laboratory
spectra for evaporative emission from each possible emit-
ting nucleus. Briefly, the program performs the repetitive
addition of vectors after taking into account the various
physical effects that control the intrinsic evaporation
spectra. Among these are barrier penetration, magnitude
and orientation of the emitter spin, recoil effects, and the
angular, energy, and mass distributions of the FF and
DIR fragments,'7»2%32—34

The inclusion of these physical ingredients results in a
rather elaborate description of the particle spectra, how-
ever, the major features of the calculated spectra are
often simply due to the kinematics, i.e., the vector addi-
tion of emitter and particle velocities. As a result, the
selection of parameters is, in some cases, not very crucial.
For example, in the *Fe + "'Ag system simulated here,
the emission of particles from the fragments is dominated
by the fragment velocity vectors and the associated Jaco-
bians. By contrast, for simulation of particle evaporation
from the composite system (of unique velocity), the
effects of spin and excitation energy of the composite nu-
cleus are also very important for the calculated spectra.

Figure 10 shows “He particle spectra in coincidence
with one group of the fusion-fission-like fragments at 26°.
Only fragments with 29 <Z <37 were selected for this
coincidence gate. Seven representative energy spectra are
displayed, circling the backward hemisphere, where
evaporative processes are expected to dominate. The po-
sitions of the particle detectors are marked on the central
velocity diagram, together with the velocity of the
center-of-mass system and the average velocity of each
fragment. The energy, mass, and angular distributions of
the detected fragments have been matched in the GANES
simulation, and properties of the complementary frag-
ment vectors have been calculated from two-body kine-
matics, including recoil effects from particle evaporation.
On the central velocity diagram, the solid and dashed
curves represent the average “He emission velocity from
each of three sources; one circle is large and centered on
V.m.» representing composite nuclear emission (CE),
while smaller circles are centered on each of the average
fragment velocities, representing fragment emission (FE).
The results of the simulation are shown as thin solid (CE)
and dashed (FE) curves overlaid on the particle histo-
grams; thick solid curves give their sum.

It can be seen immediately from the vector diagram
that this particular coincidence trigger would strongly
disfavor the production of “He in detector No. 3 from ei-
ther of the fragments. The average velocity of “He parti-
cles from the heavier fragment barely clears the experi-
mental threshold of the detector, which is represented by
the end of the detector bar. Only the high-energy fringe
of the fragment evaporation could reach this detector.
However, evaporative “He from a high-Z source moving
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at V. would populate the energy region well above the
threshold of the detector, close to the experimentally ob-
served average energy of 10 MeV. Thus the high-energy
side of the experimental spectrum from position No. 3
can be used to normalize the simulation for composite
nuclear emission. This normalization fixes the CE contri-
bution in every other detector, as given by the simulation.
It can be seen that a major part of all the spectra can be
accounted for by this composite nucleus emitter. At side
angles, however, especially on the opposite side of the
beam from the trigger detector, there are other com-
ponents identifiable as excess cross section not accounted
for by the CE simulation. Just as one detector can fix the
CE component, any of the sideward angle detectors, after
subtraction of the CE contribution, can fix the contribu-
tion from the respective fissionlike fragments. Once the
amount is fixed from one detector, the calculated angular
distribution fixes all of the FE contributions from that
fragment.

Figure 10 shows our best fit to the data from these
simulations of CE and FE. The parameters used in the
simulation will be discussed in Sec. VII. Finally, the
simulation integrates over all space (47) (using the rela-
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FIG. 10. Fragment-particle coincidence spectra (histograms)
at several angles overlaid by reaction simulations (curves).
Spectra for “He are plotted in units of differential multiplicity.
The velocity diagram in the center identifies the detectors by
number as in Fig. 1, and shows the average velocity for a *He
particle emitted from three sources: the composite nuclear
emitter (CE, thin solid line), the lighter fragment, and the
heavier fragment emitters (FE, short- and long-dashed lines).
This convention is also used for the calculated spectra. The
summed spectrum from all three sources is represented by a
thick solid line. A few error bars are also shown. Arrows in the
velocity diagram represent the average measured velocity for
the detected and undetected fragments and the c.m. velocity.
The trigger fragments here are predominantly from fusion-
fission-like reactions FF with 29 <Z <37. The experimental
thresholds are represented by the crossbar closest to the origin
for each detector.
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tive normalizations obtained here) to obtain the multipli-
cities of both CE and FE. The same procedure was fol-
lowed (with essentially the same results) for the heavier
fragments (37 < Z < 45) for the trigger at 26° (see Fig. 11).
The experimental multiplicities for the fusion-fission-like
group, as determined by this method are 0.56 for CE,
0.40 for FE, and 0.96 for their sum. These values are list-
ed in Table II along with all the other multiplicities
determined in this study. In the following paragraphs we
comment in some detail on each separate determination.

