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Light charged particles from the reactions 247 and 337 MeV “°Ar + "*Ag have been measured in
singles and in coincidence with fission-like products. Most of the 'H and *He in coincidence with
fusion-fission and quasifission can be accounted for by evaporation from the composite nucleus or
by the fragments. Multiplicities are determined for 'H and *He in association with evaporation resi-
dues, fusion-fission, and quasifission. The probability for composite nucleus emission decreases with
increasing spin zone of the emitter and gives a view of the role of emitter lifetime. The ratio of
composite-nucleus multiplicities for quasifission/fusion-fission is about 1 (1) for 337 MeV “°Ar (247
MeV “°Ar) which implies a similar ratio for the lifetimes of the respective composite nuclei between
thermalization and scission. Energy spectra and angular distributions of particles (in coincidence
with fusion-fission and quasifission) are consistent with emission from a strongly distorted nuclear
system en route toward scission. Prethermalization emission of “He is observed at 10° in compara-
ble amounts for peripheral collisions (quasifission and fusion-fission) and for central collisions.

I. INTRODUCTION

When nuclei are excited to temperatures of about 1
MeV or more, their deexcitation gives rise to many light
particles with continuous Maxwellian-like spectra. There
have been a number of measurements of the energy and
angular distributions of these continuum particles. A
satisfying interpretation of these observations requires
first a qualitative characterization of the production
mechanism(s) and second a model that allows a quantita-
tive link to the properties of the emitter (or daughter) nu-
clei. In heavy-ion reactions with E/ A <20 MeV, fusion
and deeply inelastic (or quasifission) reactions constitute
the major mechanisms for producing highly excited nu-
clei.! Their subsequent evaporation chains constitute the
main sources of continuum particle spectra at backward
angles (with respect to the light collision partner). See,
for example, Refs. 2 and 3 and other references therein.

In recent years there has been strong interest in the
determination of the active emitter nuclei and in attempts
to infer their statistical properties (see, for example, Refs.
4-20.) Coincidence measurements have allowed a sepa-
ration of the particles according to the velocity of the em-
itter and then a subsequent characterization of the intrin-
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sic energy and angular distributions. In particular a
number of experiments have reported multiplicities for
particle emission from the composite nucleus and/or
from fully accelerated products of fusion fission (FF) or
quasifission (QF) (see, for example, Refs. 3, 5, 10, 14, 15,
19, and 21-32.)

An interesting result has been the large amount of
composite-nucleus evaporation (CE) in competition with
fission, even for very hot and very fissile nuclei. Evapora-
tion spectra have been reported for composite nuclei with
temperatures of up to =5 MeV.!> Statistical model cal-
culations®>3* have been used to interpret these spectra in
terms of emitter (or daughter) properties such as root-
mean-square spin, temperature, moment of inertia, and
effective deformation (see, for example, Refs. 35-37).

In this work we have chosen two reaction systems
of intermediate fissility, 247 and 337 MeV
OAr 4+ "'Ag > 1479Tb*. For these reactions the cross
sections for fissionlike reactions and evaporation residue
production (ER) are comparable. For 337 MeV
“Ar + Ag the heavy-fragment cross sections®® indicate
spin zones of about 0-70# for ER production,
~70-103#% for FF and =~103-133% for QF. For 247
MeV “Ar 4 Ag the corresponding spin zones are
~0-687% for the ER’s, =68-94# for FF and =~94-108#%
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for QF. Thus we use particle-fragment coincidences to
study 'H and *He emission from two very high-spin
zones, and by varying the beam energy we study the tem-
perature dependence for each spin zone. In addition, we
have found very large charged-particle multiplicities for
the ER’s (2-5 'H and *He per reaction). This result
stimulated us to make a detailed study of the evaporation
chains that give ER’s by use of particle-particle coin-
cidences. A sketch of some of these ER studies has been
published;*® and a more complete presentation will fol-
low.*

Our objective in this paper is to separate the particles
associated with FF and QF reactions according to
mechanistic origin. To this end, we present inclusive
data in Sec. IIl, and fragment-particle coincidence data
in Sec. IV. We interpret these results via the reaction
simulation code GANES (Ref. 37) that uses statistical-
model theory along with detailed considerations of the re-
action kinematics.’” In Sec. V we examine the mechanis-
tic implications of the fragment-particle coincidence
data. We have determined angle-integrated multiplicities
for composite-nucleus and fragment evaporation process-
es in both FF and QF. Most particles are assigned to
evaporation from composite nuclei and fully accelerated
fragments. Nevertheless some indications are found for
near-scission emission and shadowing. The CE multipli-
cities decrease with increasing spin of the reaction zone,
but there is still enough 'H and *He emission in both FF
and QF to give insights into the properties of the compos-
ite nuclei prior to scission. The ratio of CE multiplicities
for QF/FF is about | for 337 MeV 40Ar, which implies a
similar ratio between the times necessary for thermaliza-
tion and scission. The energy and angular distributions
indicate that evaporation often occurs as the composite
system is strongly distorted and enroute towards binary
breakup.

II. EXPERIMENTAL SETUP, TECHNIQUES,
AND UNCERTAINTIES

A. Experimental overview

The super heavy ion linear accelerator (superHILAC)
at the Lawrence Berkeley Laboratory provided the argon
beams used in these experiments. Beams of 247 and 337
MeV from the accelerator were defined by four-jaw and
circular collimators*® before impinging on the "Ag tar-
get inside a 60 in scattering chamber. The collimation
system provided a well-defined beam spot ( =3 mm diam-
eter) at the target center and the beam was monitored
downstream from the target by a faraday cup. The "'Ag
targets used were self-supporting and their thicknesses
(600-900 ug/cm?) were measured relative to an Au tar-
get of known thickness by elastic scattering. Average
beam currents were =60 nA and =2 nA (electrical) for
coincidence and inclusive measurements, respectively.

Fusion fission and quasifission fragments’® were detect-
ed in gas ionization telescopes (GT) (40 Torr hexane and
300 um Si stopping detector) subtending ~4 msr.*! The
AE and E signals from the GT provided Z identification

of the heavy fragments with a resolution of =3 units.
Light charged particles ("?*H,*He) were detected in
solid-state telescopes (SST) (50 pum, 500 pum, 5 mm) and
two wedge detectors, each with ionization chambers for
AE signals and five Si stopping detectors.*’ Solid angles
subtended by the light charged particle detectors were
~5 msr. Typical thresholds for the SST’s were =2 MeV
and =10 MeV for 'H and “He, respectively (cover foils
were 10 mg/cm? of Pb). Thresholds for the wedge detec-
tors were generally lower, =3 MeV for “He (cover foils of
3 mg/cm? Au); these wedge detectors did not separate the
H isotopes.

Energy calibrations for each Si detector were accom-
plished by reference to a *'?Pb alpha source. A 2°*Cf
fission source and the elastically scattered beam were em-
ployed for GT calibrations.*> Solid angles were deter-
mined from measured rates of a-particle detection from
calibrated radioactive sources mounted at the target posi-
tion, as well as from geometric measurements.*’

B. Experimental geometry

Figure 1 shows the experimental setup used for one of
three experiments performed. Alpha particles were
detected in two wedge detectors (mounted in the horizon-
tal plane) centered at 6= —85° and 6=135° (6 is mea-
sured with respect to the beam). These two banks of *He
detectors were triggered by heavy fragments (FF and QF)

40Ar (337 8 247 MeV) +"%'aq

60° 60°

BEAM

-35°

WEDGE-2 TARGET
/ POSITION WEDGE-1
+115° ’L .
+125¢ =85
_75°
+135° X
+iase Z8s

G: GAS IONIZATION TELESCOPE (FRAGMENTS)
S: SOLID STATE TELESCOPE (%2:3H,%He)
WEDGE: GAS IONIZATION TELESCOPE (4He)

FIG. 1. Detector setup for this study of the reactions 247 and
337 MeV “Ar + "'Ag. Heavy fragments are detected in three
gas ionization telescopes (G-1,-2,3). Light charged particles (H
and He) were detected in three solid state telescopes (S-1,-2,-3)
and two AE — E wedge detectors ( W-1 and W-2).
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in gas telescopes G-1, -2, or -3 each mounted at 8=35° or
by "%3H or *He in solid-state telescopes S-1 (8=75°), S-2
(6=283°), or S-3 (6=60°). Out-of-plane angles are given
in Fig. 1. Data were recorded in the coincidence modes
described above and also in the singles mode for each
detector. Setups for the other experiments all had the
same angle between GT and the beam, but the particle
detectors were arranged differently.

The experimental setups were guided by a desire to
make extensive angular distribution measurements for
the particles with a geometry which was also effective for
disentangling fragment and composite emission (FE and
CE). Optimization of the geometry to fully exploit the
kinematic shifts associated with FE and CE was guided
by the velocity diagrams shown and discussed below. For
evaporative emission a substantial angular range
(65°<06<155°) was covered in 10° increments by the
wedge detectors. Angular distributions of the “He parti-
cles were measured in the wedge detectors in coincidence
with light-charged particles or heavy fragments detected
in two mutually perpendicular planes. One plane, defined
by the beam and S-1, G-1, or G-3, was congruent with the
plane in which the wedge detectors were situated (the
horizontal plane). The other plane (orthogonal to the
first) was defined by the beam and trigger detectors G-2
or S-3. It is important to recognize that these two experi-
mentally defined reaction planes allowed the simultane-
ous measurement of in-plane and out-of-plane angular
distributions for all triggers. In addition, the particle
triggers (H/He) selected events from the lowest / window
of the entrance channel spin distribution®3¢4%* while
the fragment triggers selected events associated with the
higher / windows for fission and quasifission.®

C. Averaging procedure and uncertainties

The experimental results presented in the following
sections were taken from three separate experiments per-
formed in subsequent years. Consequently, many of the
results were averaged over many experimental runs from
these separate experiments. Two methods of averaging
were employed. The first was the averaging of results ob-
tained in many runs from a single experiment. This was
carried out by simply merging the data from individual
runs. From the second method, an arithmetic mean was
evaluated for the results from different experiments.

Three general types of measurements were performed:
(a) inclusive measurements of light-charged particles and
fragments, (b) fragment-particle correlations, and (c)
particle-particle correlations. In this paper we consider
only the first two types; the third is treated elsewhere.>® 3’
For all of the experiments performed, a more comprehen-
sive data set was obtained for “He, than for "%3H. This is
because the wedge detectors which provided low detec-
tion thresholds for a particles (particularly important for
detection in the backward hemisphere), did not allow sep-
aration between the "2°H isotopes. Most of the data for
L23H were provided by SST’s which allowed good
identification for %3H and *He in all of the experiments.
The combined results (from all experiments) of these stra-

tegically placed detector telescopes were nevertheless
sufficient to draw unambiguous conclusions, even for the
12,3 isotopes.

Statistical errors associated with results obtained from
measurements performed with 337 MeV “°Ar are general-
ly much smaller than those from similar measurements
performed at 247 MeV. This is a natural consequence of
the smaller number of runs performed at 247 MeV, com-
pounded by the lower counting rates observed at this en-
ergy. The consistency between cross sections measured
in different experiments was in general quite good. In-
clusive particle production cross sections, as well as cross
sections obtained from exclusive particle-particle correla-
tions, were reproduced with relatively small deviations
(~10-15%). For measurements involving heavy frag-
ments (inclusive and exclusive), systematic deviations be-
tween different experiments were somewhat larger. Ap-
parent deviations between certain absolute cross sections
were sometimes quite large (=~15-40%); these were
traced to anomalous geometrical losses from the GT and
did not affect multiplicity determinations. (The reduced
geometrical efficiencies of the GT’s were determined to be
the same for inclusive and exclusive measurements, and
were attributed to a small misalignment of the beam in
one experiment.)

ITII. RESULTS FROM INCLUSIVE MEASUREMENTS

A. Inclusive studies-(H/He)

The nucleons and light-charged particles as observed
by inclusive measurements are generated by a complex
web of reaction mechanisms. In spite of this complexity,
such measurements do provide signatures which allow
mechanistic demarcations.**~>° These demarcations are
thought to be associated with a spectrum of time scales
(albeit conceptually guided by crude clocks and fuzzy
boundaries) which range from very fast prethermalization
reactions to rather slow evaporationlike emissions from
thermally equilibrated nuclei.

As shown in Fig. 2(a), it is not uncommon to observe
signatures of both extremes. The angular distributions,
shown in this figure, combine results from this study with
previous measurements®! to show two distinctive signa-
tures. At the most forward angles, the strong forward
peaking in the angular distributions for "*>H and “He
suggests a prethermalization origin for these particles.
For angles aft of 90° (c.m.) the distributions show a slight-
ly backward peaked component; this signature is com-
monly associated with emission from thermally equili-
brated sources (see, for example, Refs. 52 and 53).

The more limited measurements performed at 247
MeV do not allow similar displays, but the observed
trends are the same. Similar trends are also exhibited by
measurements performed for 196 MeV “°Ar as shown in
Fig. 2(b).’! (These data have been corrected for contribu-
tions from carbon impurities on the targets by the
method described in Ref. 21. The results given in Ref. 47
were not so corrected, and the forward peaking shown
there is somewhat exaggerated.)
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FIG. 2. (a) Measured angular distributions (c.m.) of the inclusive ""**H and *He particles for 337 MeV “°Ar + "*Ag. (b) Same as
(a) for 196 MeV “°Ar + "*Ag (Ref. 51). Curves are drawn to guide the eye through the data points (upper) and symmetric about

6...,. =90 deg (lower).
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FIG. 3. Contour maps of the invariant cross section for in-
clusive *He emission. Maps are shown for 247 MeV (a) and 337
MeV (b) ““Ar 4 "*Ag. The circular arcs are centered on the ve-
locity of the center of mass (V. ,, ).

The major thrust of this paper concerns the evapora-
tive components for »°H and *He. It is therefore neces-
sary to examine in detail the various signatures for eva-
poration. Figure 3 shows a pair of velocity contour maps
of the invariant cross sections for “He production. These
maps provide an overall picture of the reaction pattern
for a particles detected in the backward hemisphere.
Figures 3(a) and 3(b) show maps for “’Ar beams of 247
and 337 MeV, respectively. The circular arcs centered on
the c.m. velocity represent the data very well and there-
fore exclude the presence of prethermalization emission
for a rather extensive angular range (0, =65"—155°).
Particle emission from preequilibrium processes would
result in strong deviations from these circles, especially
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FIG. 4. Measured c.m. angular distributions (upper) and
mean channel energies (lower) for inclusive *He particles. The
“0Ar beam energy was 247 MeV (a) and 337 MeV (b).
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for the high velocities. This same feature is also apparent
in the comparison of the forward and backward com-
ponents of the angular distributions shown in Figs. 2(a)
and 2(b). The small but noticeable deviations from the
circles at the most backward angles can be attributed to
angular anisotropies in evaporative decay that result
from the spin of the emitters.>3*

The angular distributions shown in Figs. 4 and 5 give a
more detailed view than the contour maps shown in Fig.
3. Figure 4 shows that both cross sections and mean en-
ergies increase with increasing emission angle. In addi-
tion Fig. 5 clarifies the increasing trend of angular anisot-
ropy of the a particles with increasing energy. This
feature serves as a further indication of the spin-driven
nature of these evaporative emissions.’” A final
confirmation that particles detected in the backward
hemisphere are derived from an evaporative mechanism
is given by the energy spectra shown in Fig. 6. These en-
ergy spectra (transformed to the center of mass) for a
number of detection angles are shown for “°’Ar beam en-
ergies of 247 and 337 MeV. Their Maxwellian shapes
with low apparent temperatures and relatively small an-
gular variations, reflect the characteristic features nor-
mally associated with evaporative processes. Also the
most probable energies are very similar for the two bom-
barding energies, but higher spectral temperatures are
evident in Figs. 6(b) for the 337 MeV beam. Detailed
analyses of the various mechanisms which contribute to
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FIG. 6. Inclusive energy spectra for *He in the c.m. system. Spectra are shown for various c.m. angles for 247 MeV (a) and 337

MeV (b) “°Ar beams.