Figure 12 shows *He spectra for coincidences with
deeply inelastic reaction products. As the projectilelike
fragment (PLF) is light, its velocity is large, while its
complement, the targetlike fragment (TLF), has a rather
small velocity vector. Again, the high-energy side of the
spectrum from position No. 3 serves to fix the extent of
CE contribution, as *He emitted from the fragments will
be very unlikely at that angle. If one assigns a smaller
CE contribution, there will be a lot of unaccounted-for
cross section in most of the detectors. It would not be
possible, for example, to account for the spectrum in
detector No. 3 by any amount of FE alone. As men-
tioned in the Introduction, we have made measurements
at 14 in-plane detector angles, all of which were used in
this process; only seven are displayed here. In Fig. 12 it
can be seen that the contribution from the fragments (FE)
is as large as (if not larger than) the contribution from the
composite nuclear emitter (CE). The ratio determined
for this coincidence gate corresponds to an overall abun-
dance of approximately 40% CE and 60% FE. This is a
reversal of the ratio observed for the fission-fragment-like
gate. The experimentally determined (or best-fit) multi-
plicities for the DIR gate at 26° are 0.26 for CE, 0.16 for
PLF, 0.30 for TLF, and 0.72 for their sum.

We interpret the difference in CE multiplicities, from
FF to DIR triggers, as mainly due to the respective life-
times of the composite nuclear emitters. For deeply in-
elastic reactions detected at 26°, the amount of time avail-
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FIG. 11. Same as Fig. 10, except for FF trigger fragments of
37<Z <45, Org =26".
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TABLE II. 480 MeV *Fe + "'Ag: Measured cross sections and multiplicities from fragment-
particle coincidences.*®

Mce Mcg,o0 Mg Mggo OcetOFg
(mb) (mb) (mb)
Fragment-detection angle, 6yg =26°
FF-a 0.56 254188 0.40 182+63 4361108
DIR-a 0.26 213+68 0.16 + 0.30° 377121 590+139
FF-p 0.81 368+142 1.35 613+237 981+276
DIR-p 0.35 2871105 0.45+0.86° 1073£392 1360406
Fragment-detection angle, Org =50°
FF-a 0.45 204+70 0.39 177+61 381+93
DIR-a 0.60 491+158 0.19+0.32° 4181134 9091207
FF-p 0.99 449+173 1.29 5861226 1035+285
DIR-p 0.65 532+194 0.63+1.01° 13431490 1875527
ER-a 3.24 775213 775213
ER-p 4.3¢ 10221490 1022490

2M notes particle multiplicity; o denotes the cross section for a given reaction type (ER, FF, or DIR);
the product Mo denotes the angle-integrated cross section for particles associated with a given reaction
type. The uncertainty of the particle multiplicities is estimated to be +10% for *“He and +20% for 'H.
"The data used here for *He are more extensive than those available in Ref. 10. They have lower
thresholds and greater angular coverage. The qualitative conclusions of that study are not changed, but
the multiplicity values cited should be updated by this work.

‘The FE multiplicities for the DIR group are broken into two components: a projectilelike fragment
contribution listed first, and a targetlike fragment contribution. Only the TLF contributions are con-
sidered for the calculation of the ER multiplicities.

4For determination of the ER multiplicities the contributions from FF and DIR were subtracted from
the evaporative singles observed at back angles. See Table I for these values as well as the ER cross sec-
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tion. An average FF and DIR multiplicity from both trigger angles was used.

able for the composite system to emit “He, prior to scis-
sion, must necessarily be less than or near to one rotation
period for the dinuclear system. For the more central
collisions, leading to fissionlike breakup, one expects a
larger time for more extensive particle exchanges, al-
though this process is also expected to take place rapidly.

480 MeV %6Fe+"Ag— FRAGMENT (26° 21<2<29) +*He
10 2'0 10 2'0 19 20 19 2'0 19 2'0

NOT R @] ®

1073

1073
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FIG. 12. Same as Fig. 10, except for DIR trigger fragments
of 21 < Z <29, O =26".

Indeed, some of the very central collisions will produce
evaporation residues (ER’s) for which the only possibility
is composite nuclear emission. It must be noted that in
Figs. 10-14 a coincident fragment was required, thus
eliminating the ER contribution.

What happens if we select and study those composite
nuclear systems that survived for a longer period of time
before scission? For this purpose we have changed the
trigger angle for the fragment and measured the effect on
particle multiplicity. By detecting DIR products at 50°,
well beyond the grazing angle, we have required the dinu-
clear system to stay together longer. Figure 3 confirms
that DIR products still exist at 50° even in the form of an
identifiable peak in Z. Using these fragments
(21 < Z <29) as a coincidence gate, we obtain the spectra
in Fig. 13. For this configuration detector Nos. 5, 7, and
9 emphasize CE while Nos. 2 and 13 emphasize FE. The
best-fit multiplicities for the DIR gate at 50° are 0.60 for
CE, 0.19 for PLF, 0.32 for TLF, and 1.11 for their sum.

The CE multiplicity has increased about twofold com-
pared to that at 26°. We interpet this observation to
mean that the amount of prescission evaporation is
indeed sensitive to the lifetime of the composite system.
By requiring the scission axis for the DIR fragments to
rotate more extensively (50° versus 26° trigger) we have
presumably excluded those events where the dinuclear
system lives only briefly before the projectilelike fragment
breaks away near to the grazing angle. The projectilelike
fragments which were detected far away from this graz-
ing angle must have spent longer, on average, in the dinu-
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FIG. 13. Same as Fig. 10 except for DIR trigger fragments of
21<Z <29, 6;g=50°. In this configuration detectors 2 and 13
are located at 80° and 304° (—56°), respectively.

clear complex before scission. The FE contributions for
those coincident fragments detected at 50° are rather
close to those obtained at 26°. The data for the fusion-
fission-like group at 50° are also very similar to the corre-
sponding results at 26° (see Fig. 14). The ratio is once
again about 60% CE to 40% FE, and the multiplicities
for the FF gate at 50° are 0.45 for CE, 0.39 for FE, and
0.84 for their sum. Therefore, it seems that the change of
trigger angle (26° to 50°) has not effected any distinction
of the reaction processes associated with the FF trigger
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480 MeV 56Fe +M9%Ag — FRAGMENT (50° 29<Z<37) +*He
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FIG. 14. Same as Figs. 10 and 13, except for FF trigger frag-
ments of 29 < Z < 37, Og =50°.

(i.e., 29 < Z <37).

We have also recorded proton spectra (in the SST’s at
sideward angles) in coincidence with fragments at the
same trigger angles; results for a similar analysis are
shown in Figs. 15 and 16. These figures show spectra
from two in-plane and two out-of-plane detectors, for
each coincident fragment group. The deeply inelastic
fragment trigger (21 <Z <29) is on the left, and the
fusion-fission-like fragment triggers (29<Z <37 and
37<Z <45) are on the right. The velocity diagrams
shown in Figs. 10, 11, and 12 (13 and 14) for *“He are ap-

480 MeV %8Fe + "IAg — FRAGMENT (26°) + 'H
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FIG. 15. Same as Fig. 10, except that these spectra are for protons in coincidence with (a) DIR fragments (21 < Z <29), (b) FF
fragments (29 < Z < 37), (c) FF fragments (37 < Z < 45). The fragments were detected at 26° in the lab. Note that detectors 24 and
13 A are out of plane as shown in Fig. 1.
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480 MeV 2°Fe+"%'Ag — FRAGMENT (50°)+'H
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FIG. 16. Same as Fig. 10, except that these spectra are for
protons in coincidence with (a) DIR (21 <Z <29) and (b) FF
(29 <Z <37). The fragments were detected at 50° in the lab.
For in-plane detector angles, see Fig. 13.

proximately the same for the 'H spectra in Fig. 15 (Fig.
16). The major difference is a slightly enlarged particle
velocity circle centered on each source. The low-energy
“shoulder” in the experimental data for detector No. 2
gives a good point of normalization for the proton multi-
plicity of the undetected fragment for each coincidence
gate. Next we subtract this component from the spec-
trum of detector No. 13, in order to fix the contribution
for the composite nuclear system. Now we return to
detector No. 2; by subtracting the calculated abundance
of CE at this angle, we determine the '"H multiplicity for
the detected fragment. This procedure is simply an ab-
breviation of that used for *He particle coincidences; in
that case there were several other detector angles that
were used to verify each normalization. Accordingly, we
assign a larger uncertainty for the proton multiplicities
(=~20%) than for the *He multiplicities (< 10%). The re-
sulting multiplicities are given in Table II.