37 MECHANISMS FOR LIGHT CHARGED PARTICLE EMISSION . . .

2545

TABLE 1. Integrated charged particle cross sections (mb): evaporative components® for “°Ar in-

duced reactions.

Elab

(MeV) Target® 'H ’H ‘H ‘He
185 16gn 453 9.1 2.5 194
196 natAg 620 16.0 3.6 380
220 116G 628 19.7 3.7 315
247 nitAg 834 38.2 11.3 421
271 16gn 956 57.4 17.7 555
337 ntAg 1870 167 56.0 1223
339 égn 1697 155 56.6 1158

o =41rf :/z(da /dQ)sinf, ., dO. ., . The forward peaked component is not included in the integration.
Absolute and relative uncertainties depend on the observed product and other factors in a rather com-
plex way. For a detailed discussion see Appendix of Ref. 49. Roughly speaking, the relative uncertain-
ties for 'H and *“He are ~10% and the absolute uncertainties are ~20%.

PResults for the ''®Sn target are taken from Ref. 47. Those for 196 MeV *°Ar + "‘Ag are from Ref. 51.

these spectra are given in Sec. IV.

Angle integrated cross sections for 'H and *He (eva-
porative components) agree well with results from Refs.
47 and 50 for the similar reaction system “°Ar + ''%Sn. A
summary of these cross sections is given in Table I. The
agreement between absolute cross sections, as well as
similarities for their energy dependences, reinforce our
confidence in the reliability of the results.

B. Inclusive studies-(fussion fission/quasifission)

In order to exploit the full potential of light particle
emission (n,23H,*He) as a mechanistic probe it is neces-
sary to characterize the various mechanisms which con-
tribute to their production. Good characterization not
only allows a focused study of a particular mechanism,
but also provides invaluable empirical information for in-

TABLE II. Inclusive cross sections and spin zones for ER,
QF, and FF products from “°Ar + "'Ag.

Beam energy (MeV) 247 337
Excitation energy (MeV)? 128 194
ogr (mb)® 620+80 455450
ER spin zone 0-68% 0-70#%
opp (Mb)° 550+150 520+150
FF spin zone 68-94# 70-103%
ogr (mb)° 370180 7001350
QF spin zone 94-108% 103-133%
o (mb)° 290+160 6001200
QE spin zone 108-123# 133-157#
O Reaction (Mb)® 2000 2270
L max 1234 157#%

“Total excitation energy of the hypothetical compound nucleus
with no rotational energy subtracted.

®From Ref. 38. They report values for 236, 288, and 337 MeV.
“The values given here are from Ref. 38. Our cross section mea-
surements at 35° are consistent with theirs, but the uncertainties
relative to those for inclusive H and He (Table I) are only
+10%.

put into model calculations. Since a major feature in-
volves the association with fissionlike fragments, we first
review the properties of these fragments.

Detailed inclusive studies of the energy, charge, and
angular distributions for the heavy fragments produced
in the Ar + Ag reaction have been reported previously
for several bombarding energies.’®**~>® The fragments
have been classified into four types: evaporation residues,
fusion fission, quasifission, and quasielastic (QE), each as-
sociated with a separate range of entrance channel angu-
lar momentum (/). The measured cross sections are list-
ed in Table II and a schematic illustration is shown in
Fig. 7 of these different components of the cross section
as a function of /,. For this figure, a sharp cutoff in /
was assumed for the association of different processes
with different spin regions. Two of these reaction types
(FF and QF) are of particular interest in this study be-
cause the light charged particles associated with each
provide a possibility for careful and detailed study of the
properties of nuclei at quite high angular momentum.?

The experimental signatures employed here to identify
FF and QF mechanisms are identical to the signatures
previously reported.®® Figures 8(a) and 8(b) show contour
plots for heavy fragment detection by the GT in the
AE —E and Z —E planes for 337 MeV “Ar 4 "'Ag.
Dashed and dot-dashed curves divide the fissionlike
events into two groups as indicated. One group is con-
sistent with symmetric fission of a compound nucleus of
Z =64 (dashed curve); the other corresponds to products
centered about the projectile Z of 18 and were assigned to
the QF mechanism. The Z values in Fig. 8(b) were gen-
erated from Fig. 8(a) by using the known thickness of the
AE detector along with the SPAR code.’® This code pro-
vides for transformation from AE/AX and E (after
correction for pulse-height defect*?) to a certain Z value.
The charge and energy distributions of the FF and QF
products at 35° (from “CAr of both 247 and 337 MeV)
were very similar. Quasielastic and elastic reaction prod-
ucts were also observed at 35° for 247 MeV “CAr; these
were absent from the results for 337 MeV because of the
smaller grazing angle [9,,,=35° (22°) for 247 (337) MeV].
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IV. RESULTS FROM FRAGMENT PARTICLE
CORRELATIONS

A. Technique for separation into composite-nucleus
emission and fragment emission

In Sec. III the well-known symmetry properties of eva-
porative emission were used to demonstrate a rather clear
distinction between the evaporation and prethermaliza-
tion particles as detected in the backward and forward
hemispheres, respectively. It was noted that even for eva-
porative particles there are contributions from many pos-
sible emitters derived from several mechanisms. In order
to sort out these separate contributions, we use the well-
established procedure’’ of considering two types of eva-
porative emission (CE and FE). This procedure employs
the spectra from fragment particle coincidence measure-
ments and exploits the different kinematic shifts associat-
ed with FF and QF triggers.’®*"* The key to this
analysis is, of course, the very different laboratory angu-
lar dependence expected for the charged particles from
each source as dictated both by kinematics and by the
source characteristics.

A necessary ingredient for good kinematic analysis of
the particle emission is the consideration of several emi-
tter types and the distributions of their properties (Z, lab
velocity, etc.). It is necessary to make reaction-
simulation calculations that fold together the various dis-
tributions in velocity, mass, charge, and angular momen-

337 MeV4CAr+™MNg~FF+Q
T

T

2000

1500

AE (CHANNEL NUMBER)

500

6 A= 35°
SINGLES

1 Ll 1

[(b) "

ATOMIC NUMBER, Z

Iy
o 500 1000

1500 2000
ENERGY (CHANNEL NUMBER)

1
50 100 150 200
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FIG. 8. Contour maps of the QF and FF fragments for 337 MeV “°Ar 4+ "'Ag. The Z — E map (b) was generated from the AE —E
map (a) by using the SPAR code (Ref. 59). The dot-dashed and dashed curves indicate the fragments characterized as QF and FF, re-

spectively. Results for 247 MeV Ar + Ag are similar.
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tum of the heavy fragments. In addition, it is desirable to
impose restrictions on the calculations which are identi-
cal to those of the experiment such as detection
geometry, energy thresholds, and detector size. To ac-
commodate these requirements and to gain statistical
significance in the analysis, a weighted Monte Carlo reac-
tion simulation code (GANES) has been developed.®’

The basic objective of the GANES program is the
simulation of evaporative processes leading to particle
emission in specified laboratory directions. The code em-
ploys semiclassical statistical theory>>** to calculate eva-
poration spectra for various emitting nuclei (e.g., com-
posite nuclei, FF or QF fragments). Angular correlations
corresponding to several possible coincidence require-
ments are also addressed by the code. The Monte Carlo
reaction simulation code takes account of the entrance-
channel spin distribution, heavy fragment mass and ener-
gy distributions, and the kinematic transformations asso-
ciated with each type of emitting nucleus. The energy
and angular distributions provided by the code for a
given ensemble of moving emitters, serve as a basis for
the analysis. By normalizing the simulated spectra to
those experimentally observed, integrated multiplicities
can be determined for each of the major emission sources.

Before discussing results and details of this analysis, it
is instructive to consider a few points associated with the
simulation so as to clarify the origin of some of the im-
portant model parameters. It is evident that the funda-
mental task of the code is the repetitive vector summa-
tion of emitter and emission velocities, after full con-
sideration of the physical ingredients that control the in-
trinsic evaporation spectra. Among these are barrier
magnitude, penetration probability, orientation of emitter
spin, recoil effects, and the angular, energy, and mass (or
charge) distributions of the fragments.