There are several interesting features of the proton
data. First, the DIR reactions (6yg =26°) have a lower
CE multiplicity for 'H than do the FF reactions. Second-
ly, the increase of My for trigger angle change from 26°
to 50° (for the DIR coincidences) is very similar to that
observed for *He. These features for the protons confirm
the notion that prescission evaporation is sensitive to the
lifetime of the composite system. The major difference in
the observed 'H multiplicities is for the postscission eva-
poration. While the CE multiplities for '"H and *He are
very similar, the FE multiplicities are decidedly greater
for '"H. Approximately 60% and 80% of the protons are
emitted after scission for FF and DIR reactions, respec-
tively (for 635 =26°); for alphas these percentages are
40% and 60% for FF and DIR.

In Table II results are summarized for all the
fragment-particle multiplicities, as well as those for the
ER’s. Note that the FF and DIR multiplicities in Table
II result from the analysis detailed above. The

evaporation-residue multiplicities are deduced by sub-
tracting the cross sections for particles in coincidence
with fragments from the inclusive cross sections listed in
Table I. It is clear that the ER’s play an important role
in particle production; between 30% and 40% of the
total-particle cross section arises from these most central
collisions. More discussion of this subject is left for a
companion paper that emphasizes the particle-particle
coincidences.®

Figures 17 and 18 show spectra for the “He particles
detected between 40° and 60° out of plane in coincidence
with FF and DIR fragments. Their relative positions are

480 MeV 3Fe +N0'Ag — FRAGMENT (26°) + “He
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FIG. 17. Fragment-particle coincidence spectra for *He par-
ticles detected out of plane with respect to the detected frag-
ment at 26°. The description is the same as in Fig. 10, except
here the trigger fragments are (a) DIR fragments (21 < Z < 29),
(b) FF fragments (29 <Z <37), (c) FF fragments (37 < Z < 45).
The detector positions are shown in Fig. 1.
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480 MeV 56Fe +NAg— FRAGMENT (50°)+*He
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FIG. 18. Fragment-particle coincidence spectra for *‘He par-
ticles detected out of plane with respect to the trigger fragment
at 50°. The description is the same as in Fig. 10, except here the
coincident fragments are (a) DIR fragments (21 < Z <29), and
(b) FF fragments (29 < Z < 37). For in-plane detector angles, see
Fig. 13.

shown in Fig. 1. Since the detection of a fragment at ei-
ther 26° or 50° defines a horizontal reaction plane, these
out-of-plane detectors are expected to be the most sensi-
tive to effects of the spin of the emitters (although the in-
plane angular distribution is also somewhat sensitive to
spin effects). Note that, in general, the “fit” to the data is
quite good for the particle spectra displayed in Figs.
10-18. For certain out-of-plane detectors, however,
there is a noticeable underprediction of the cross section
at low energies (e.g., detector 2 4). These discrepancies
are discussed in the next two sections.

VI. PRETHEMALIZATION EMISSION (PTE) AND
NEAR-SCISSION EMISSION (NSE)

Our analysis so far has attempted to ascribe evapora-
tive emission to one of three possible sources: a detected
fragment, an undetected fragment, and the composite
system prior to scission. Recently there have been many
attempts to refine our understanding of these sources, as
well as to identify several other sources.!!"12:16:36-39 1,
this reaction, we also recorded fragment-alpha-particle
coincidences at 10° in the laboratory, on either side of the
beam (i.e., detectors 1 and 14), and we use these detectors
to demonstrate the presence of two other mechanisms for
*He particle production. The data presented in Figs. 19
and 20 for which the trigger fragments were detected at
26° and 50°, respectively. Spectra for the “He in coin-
cidence with various fragment groups are displayed along
with appropriate velocity diagrams. The sum of the eva-
poration simulations for these angles (as determined by
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FIG. 19. Spectra of “He particles detected at 0,,,= + 10° and
0= —10° in coincidence with fragments at + 50° (light histo-
grams). The smooth curves represent the sum of the evapora-
tive components; their relative normalizations were determined
by the other detectors. The dark histogram results from sub-
traction of these evaporative components from the experimental
spectra.

their normalizations at backward angles) are overlaid on
the experimental histograms, and the heavy histograms
result from subtraction of these evaporative components
from the data.

It is clear that, after this subtraction, there is still a
large amount of unaccounted-for cross section. It is in-
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M T 21<2<29 DIR N -

T T

1072

103

102

1073

(d*M/dQqd€q),  (sr-MeV)™

26 a0 60

€, ub(MeV)

FIG. 20. Spectra of “He particles detected at 6,,,= + 10° and
0= —10° in coincidence with fragments at + 50° (light histo-
grams). The smooth curves represent the sum of the evapora-
tive components; their relative normalizations were determined
by the other detectors. The dark histogram results from sub-
traction of these evaporative components from the experimental
spectra.
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teresting that this excess can be divided into two distinct
components, at low and high energy (for all but one spec-
trum). We label as prethermalization emission (PTE)
that portion of the unaccounted-for cross section that is
centered about 60 MeV. These particles presumably arise
from nonevaporative processes that involve collisions
within a subset of nucleons during the early stages of the
reaction. This fast PTE component is strongly forward
peaked and presumably insensitive to the slower evapora-
tive processes that follow.>!' The low-energy portion of
the unaccounted-for cross section is centered at about 30
MeV, an energy lower than most of the evaporative com-
ponents at these angles. This contribution we label as
near-scission emission (NSE) because of its low energy
and its angular dependence. The partial multiplicity of
these types of emission (i.e., the multiplicity detected at
+10° and —10°) is given in Table III for each coincident
fragment group.

In Fig. 19, in contrast to a recent report,*’ we see no
left-right asymmetry for PTE. There is, however, rough-
ly twice as much PTE in coincidence with the deeply in-
elastic fragment group, compared to the fusion-fission-
like groups at 26°. This indicates a sensitivity of these
fast particles to the entrance channel spin (and hence the
impact parameter). This difference is reduced for the 50°
trigger, and suggests that at this trigger angle three may
not be as clear distinction of the entrance channel spin
range (compared to 26°). This notion can also help ex-
plain why the 50° trigger multiplicities for the evapora-
tive component (Table II) are so similar, regardless of the
Z group of the trigger fragment.

Figure 19 does show a clear left-right asymmetry for
the NSE (61g=26°). Furthermore, this asymmetry
strengthens as the charge of the detected fragment de-
creases. For the DIR fragments the value of the ratio
[M \sg (left)/ M ysg (right)] is about five. For the higher FF
fragments, this ratio is =3.5. For the heavier FF frag-
ments, this ratio is =~1.1. This trend can be correlated
with the angle with respect to the scission axis. By
triggering with each fragment group, one can tilt the scis-

TABLE III. Differential multiplicities of *He at 10° for
near-scission emission (NSE) and prethermalization emission
(PTE).**

Bap=—10°
NSE PTE

9Iab: + 10°

Z gate NSE PTE

Fragment detection angle O1g =26°

21<Z <29 DIR: 0.058 0.069 0.012 0.062

29<Z <37 FF: 0.034 0.033 0.010 0.034

37<Z <45 FF: 0.036 0.035 0.028 0.035
Fragment detection angle, g =50°

21<Z <29 DIR: 0.099 0.077 0.084 0.043

29<Z <37 FF: 0.055 0.064 0.057 0.039

*These are partial multiplicities (i.e., multiplicities for detection
at this particular angle only, not angle-integrated multiplicities).
The uncertainty of the particle multiplicities is estimated to be
+10%.

®See Figs. 19 and 20.
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sion axis differently for each case. For detector 1, there is
an angle of ~38° with respect to the scission axis of an
average DIR fragment (21 <Z <29). For the heavier FF
fragments (37 < Z <45), this angle is increased to ~50°.
Obviously, these NSE particles are very sensitive to the
Coulomb fields of the accelerating fragments. In Fig. 20,
where the trigger fragment was detected at 50°, both of
the forward detectors are roughly perpendicular to the
scission axis, and indeed there is no significant left-right
asymmetry in the data.