The energy, mass, and angular distributions of the
fragments were obtained from inclusive measurements
performed in this study as well as from previous stud-
ies.3¥3% The intrinsic evaporation spectra of the particles
were derived from recent extensions of evaporation
theory.”” Fermi gas, spin-dependent level densities were
used with entrance channel angular momenta inferred
from cross section measurements (using the sharp cutoff
approximation, see Table II). Transmission coefficients
were calculated with the Hill-Wheeler formula.®’ The de-
gree of spin alignment with respect to the reaction plane
(defined by the beam and fragment direction) was deter-
mined from the standard theory of fission fragment angu-
lar distributions.’ "% Angular momentum transfer to
the fragments was computed by assuming rigid rotation
at the scission configuration. Particle evaporation bar-
riers were determined from systematics®® for emission
from the fragments. For emission from the composite
system, evaporation barriers were also calculated for de-
formed emitters as described in Ref. 37.

Charged particle spectra were calculated for trigger
configurations identical to those of the experiment and
normalized to experimental data to provide multiplicities
for FF and QF triggers. To illustrate the nature of this
normalization, the results for FF and QF triggers are
presented separately below.
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B. Coincidences between H or He and FF trigger
fragments

Experimental and calculated spectra for a particles
triggered by FF fragments are shown in Figs. 9(a) and
9(b) for 337 MeV “°Ar and Figs. 10(a) and 10(b) for 247
MeV “Ar. Figures 9(a) and 10(a) show results for in-
plane trigger detection and Figs. 9(b) and 10(b) for out-
of-plane trigger detection. The vector diagrams in these
figures provide a quick and straight-forward orientation
to expected kinematic patterns and serve as a useful
pedagogic guide. Vector triangles in Figs. 9 and 10 show
three components representing average velocities for the
composite system, the detected and undetected frag-
ments. The vector for the composite nucleus points
along the beam direction while the vector for the detect-
ed fragment points in the direction of the GT trigger.
The vector for the undetected fragment is located in the
quadrant opposite to that of the detected fragment as
fixed by linear momentum conservation in a two body re-
action. Centered on the tips of these fragment vectors
are circles with radii that represent the average ‘He ve-
locities calculated for CE (solid circle) and FE (dashed
circles). In order to keep the reaction plane horizontal,
the diagrams for out-of-plane (oop) trigger detection have
been rotated by 90°. (The velocity vector for undetected
fragments is not shown in these oop diagrams.)

On the vector diagrams, the particle detector positions
are numbered to show their correspondence with the
spectra. Detector thresholds are indicated with bars. It
is quite clear from these diagrams that the angular depen-
dence of the average laboratory velocities for “He emis-
sion are very different for fragment and composite emis-
sion. In addition, the spectral intensities tend to follow
the magnitudes of the laboratory velocities due to the
Jacobian factors. Specifically, if one focuses on the vec-
tor diagram of Fig. 9(a) it can be seen that positions 2 and
3 emphasize kinematic shifts associated with emission
from the detected fragments while positions 9 and 10 are
most sensitive to analogous shifts for emission from the
undetected fragments. Similarly, positions 5 and 6 accen-
tuate emission from the composite nucleus; in fact, they
can be expected to provide good separation between FE
and CE since FE essentially falls below the threshold for
these detectors.

An inspection of Fig. 9(b) also reveals that separation
between CE and FE is provided at all angles by the spe-
cial kinematics of out-of-plane trigger detection.
Differences between the two types of emission are partic-
ularly emphasized for positions 1, 2, and 3. The vector
diagrams of Fig. 10 for 247 MeV “°Ar are quite similar to
those of Fig. 9 for 337 MeV “°Ar. In describing these
vector diagrams, the important regions which allow good
separation between FE and CE were pointed out above.
It should be emphasized however, that one of the more
powerful aspects of these diagrams is the view it gives of
the overall trends of the kinematic patterns, as one sur-
veys the complete angular range of the measurements.

The histograms in Figs. 9 and 10 show measured labo-
ratory spectra of the a particles. The in-plane spectra
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FE and CE, respectively).

[Figs. 9(a) and 10(a)] are dominated by a single peak
which includes the separate contributions of both FE and
CE processes. The broader out-of-plane spectra [Figs.
9(b) and 10(b)] show a double humped structure. These
differences in the particle spectra (obtained in the same
detector, but for in-plane and out-of-plane triggers) are
mainly due to the reaction kinematics for FE and to an-
gular momentum effects for CE.

Superimposed on these histograms are curves
representing calculated a-particle spectra for FE (dashed
curves), CE (light solid curves), and their sum (dark solid
curves). Input parameters for these calculated spectra
are discussed in Sec. V below. Our concern here is main-
ly with the kinematics and the normalizations. The nor-
malization procedure can be illustrated for Fig. 9. An
upper limit for FE was assigned, essentially by reference
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FIG. 10. Same as Fig. 9 for 247 MeV “Ar 4 ""'Ag.

to positions 2, 9, and 10 of Fig. 9(a) and 1, 2, and 3 of Fig.
9(b). Similarly, an upper limit for CE was assigned by
reference to positions 5 and 6 of Fig. 9(a) or 1 and 2 of
Fig. 9(b). This choice was dictated by the fact that these
detectors are located in angular regions where FE and
CE are best separated. Further refinements were made
by small adjustments of these intensities to assure general
acceptability of the fits at all angles. It should be stressed
here that this process of assigning FE and CE contribu-
tions is a very stringent one. A single normalization of
the FE or CE contribution to an experimental spectrum
at one angle, fixes the magnitudes of the simulated spec-

tra at all other angles. Consequently, the fitting pro-
cedure not only demands that the constraints imposed by
kinematics be met, but also that the angular distributions
be correctly represented as derived from the Jacobians
and spin effects.

The dark solid curves in Figs. 9 and 10 show that the
experimental data are very well represented by the sum of
the two evaporative components (FE and CE). It is espe-
cially important to point out that the simultaneous repre-
sentation of both the in-plane and out-of-plane data pro-
vides information concerning. the out-of-plane angular
distribution of these emitted particles. These angular dis-
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tributions, which are needed for accurate multiplicity
determinations, also provide important clues to the roles
of spin, temperature, and shape (or size) of the emitters.

In spite of the general acceptability of the fits, there are
some deviations which point to the existence of processes
separate from CE and FE. In Fig. 9(a) the two most for-
ward positions (1 and 12) show an excess of high-energy
particles. These a particles are ascribed to prethermali-
zation emission (PTE) since they are more energetic than
either of the two evaporative sources. Figures 9 and 10
also show deviations between experimental and simulated
spectra that appear as a small surplus of particles with
energies intermediate between those for FE and CE.
These deviations, which are most prominent for out-of-
plane trigger detection [Figs. 9(b) and 10(b) positions
1-4], can be attributed to near-scission emission
(NSE).2%:31.66.67  The NSE process is expected to be
favored at angles of =90° to the separation axis of the
fragments. The surplus of these particles for a detection
outside the reaction plane [particularly visible for 247
MeV “Ar, positions 1-5 in Fig. 10(b)] seems at first to be
a different signature from that previously reported for the
NSE process.®” However, in this case our energy thresh-
old for *He limits the sensitivity to low-energy particles
at very large angles. Nevertheless we do see very small,
low-energy excesses in the reaction plane at angles ~90°
to the separation axis [see for example position 12 in Fig.
9(a) and position 4 of Fig. 10(a)].

The integrated “He multiplicities derived from the fits
to the experimental spectra for CE and FE, respectively,
are 0.300 and 0.276 for the 337 MeV “°Ar beam and
0.090 and 0.072 for the 247 MeV “°Ar beam. Statistical
uncertainties associated with these values are =5% for
337 MeV and =10% for 247 MeV. These multiplicity
values are discussed later but are presented here to em-
phasize the fact that a large fraction of the total a-
particle multiplicity is derived from particles emitted by
the composite system. This is a very striking result be-
cause the composite systems which emit these particles
have a root-mean-square (rms) spin value which exceeds
that for which the calculated fission barrier goes to
zero.%®

Figures 11(a) and 11(b) present a sample of the
fragment-particle correlation results for 'H. (The statisti-
cal significance was quite poor for coincidence spectra
obtained for *°H along with heavy fragments and they
are not considered here.) The kinematic situation for 'H
emission can be easily inferred from the vector diagrams
for *He in Figs. 9 and 10. Since the mean proton veloci-
ties exceed those for *He, one can mentally expand the
radii of the circles in these figures. It is important to
point out that, except for the much smaller kinematic
shifts, the kinematic patterns are qualitatively the same,
and therefore the criteria for assigning FE and CE contri-
Eutions for these particles are parallel to those used for

He.