These NSE particles have lower energies than expected
for evaporation from a composite nucleus, and they ex-
hibit a dependence on angle with respect to the scission
axis. Hence we suggest that they are emitted near or at
the time of scission of the composite system.’”3® Since
evaporative particles are observed from the composite
system prior to scission and from the fully accelerated
fragments after scission, it is only natural to expect a con-
tinuum of emissions extending throughout the scission
process. This effect has been observed recently in other
systems,'®* where extensive angular coverage allowed
many angles for observation of this emission. The large
forward velocity of the center of mass for this system pre-
cludes observation of NSE in most of the backward-angle
detectors, as its average energy falls near or below the
detector thresholds. However, for the out-of-plane
sideward-angle detector labeled 2 4, we do see an excess
of *He particles between the evaporative component from
the composite system and the fragment emission at lower
energy.

VII. PARAMETERS USED IN THE SIMULATION AND
THEIR IMPLICATIONS

As discussed in Sec. V, the backward-angle *He spectra
can be almost entirely accounted for by an appropriate
combination of composite nuclear emission and fragment
emission. It is important to realize that these data have
not been fit at each angle independently, but rather, once
the quantities of CE and FE have been determined for
one detector, the simulation is fixed at all angles simul-
taneously. This provides very strong constraints and,
therefore, gives support to the multiplicities we infer. But
we must also understand that certain parameters have
been adjusted in our reaction simulation in order to ob-
tain this “best fit” to the data.

We begin our analysis by using measured-fragment
cross sections to deduce the range of / values (or spin
zone) associated with each trigger fragment group. As
indicated in Fig. 5, the evaporation-residue cross section
corresponds to an /g of approximately 64#. The fusion-
fission spin zone ranges from this value of /gy to an [,
of approximately 1107, and the deeply inelastic reaction
zone lies between /;, and an I value of approximately
1637%. These numbers have rather large uncertainties, but
give reasonable bounds for the various spin zones. In
GANES we use these spin ranges, along with a sharp cutoff
triangular distribution, and we begin with simulated eva-
poration from spherical nuclei.

For fragment emission (FE), the most important pa-
rameter is the detection angle of the particle with respect
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to the velocity vector of the fragment. Since we have a
clear identification of fragments by their atomic number
(and hence the approximate mass), and we lie well within
the energy domain governed by two-body kinematics,
there is very little uncertainty associated with the veloci-
ty vectors for each fragment. Even major changes in the
entrance channel angular momentum (J,) and excitation
energy (E*) have rather little effect on the final particle
emission from these fragments. This is true because each
fragment retains only a small fraction of the initial intrin-
sic spin along with a fraction of the initial excitation en-
ergy. Thus, in all our simulations of ‘He evaporation
from the fragments (FE), we have not adjusted any pa-
rameters, and we use the default prescription given by the
physics included in the program. (For details see Ref.
26).

For composite nuclear emission (CE), however, there is
a great deal of sensitivity of the simulated spectra to the
initial spin, excitation energy, and particle evaporation
barrier.! As has been shown in previous studies,>124>4
if one chooses an average spherical nuclear emitter,
without modifying the spin, temperature, or barrier, we
cannot fit the experimental spectra. We can obtain a
good fit to the data only if we adjust the properties of the
composite nucleus (i.e., its emission barrier and excitation
energy). For “He and 'H, between 20% and 40% of the
initial excitation energy must be lost, which is not
surprising since GANES only considers equivalent one-
step emission of particles. This fraction of the excitation
energy could have been carried away by neutrons (and
possibly other charged particles), or it could be tied up in
deformation energy. More interesting is the difference
between the observed evaporation barriers (needed to fit
the in-plane data) and the empirical fusion barriers. Bar-
rier reductions are expected, due to thermal expansion of
the nuclear surface. As calculated by Chen et al.** the
reductions are only several tenths of an MeV. Here, if we
use a spherical emitter, we must use barriers that are
~40% smaller than those for fusion; this very large
reduction could suggest extensive deformation.

We have explored the possible role of nuclear deforma-
tion by modifying the GANES program to simulate eva-
poration from deformed nuclei. (See Ref. 41 for a com-
plete description.) We have used Cassinian oval shapes
and the nuclear Coulomb potential scheme developed by
Pashkevich*® and Carjan and Leroux.*” Small changes
were made in the Woods-Saxon nuclear potential in order
to match the empirical fusion barriers between near-
spherical nuclei.*> Particle trajectories were approximat-
ed by Rutherford hyperbolas (for point charges)."”
Transmission coefficients were calculated for the particu-
lar barrier corresponding’to the intersection of each hy-
perbola with the nuclear surface of the emitter. Orienta-
tion of the symmetry axis of the emitter nucleus was
weighted according to the standard theory for fission an-
gular distributions.?’

In this model for evaporation from a deformed nu-
cleus, there are two aspects of the deformation (charac-
terized by a single Cassinian shape parameter) that cause
a reduction in the energies of in-plane evaporated parti-
cles (compared to spheres). (a) The barrier seen by parti-
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cles emitted from the tip of the elongated axis is reduced.
(b) The moment of inertia is increased, and hence the ro-
tational spin-off velocities are reduced. In this model the
evaporation barriers are not free parameters; the spec-
trum of barriers is specified by the nuclear shape. Thus,
only the shape parameter [or the corresponding axis ratio
(b /a)] is free for adjustment.

The simulations (Figs. 10-20) for composite nuclear
emitters were all calculated for heavily deformed nuclei.
Only by using a Cassini deformation parameter of 0.7 to
0.8 [axis ratio (b/a) of 2.4 to 3.0] were the evaporation
energies of *He and 'H sufficiently reduced to produce
the good fits shown. Values of the statistical-model pa-
rameters used for the composite nuclei are listed in Table
Iv.

We have been able to account for many of the observed
features (spectral shape and angular distributions) of the
light-charged particles by invoking a deformed
emitter. It is instructive to note where the simulation
would fail (for CE) if spherical nuclei were used. For de-
formed emitters, the emission barrier is greatly reduced

TABLE IV. 480 MeV *Fe + "'Ag: statistical-model param-
eters used for composite nuclear emitters.

Fusion-fission-like Deeply inelastic

Joms (A1) 95 147
g 0.70 0.80
(b/a)® 2.38 3.00
F/F 1.90 2.34
F/F 0.58 0.54
B2, (MeV)d 18.6 18.4
B2, (MeV)? 14.7 14.2
Biion(MeV)® 18.5 18.5
B?. . (MeV)! 9.6 9.5
B2, (MeV)¢ 7.6 7.4
B2gon(MeV )¢ 10.0 10.0
(FEL)*f 0.2 0.2
(FEL)”?f 0.4 0.4
T(a) (MeV)# 3.2 3.0
7(p) (MeV)® 2.7 2.5

?Root-mean-square spin of the emitter.

Cassini deformation parameter € and associated axis ratio
(b /a) of the deformed daughter nucleus.

‘Moment of inertia perpendicular (parallel) to the symmetry
axis compared to that of a sphere. These values are derived
from the value selected for €.

9Barrier height for particle emission at the waist (max) or at the
tips (min) of the prolate spheroid (values dependent on €). The
average effective evaporation barrier is about Bmi“+(%)( B .
— B i), substantially smaller than Bigq,-

“Empirical fusion barriers for fusion between cold nuclei (Ref.
45), corrected for thermal expansion (Ref. 44).

fFractional excitation energy lost (FEL) to particle emission (or
deformation) prior to the average particle emission.

8Mean temperature of the daughter nucleus. These values also
reflect the selected ( FEL ) values above.
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near the long axis of the nucleus, the detection of a frag-
ment in plane selects those reactions with spin axes per-
pendicular to the plane. Thus, the in-plane evaporation
energies are reduced. Out-of-plane evaporation energies
are enhanced as these particles are emitted predominant-
ly near the short axis (or waist) of the deformed nucleus,
where the barrier is as high or higher than for a spherical
nucleus. Experimentally, as can be seen in Figs. 17 and
18 (for “He) and Figs. 15 and 16 (for 'H), the high-energy,
out-of-plane particles prefer the higher barriers that come
from the deformed composite emitter. Also, the out-of-
plane anisotropy predicted by the simulation is largely
controlled by the moment of inertia and the spin of the
emitter. For spherical nuclei the spin-off effect and the
related out-of-plane anisotropy is much greater than ac-
tually observed.>!?