These two pairs of spectra shown in Fig. 11 give results
from the two available angles which impose the max-
imum kinematic constraints for FE and CE separation
(60°, triggered in-plane and out-of-plane). These angles
are very close to those for position 1 in Figs. 10(a) and
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FIG. 11. (a) Coincidence spectra for '"H from the reaction
337 MeV “Ar + "*Ag (S —3 with FE trigger fragments). Spec-
tra are shown for the two available angles which impose the
maximum kinematic constraint for the separation of FE (dashed
curve) and CE (light solid curve). The sum of the FE and CE
contributions are represented by the dark solid curves. (b) Same
as (a) for the 247 MeV “°Ar beam.

10(b); the circles (shown there for *He) would have larger
radii if they were drawn for 'H. Following the previous
notation used for *He, the curves in Figs. 11 represent
calculated proton spectra for FE (dashed), CE (light
solid), and their sum (dark solid). These figures clearly
demonstrate that the two-process description is quite ade-
quate for the protons. The deviations of the data from
these fits are qualitatively similar to those discussed
above for the o particles. Consequently, the same associ-
ations can be made for the unaccounted-for portions of
the experimental spectra (i.e., NSE in Fig. 11). Integrat-
ed multiplicities, given in Table III below, indicate that
the composite system is an important source for the pro-
tons, but not dominant as it was for the alpha. The same
input parameters have been used to describe the emission
sources for 'H in Fig. 11 and for *He in Figs. 9 and 10.
These parameters are discussed in Sec. V below. The ob-
served differences between the multiplicities for *He and
'H as well as the H/He ratio for FE and CE are also
quite interesting.

Discussion of the mechanistic implications of these re-
sults is deferred to Sec. V to allow presentation of some
additional results.
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TABLE III. Fragment-particle coincidences (multiplicities M and cross sections o').2 ¢

OCE OFE Oce+O0FE
MCE (mb) MFE (mb) (mb)
337 MeV “Ar + Ag.
ER—«a 1.4 +0.4° 637+177° 0 0 637177
FF—a 0.300+0.030 156+23 0.276+0.028 144122 300£32
QF —a 0.137+0.014 96+ 14 0.273+0.027°¢ 191+29¢ 286132
ER—p 2.1 +0.6° 957+277° 0 0 9574277
FF—p 0.254+0.025 132120 0.642+0.064 334450 466+54
QF—p 0.184+0.018 129+19 0.454+0.045°¢ 318+48° 447+52
247 MeV “Ar + Ag
ER—«a 0.501+0.101° 311+50° 0 0 311+50
FF—a 0.090+0.014 50+10 0.072+0.01 40+38 90+13
QF —a 0.018+0.003 7£1 0.035+0.005°¢ 13+3° 20+3
ER—p 1.02 £0.20° 630488 0 0 630+88
FF—p 0.10 +0.01 55+11 0.208+0.02 114+12 169+17
QF—p 0.027+0.005 10+2 0.067+0.013°¢ 25+5° 35+6

M denotes particle multiplicity; o denotes the cross section for ER or FF or QF; o ce=M g0 (0gg=Mgg0), i.e., the angle integrat-
ed cross section for particles of a given type. Estimated uncertainties for the multiplicities for FF and QF are generally =10%. (For
QF at 247 MeV they are =~15%.) Relative uncertainties for ogr and oof are 210%. Both of these components have been integrated
(with a 1/sinf angular distribution) (Refs. 38 and 54). The absolute uncertainty in this procedure is given by the errors assigned to
oqe in Table 1.

®For determination of ER cross sections the contributions for FF and QF (targetlike only) were subtracted from the evaporative sin-
gles observed at backward angles. An additional error was assigned to account for possible contributions from partially damped re-
actions. This error was taken to be 0qge(1/20Mgg +Mcg)qr. These errors include those for deviations from 1/sinf angular distribu-
tions for FF and QF.

°The multiplicities for the projectilelike fragments from QF (not included above) are 0.13 and 0.13 for “He and 'H (337 MeV).

9The data used here for °Ar + "*Ag—*He include those used for Ref. 3 along with two additional experiments with better statistics,
lower thresholds and much more angular coverage in-plane, as well as out-of-plane. The analysis here invokes a deformed emitter to
address the out-of-plane data (not available for Ref. 3). The qualitative conclusions of Ref. 3 are not changed, but for “He some of the

quantitative multiplicity values should be updated by this work.

C. Coincidences between H or He and QF trigger
fragments

The coincidence spectra shown in Fig. 12 for *He are
associated with QF trigger fragments, identified as in Ref.
38 with 12 < Z <23. Figures 12(a) and 12(b) show results
for in-plane and out-of-plane trigger detection respective-
ly. The results for 247 MeV “°Ar are qualitatively simi-
lar; however, the cross sections are much smaller, as indi-
cated in Table III. For orientation, it is again useful to
study the vector diagrams in Figs. 12(a) and 12(b), and to
assimilate the expected kinematic patterns for FE and
CE. The velocity vector for the detected fragments is, of
course, fixed by the GT angle in the same direction as
shown for the FF trigger. However, the direction of the
undetected fragments is quite different for QF due to the
larger velocities and smaller masses of the detected QF
fragments. Focusing attention on Fig. 12(a), it is ap-
parent that positions 2 and 3 should provide clear signa-
tures for emissions from the detected and undetected
fragments as well as from the composite system. Note
the large differences in the expected mean velocities. It is
also of particular interest to point out that the strong ki-
nematic focusing of FE from the detected fragment pro-
vides a rather clear angular region for CE identification
(positions 4, 5, and 6). This is illustrated very well by the
rapid change in *He intensity calculated for emission
from the trigger fragment as the particle detection angle

increases (see for example detectors 2 and 3). A survey of
the other angles shows that positions 4 and 5 should em-
phasize the kinematic shifts associated with CE while the
mirror image detectors (positions 8 and 9) are expected to
accentuate emission from the undetected fragments. An
inspection of the vector diagram for the out-of-plane
configuration indicates that here a clear separation be-
tween FE and CE cannot be expected. Nevertheless,
these detectors give strong constraints on the proper rep-
resentation of the “He angular distributions with respect
to the emitter spin. The kinematic patterns from similar
vector diagrams for 'H emission have very similar trends,
albeit with less pronounced kinematic shifts.

The histograms in Fig. 12 give experimentally observed
spectra; the smooth curves give simulations for a-particle
emission at the same angles. These experimental spectra
show clear signatures for fragment emission as
exemplified by the detector pair at positions 2 and 11,
symmetrically fixed at +65° (with respect to the beam).
An initial normalization was accomplished via the spec-
tra shown in Fig. 12(a). The low-energy peak at position
2 was identified with emission from the undetected frag-
ment and served as the basis for fixing the contributions
from this source at all other angles. Similarly the high-
energy tail (also for position 2) was identified with emis-
sion from the detected fragment. Contributions from CE
were assigned essentially by reference to positions 4 and
5, following the FE assignment for the undetected frag-
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FIG. 12. Same as Fig. 9 for *He from the reaction 337 MeV “Ar + "Ag. (a) In-plane QF trigger detection. (b) Out-of-plane QF

trigger detection.

ment. To improve the overall quality of fit, final
refinements were then made. Out-of-plane results, shown
in Fig. 12(b), do not impose any important additional ki-
nematic constraints, but they do show that the angular
distribution is correctly accounted for.