Is it reasonable to invoke shape distentions correspond-
ing to more than a 2-to-1 axis ratio? Recall that we are
considering only the CE process, i.e., the evaporative par-
ticles that are emitted prior to scission. We know that
there is substantial CE emission, even for DIR reactions
where the dinuclear system remembers its entrance chan-
nel mass asymmetry. There is also substantial particle
emission from the excited fragments after scission. There
is even some emission near to the time of scission. Thus,
we must accept a continuum of particle evaporation
times, beginning at the very earliest stages of the nuclear
reaction and continuing through the deexcitation of the
reaction products. Our ability to fit the data with a large
static deformation may simply reflect an average defor-
mation for a dynamic composite system enroute toward
breakup. Some particles may be emitted from a compact
composite system, and other from a very elongated sys-
tem; the resultant evaporation spectra may possibly be
best approximated by a large static deformation.

From phase-space considerations alone, it is nearly im-
possible to explain why so many light-charged particles
are emitted prior to scission. Our data indicate that
thermalization of the nuclear matter precedes the fission
process and that particle evaporation is a competing pro-
cess from the very beginning of the reaction. A number
of other studies have also come to this conclusion.*® One
can use this evaporative component to study and charac-
terize these early stages of the nuclear reaction. In fact,
the dramatic change of the CE multiplicities (a factor of
~2) for DIR versus FF triggers (0g =26°) suggests a
method of comparing the lifetimes of dinuclear systems
prior to scission in deeply inelastic reactions to that of a
more completely fused system prior to fission.

VIII. CONCLUSIONS

Fragment-particle coincidence studies allow us to iden-
tify several sources of evaporated charged particles in the
reaction 480 MeV *°Fe + "'Ag. We find that a large
number of evaporated particles (between 30% and 40%)
are not in coincidence with any fragments and must,
therefore, be associated with evaporation residues. For
those particles that are detected in coincidence with a
heavy fragment a surprisingly large percentage are eva-
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porated prior to scission. For fusion-fission-like reac-
tions, approximately 60% of the “He and 40% of the 'H
is emitted prior to scission. For deeply inelastic reac-
tions, we find a dependence of the evaporation probability
on the trigger angle of the coincident fragments. From
O61r =26° (close to the grazing angle) to Og =50° we find
an increase from =~ to =~ for the prescission evapora-
tion multiplicities of both “He and 'H. At 50° (well out-
side the grazing angle) little difference is found between
the multiplicities for fusion-fission-like and deeply
inelastic-reaction events.

The observation of prescission evaporation from these
high-spin systems indicates that thermalization and sub-
sequent particle evaporation must occur very rapidly.
Differences in these prescission multiplicities for reaction
class (FF versus DIR) and trigger angle (26° versus 50°)
suggest that this evaporation is sensitive to the lifetime of
the composite emitter. This trigger-angle dependence
can also explain some of the different findings reported in
the literature over the years. Experimenters who have
selected coincident DIR fragments near or inside the
grazing angle are likely to sample much faster processes
than those who trigger well outside the grazing angle.
The amount of CE emission seems to be significantly
smaller for this small-angle trigger.

From fits to spectral shapes and angular distributions
we find that the best choice of shape for a composite nu-
clear emitter is one with a large deformation. In-plane
barrier lowerings require large deformations [2.4 < (b /a)
<3.0], well beyond any reasonable saddle-point
configuration for this system. The out-of-plane anisotro-
pies and spectra support the need for a deformed com-
posite emitter. These deformations are rationalized by
considering them to be only a static representation of an
ensemble of dynamically deforming systems that range
from spherical to highly distended.

The combination of three evaporative sources—a
detected fragment, an undetected fragment, and a com-
posite nuclear emitter—account for most of the light
particles observed in coincidence with fragments. In the
forward hemisphere two additional mechanisms have
been identified: prethermalization emission (PTE) and
near-scission emission (NSE). More PTE is seen at 10° in
coincidence with the less central DIR events (roughly
twice as much for 6;3=26°). The NSE is found to be
sensitive to the direction of the scission axis. Its center-
of-mass emission velocity is well below that for composite
nucleus evaporation. In summary, we have determined
the principal sources of light charged particles and their
mechanistic properties for the reaction 480 MeV
561_-;e + natAg_
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