Figure 12 gives a clear demonstration that the ob-
served *He coincidence cross sections can be largely ac-

counted for by FE and CE. The different patterns shown
in Fig. 12 compared to Fig. 9 show a distinct change in
the relative importance of CE vs FE. Also visibly absent
for the QF trigger, are the excess emissions at intermedi-
ate energy that were previously identified for FF triggers
as near scission emission. We can also use these results to
search for the shadowing phenomenon®®~7! reported
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by the Heidelberg group. Figure 13 shows a subset of
these coincidence spectra that focuses on the angular
dependence of *He emission from the heavy undetected
fragment. This dependence is well described by the simu-
lation for positions 1 and 2 in Fig. 13 as well as for posi-
tions 8—11 in Fig. 12(a). However, there is a distinct
deficit in the data for Fig. 13 position 4, i.e., for the SST
at 60° only 25° from the detected fragment. Similar, but
much more detailed observations have been reported pre-
viously.®%~7! which have been attributed to shadowing.
If emission occurs from a target-like fragment which is
still rather close to its scission configuration, then
coulomb deflection by the newly born trigger fragment
could result in a depletion of particles in directions near
to that of the detected fragment.

Coincidence spectra for 'H with QF fragments are
shown in Fig. 14. One pair of spectra is shown for reac-
tions of 337 MeV “°Ar to highlight the fact that a
preponderance of the protons is derived from the frag-
ments. The spectra are from the two available angles
which impose the maximum kinematic constraints for FE
and CE (60° triggered in plane and out-of-plane). The
dark solid curves, which denote the sum of FE and CE,
represent the data very well; they employ the same pa-
rameters to describe the 'H emission (Fig. 14) and the
*He emission (Fig. 12). The close comparisons demon-
strate the similarity between *He and 'H emission for QF
fragments. In spite of this overall similarity, it is interest-
ing that the shadowing phenomenon observed for “He is
not evident in these results for 'H. Similarities and
differences between 'H and *He emission are discussed
further in the next section.
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V. MECHANISTIC IMPLICATIONS
OF FRAGMENT-PARTICLE CORRELATIONS

A. An overview of sources and trends

In the preceding section, the kinematic aspects of 'H
and “He emission in association with FF and QF frag-
ments were considered. It was shown, that the combined
evaporative emissions from the fragments and the com-
posite system account for most of the fragment-particle
coincidence cross sections. In addition, a clear distinc-
tion between the separate contributions of FE and CE
was made, and signatures for three other phenomena
(NSE, PTE, and shadowing) were noted. A more detailed
investigation of the implications of these results is under-
taken in this section.

In Table III the measured cross sections and multipli-
cities are summarized for protons and a particles for 337
and 247 MeV “Ar + "Ag. For 'H and *He we have
determined these angle-integrated particle multiplicities
at a trigger angle of 35° for FF or QF. We then assume
that the particle multiplicity (for FF or QF) does not de-
pend on trigger angle and thus assign an angle integrated
cross section as the product of trigger-fragment cross sec-
tion times the multiplicity. Cross sections for 'H or “He
from the evaporation residues are determined by sub-
tracting the cross sections for evaporative “He (and 'H) in
association with FF and QF from the total inclusive eva-
porative cross sections (Table I). The remainder (=1/2
for 337 MeV “°Ar and =~3/4 for 247 MeV *Ar) is as-
signed to the ER’s. Average particle multiplicity for the
ER’s is then obtained by dividing by the ER cross section
(Table II).

=
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FIG. 13. Same as Fig. 9(a) but with spectra from several different angles.
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FIG. 14. Same as Fig. 11 for 'H from the reaction 337 MeV
“Ar 4 "*Ag (S —3 with QF trigger fragments).

Several major features of the reactions are illustrated
by the data in Table III: (1) The CE processes for both
FF and QF have substantial multiplicities. (2) Multiplici-
ties for both 'H and *He are much smaller for fissionlike
reactions (FF and QF) than for ER production. (3) Mul-
tiplicities for CE emission decrease substantially for QF
compared to FF reactions. Let us consider these points
individually.

(1) A substantial cross section (for 'H and “He) is asso-
ciated with reactions which produce fissionlike fragments
and a sizeable fraction of these particles result from CE.
The surprisingly large CE multiplicities as well as their
rapid increase with energy are particularly striking.
These seemingly energy-equilibrated composite systems
are calculated to have vanishing fission barriers for
J > 80#;%%7273 hence they are expected to decay immedi-
ately via the fission channel.”* Tt is clearly difficult to
reconcile these observations of substantial CE emission
with the notion that phase space alone determines the
final formation probabilities of the reaction products.
This stance is commonly used in statistical models.3>7*
The suggestion has been made that in addition to phase
space it is the dynamical aspects of emission (i.e., the in-
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trinsic rates), which control the CE multiplici-
ties.>—346:47.50,76-80 Tpjg notion can provide a qualitative
explanation of these results. Nuclear distortion toward
fission proceeds through collective motions which move
large numbers of nucleons toward the scission point. If
this motion is slow compared to the intrinsic time for
particle evaporation, (i.e., thermalization and subsequent
emission) then substantial prescission emission can be ex-
pected. Indeed, theoretical calculations that incorporate
the known effects of nuclear dissipation do indicate
several important dynamical aspects that can affect parti-
cle decay during the fissionlike decay motion. (a) The
fission probability is suppressed (relative to the calculated
Bohr-Wheeler value™) due to the superposition of the
Brownian nature of the particle motions and the collec-
tive flow toward the saddle point.”® (b) There is a finite
time delay involved in the buildup of the fission probabili-
ty at the saddle point.”” 3 This time delay can enhance
evaporation-like, prescission emission. (¢) In addition,
the model of Hofmann and Nix®' has indicated that parti-
cle emission might even occur during the somewhat later
stage of descent from the saddle point to the scission
point.

(2) For a given bombarding energy, the particle multi-
plicities associated with CE decrease with increasing an-
gular momentum. This effect is particularly dramatized
in Table III for the two angular momentum zones corre-
sponding to the ER and FF reactions ('H and “He show
FF/ER multiplicity ratios =1/8 and =1/4, respectively,
for the 247 and 337 MeV “°Ar beams). The rapid de-
crease of these CE multiplicities dramatizes the role of
competition from fissionlike processes at higher angular
momenta. It is also interesting to point out that the CE
multiplicities for these two spin zones change more rapid-
ly for 'H than for *He. In addition, the H/He multiplici-
ty ratios for CE are much larger for the ER reactions of
lower spin zone. These observations are consistent with
the expectation that increasing spin causes an increase in
a-particle evaporation compared to proton evaporation
due to their relative powers for angular momentum remo-
val.

(3) A comparison of the QF and FF multiplicities indi-
cates that CE contributions for QF are substantially less
than those for FF. These results are probably related to
the shorter lifetimes and the lower excitation energies of
the composite nuclei produced in QF compared to FF re-
actions. The forward peaked angular distribution, often
observed for projectilelike fragments, suggests that scis-
sion occurs before the complex can complete a rotation.
The angular symmetry for FF fragments suggests more
extensive rotation and hence a longer lifetime for the
composite nucleus. However, it is interesting that for 337
MeV “Ar (247 MeV “Ar) this multiplicity decrease for
CE is only =1/2 (=1/4) from FF to QF; one might con-
clude that the lifetimes for FF and QF differ by similar
factors. Since the composite system lives for less than
one rotation period for QF, it would seem that it lives
only slightly more than one rotation period for FF. This
result implies that fusion fission for this hot, rapidly ro-
tating system does not require a much longer time period
than quasifission.
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B. Energy and angular distributions
of particles evaporated from the composite nuclei

The combined results of these particle multiplicities
and their energy and angular distributions are consistent
with a picture of statistical evaporation modulated by the
dynamics of fissionlike decay. If such a picture is indeed
operative, the characteristics of the evaporationlike parti-
cles are governed by the statistical properties of the emit-
ting nuclei. Hence, the properties of the particles provide
a useful route for the investigation of the emitters. In the
discussion of Figs. 9-14 above, we stressed the use of the
kinematic shifts and angular symmetries to obtain the
separate contributions of CE and FE. In addition, these
experimental data put some very specific constraints on
the properties of the composite-nucleus emitters. Root-
mean-square spins, mean temperatures, and evaporation
barriers (or mean deformations) can be extracted from
the fits to the data (see Figs. 9-14). It is important to
stress here that the combined power of the observed ener-
gy and angular distributions impose rather stringent con-
straints for establishing these statistical-model parame-
ters for the composite nuclear emitters.

The effect of each parameter on the calculated spectra
has been discussed in detail elsewhere.’” In brief, for
spherical emitters there are three important variables:
the s-wave emission barrier B, the temperature T, and
the spin J. A change in the barrier dictates an overall
shift in the calculated energy spectrum of the emitted
particle. A change in the temperature (or excitation en-
ergy) dictates a change in the slope of the spectrum at
high energies. A change in the spin dictates an alteration
in the angular distribution of the particles with respect to
the spin of the emitter (i.e., the out-of-plane angular dis-
tribution). This anisotropy is essentially controlled by
J2.s/IT, and thus it can be related to the moment of in-
ertia J if one has independent information on J, and T.
In these studies the values of J are constrained by the
spin zones given in Table II and the temperatures are
constrained by the spectral shapes. For deformed emi-
tters there are also three parameters, the mean deforma-
tion, the temperature, and the spin. Here a change in the
deformation generates changes in both the emission bar-
riers and the moments of inertia, as well as the rotational
energy.

For emission from the fragments (both FF and QF),
spherical nuclei were assumed and the barriers ('H and
“He) for these emitters were taken from systematics of
evaporation barriers®® summed over the Z distribution of
the QF or FF fragments. No parameters were varied in
these fits for the FE contributions. In fact, the details of
the intrinsic evaporation parameters have been shown to
have minimal effect on the calculated FE spectra because
of the smearing due to the velocity distribution of the
fragments.

By contrast, for CE it was necessary to vary these in-
trinsic evaporation parameters in order to obtain good
fits to the data. Spin zones were taken from the cross sec-
tion data for ER, FF, and QF as given in Table II. An in-
itial set of evaporation barriers was obtained by fits to the

in-plane data (for FF and QF) with the assumption of
spherical emitters. The (spherical) barriers required
(B, ~9.0 MeV and 5.5 MeV for *“He and 'H, respectively)
are substantially smaller than the corresponding fusion
barriers (B0, =~ 16.0 MeV and 8.5 MeV).52 Such very
low effective barriers suggest extensive deformation of the
composite nuclei, and this possibility is discussed further
in the next section. The effective temperatures of the
composite-nucleus emitters require an average loss of ex-
citation energy of =15% prior to charged-particle emis-
sion. This fractional energy loss (FEL) is equivalent to
the emission of ~3 neutrons and is dictated primarily by
the slopes of the various energy spectra. It implies that
the particles are emitted over a range of steps in the eva-
poration chain. We simulate this range by an average or
mean step, characterized by a set of mean parameters.

C. Distortions of the composite nuclei

A recurring theme for many recent particle-emission
studies has been the very low barriers ('H and *He) re-
quired for the characterization of evaporation spectra.
These and other observations have been identified as evi-
dence for shape and/or size evolution of hot rotating nu-
clei.%2%.3536.43.83,84 we explore the possible role of de-
formation in these data for “°Ar + "Ag via a series of
calculations that assume a deformed composite nucleus.
The calculations, performed with GANES,* simulate
particle evaporation from deformed emitters whose bar-
riers are determined by the extent of their deformation.
It is important to reemphasize that, in these calculations,
the evaporation barriers are not free parameters (as they
are for assumed spherical emitters). The spectrum of bar-
riers, for a given deformation, is calculated relative to the
corresponding empirical fusion barrier®? taken from reac-
tions between cold, near-spherical nuclei.

Calculations were made with two free parameters: (a)
the deformation and (b) the fractional energy loss; the
spin was fixed by reference to the cross sections for ER,
FF, and QF. In Table IV we summarize the set of
statistical-model parameters that give the best fits to the
observed CE energy and angular distributions. This set
applies to both 'H and *He emission for coincidences
with both FF and QF (Figs. 9-14). These calculations re-
quired a rather extended prolate emitter with an axis ra-
tio of =~2.8. Such a strongly deformed emitter provides a
good characterization of the low effective barrier for *He
and the large moment of inertia J needed to fit the energy
spectra and out-of-plane distributions. The need for a
large moment of inertia is especially indicated by the
out-of-plane angular correlations.

Figure 15 shows the relative probability [W(cp,o)] for

alpha detection as a function of the angle with respect to
the spin (¢ ) of the composite system. The dashed

curves represent the calculated angular correlations for
emission from a deformed emitter. These angular corre-
lations were calculated with the parameters given in
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TABLE IV. Statistical properties of the composite-nucleus
emitters in FF and QF (Figs. 9-14).

Joms(#) FF 87 (337 MeV) 82 (247 MeV)*
Jems(#) QF 123 (337 MeV) 103 (247 MeV )
z 0.8°

b/a 2.8°

I/ T 2.35¢

I/ 9o 0.54¢

B.., (MeV) 16.7(c)8.7(p)¢

B, MeV) 12.9()6.7(p)*

Biocion 16.0(a)8.5(p)*

(FEL) 0.15"

T (MeV) FF 2.9 (337 MeV) 2.2 (247 MeV )
T (MeV) QF 2.6 (337 MeV) 2.0 (247 MeV )

?Root-mean-square spin of the emitter. Chosen to be consistent
with the spin zones given in Table II.

°Cassini deformation parameter (Ref. 37) € and associated axis
ratio (b /a) of the deformed daughter nucleus.

‘Moment of inertia perpendicular (parallel) to the symmetry
axis compared to that of the 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 B, plus
~ %(Bmax — B in ), substantially smaller than By,,,-

‘Empirical barriers for fusion between cold nuclei (Ref. 82).
'Fractional excitation energy lost (FEL) to particle emission (or
deformation) prior to the average particle emission.

EMean temperature of the daughter. These values result from
the value selected for (FEL) above.

40Ar+MMAg — 4He + (FF)yg
T

L 1 T T T T T T

247 MeV 4 337 Mev 4

100

w (9,0) (ARB. UNITS)

A A I 1 A 1 1 A
20 40 60 80 20 40 60 80
6, (d
o (deg)

FIG. 15. Simulated out-of-plane angular correlations (c.m.)
for CE a-particle emission in coincidence with FF triggers
(¢10=90° and 0° represent particle detection perpendicular and

parallel to the spin of the composite system, respectively). The
dashed curves represent the angular correlations from simula-
tions for a deformed nucleus. Both these curves correspond to
the good fits of Figs. 9 and 10. The solid curves are the calculat-
ed out-of-plane correlations for emission from a spherical nu-
cleus. These latter calculations do not fit the data in Figs. 9(b)
and 10(b).
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Table IV as obtained from the fits for “He in Figs. 9 and
10. Consequently, they effectively represent the out-of-
plane correlations from the data. Calculated out-of-plane
correlations, for emission from a spherical nucleus of the
same spin, are shown as solid curves in Fig. 15. The an-
isotropies calculated for deformed emitters are =10-20
times smaller than those for spherical emitters. This
large difference between spherical and deformed emitters
is due to the different moments of inertia. The experi-
mental data for “He emission are well simulated by a
strongly deformed emitter and are totally incompatible
with simulations for a spherical emitter. Similar results
have been reported in Ref. 29. The results for 'H are
much less extensive than those for “He, and although
they are consistent with the same emitter parameters,
they do not supply very strong constraints. A systematic
discussion of the role of spin and deformation in these
simulations is given in Ref. 37.

The very large effective deformation inferred for the
composite system (b /a =2.8) is larger than that for an
equilibrium shape as predicted by the rotating liquid drop
model.®® Hence, it is proposed that these results suggest
a dinuclear complex enroute to fission; such a complex
has been discussed in the calculations of Gregoire et al.®
and Feldmeier.?® In the next section some additional re-
sults are presented that are also consistent with this no-
tion.

D. Near scission emission and proximity effects

In the last few years, two new and intriguing aspects of
particle-emission ~ processes have been  report-
ed,?%31:66.67.71 near scission emission (NSE) and shadow-
ing. The shadowing phenomenon has been used to ex-
tract information on the lifetime of fission fragments, and
the CE multiplicities have been used to infer similar in-
formation for composite nuclei.>?*%7 Similarly, NSE has
provided new insight concerning the evolution of com-
posite systems on their dynamic paths to scission. Signa-
tures for both NSE and shadowing processes have been
noted in this work also (Sec. IV). Further discussion of
their mechanistic implications is pursued in this section.

The particles assigned to the NSE process in Sec. IV
[i.e., the excess of intermediate energy particles at posi-
tion 1 in Figs. 9(b) and 10(b)] exhibit a number of charac-
teristics which serve as clues to their origin. First, it is
important to point out that NSE shows a dependence on
bombarding energy which is very similar to that exhibit-
ed by FE and CE. Second, the energy distributions of
these NSE particles (intermediate between FE and CE)
are consistent with very low effective barriers. These re-
sults corroborate previous findings®®’! and give evidence
for the evaporative nature of these particles. Third, the
NSE particles in this work are not prominently observed
in-plane, but they do appear with clarity out-of-plane.
This observation of prominent out-of-plane emission is
consistent with the well established pattern for NSE
(enhanced emission at angles perpendicular to the scis-
sion axis).’""¢” Brucker et al.%® indicate the presence of
NSE with special clarity in the reaction plane. In this
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work detector thresholds prevent us from getting a clear
view at the in-plane angles expected to be most crucial.
We can only say that particles of intermediate energy are
observed for out-of-plane configurations that could be ac-
counted for by NSE. From information of this type,
several groups have suggested that these particles may be

337 Mev “Car+oigg_ay, |
(QF/FF or*He)ypn

10

10°3

10°2

(d2M/dQqd€q)ian (MeV sr)™

1073

(d*0/dQ 1rdqd€q)Lap (Mb sT2MeV™)

10 20
GLA'(MeV)

FIG. 16. Coincidence spectra for “He at 10° and 155° to the
beam for various triggers: (a) QF, (b) FF, and (c) *‘He. The *He
trigger can be largely identified with the ER’s and hence these
figures typify the spin zones given in Table II. Same notation as
in Figs. 9-15.
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emitted from the ‘“neck” of an elongated dinuclear sys-
tem. A detailed study of the angular distributions of
these particles (in and out-of-plane’!) has provided in-
teresting insight into their emission time relative to the
rotation time of the elongated emitter nucleus.

The NSE observed in the out-of-plane configuration for
the FF mechanism is not evident in the QF results [see
Fig. 12(b)]. By contrast a suggestion of shadowing was
shown for QF processes in Fig. 13. The absence of NSE
signatures in the QF results could suggest rapid decay of
the dinuclear complexes formed in these reactions. How-
ever, the shadowing phenomenon suggests that particle
emission times for newly born fragments are comparable
to fragment acceleration times. It may be that the rela-
tive prominence for NSE versus that for shadowing is
giving us hints on the relative time duration of evapora-
tion from the neck versus fragment acceleration. Our
(admittedly limited) results on this point indicate NSE for
FF and shadowing but very much less NSE for QF. This

337 MeV *Ar+ %% g ~*He + (QF/FF)
" (a)

] L

(b)
+10° _|

10-2

1073

-
=

(c) (FF)g (d)

2 -1
(d2M/dQ,d€,) pg(MeV sr)
3
N

10°3

1 1
40 60 40 60

€ LAB(MeV)

FIG. 17. Comparison of spectra at 10° and — 10° for QF and
FF triggers. Thin-lined histograms represent the data, smooth
curves represent the evaporation simulation for CE plus FE,
and thick-lined histograms give their difference, i.e., the PTE
and NSE components.
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situation implies that a longer period for neck rupture in
FF gives rise to NSE, and that a shorter time for neck
rupture in QF suppresses NSE. The shadowing for QF
implies a rapid initiation of evaporation from fragments
before they move far apart.

VI. PRETHERMALIZATION EMISSION (PTE)

Figure 2 above shows a clear forward peak in the angu-
lar distribution of the emitted particles. From the in-
clusive data alone, one cannot distinguish the extent of
evaporative emission from the forward-peaked, projec-
tilelike fragments. Therefore, he cannot be sure whether
or not prethermalization emission has actually occurred.
In Figs. 9-14 we show reaction simulations that account
for the bulk of the overall 'H and “He emission in terms
of statistical evaporation. However, in Figs. 9(a) and
12(a) we see (at + 10° and — 10°) a distinct excess of “He
emission especially at high energies. In these figures we
have accounted for evaporation from each fragment and
thus this excess must be from PTE.

Figure 16 emphasizes this point by comparing the data
at 10° and 155° for three coincidence triggers (a) QF, (b)
FE, and (c) “He. The simulation calculations are normal-
ized so as to describe the results at backward angles, but
they underpredict the results at 10°. The relative
amounts of PTE and evaporative emission are compara-
ble for the three coincidence triggers. As mentioned
above, the *He trigger emphasizes emission from the eva-
poration residues and hence the most central collisions.
Thus from the discussion of Table II we can associate
PTE in comparable amounts with each spin zone 0-707#
for the *He trigger, 70-1034% for FF and 103-1334 for
QF.

The presence or absence of right-left symmetry can
also give some insight into the combination of particle
and fragment emission times. In Fig. 17 we show a com-
parison of *He spectra observed at + 10° and — 10° to the
beam. Light histograms give the raw data, smooth
curves the evaporation simulations, and dark histograms
show the differences. For both FF and QF triggers, the
high-energy a spectra (e, >40 MeV) are very similar on
the right and left sides. (This result differs from that re-
ported in Ref. 71.) However, for the lowest energies
(€,< 30 MeV) there seems to be a preference for —10°.
This asymmetry for €, < =30 MeV could be explained by
near scission emission as discussed above in Sec. IV D.
An absence of distinct right-left asymmetry for €,> 40
MeV implies a substantial rotation of the scission axis be-
tween the instant of particle ejection and that of scission.
This result would indicate a strong contrast between the
times for PTE and NSE as compared to the rotation time.

VII. SUMMARY

In Secs. IV-VI, various features of the fragment-particle
correlation measurements for 247 and 337 MeV
“OAr + "'Ag have been presented and discussed. The
major findings are as follows.

(a) Substantial particle emission ('H and *He) occurs in
both FF and QF reactions, but the largest fraction of the
particle production cross section (=75% and 50% for
the 247 and 337 MeV beams, respectively) is associated
with the evaporation residues.

(b) Due to relatively low detection thresholds and a
wide angle span for the experimental geometry, it was
possible to identify clear signatures for several emission
processes and to determine multiplicities for CE and FE.

(c) Energy and angular distributions of 'H and “He
were found to be consistent with the major features of
statistical evaporation. In particular FE and CE provide
an adequate description for most of the experimental
data.

(d) A decrease in CE multiplicity for both 'H and “He
was observed for QF as compared to FF. This decrease
of ~1/2 (1/4) for 337 MeV “°Ar (247 MeV “°Ar) implies
a similar ratio for the relative lifetimes of the composite
systems.

() A deformed composite nucleus with axis ratio
b/a=2.8 was found to be compatible with the low
effective particle evaporation barriers and the compara-
tively weak out-of-plane angular anisotropies observed
for “He from composite nucleus emission prior to FF and
QF.

(f) An observed excess of intermediate energy particles
out-of-plane is consistent with near scission emission with
enhanced emission perpendicular to the scission axis.

(g) At angles close to the detected QF fragments a
deficit of particles emitted by the undetected fragments
was observed. This finding is consistent with previous
observations of the “shadowing” phenomenon.?%

(h) Prethermalization emission was found to be present
in comparable amounts for the peripheral collisions trig-
gered by QF and FF reactions as well as the central col-
lisions associated with the ER’s.
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40Ar (337 8 247 MeV)+"%aq

60° 60°

WEDGE-2 TARGET
POSITION

G: GAS IONIZATION TELESCOPE (FRAGMENTS)
S: SOLID STATE TELESCOPE ("+2+3H,%He)
WEDGE: GAS |ONIZATION TELESCOPE (4He)

FIG. 1. Detector setup for this study of the reactions 247 and
337 MeV “Ar + ""Ag. Heavy fragments are detected in three
gas ionization telescopes (G-1,-2,3). Light charged particles (H
and He) were detected in three solid state telescopes (5-1,-2,-3)
and two AE — E wedge detectors ( W-1 and W-2).



