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ABSTRACT

A STUDY OF THE MECHANISM OF 160-INDUCED
REACTIONS BETWEEN 140 AND 315 MeV INCIDENT ENERGIES

By

Terry Clayton Awes

Reactions induced by 160 ions on 238y at incident
energies of E/A=20 MeV have been studied. In coincidence
with fission fragments, projectile residues (Li,...,0) have
been measured near the grazing angle and double differential
cross sections have been measured for energetic p,d,t, and
a-particles. The folding-angle between the two coincident
fission fragments is shown to provide information on the
linear momentum transfer to the target nucleus.

The emission of energetic light particles into the
forward direction is shown to be an important aspect of the
mechanism of projectile residue emission. However, light
particles emitted in coincidence with projectile residues
are not the result of a simple quasi-elastic breakup of the
projectile. This is shown by a kinematical analysis which
demonstrates that a large amount of linear momentum is
transferred to the target residue prior to fission. Using
the folding-angle information in coincidence with the

observation of energetic light particles, it is concluded




that the majority of these particles result from fusion-like
"central" collisions with no projectile residue in the exit
channel. It is suggested that these particles most likely
are emitted during the early stages of the reaction.

Double differential cross sections have also been
measured for energetic p,d,t, and a-particles emitted in
16O-induced reactions on targets of Al, Zr, and Au at
incident energies of 140, 215, and 310 MeV. The energy and
angular distributions are well described by isotropic
emission from a moving thermal source. The extracted
temperature and velocity parameters are found to vary
systematically with the incident energy per nucleon above the
Coulomb barrier. The observed trend cannot be explained by
compound nucleus emission but instead suggest emission from
a source which consists of comparable contributions from
target and projectile. Alternatively, the proton energy
spectra are compared with a rotating hot spot model, a
precompound model, and with a simple knock-out model. The
d,t, and a-particle cross sections are also described using
the proton cross sections in terms of a generalized
coalescence relation which takes into account Coulomb

repulsion from the target nucleus.
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CHAPTER I

INTRODUCTION

A. Motivation

Heavy ion reactions have been studied intensively in
recent years at bombarding energies below 10 MeV/nucleon
and at relativistic energies above 200 MeV/nucleon. At low
energies of a few MeV/nucleon above the Coulomb barrier
processes known as deeply inelastic collisions have been
shown to make a major contribution to the reaction cross
section [Ar 73, Sc 77, Vo 78, Go 80]. These reactions are
collisions of a two-body nature with a large overlap of
target and projectile and cover the range between compound
nucleus formation and direct reactions. They are typically
characterized by a partial memory loss of the incident
channel due to extensive kinetic energy dissipation and
substantial diffusion of nucleons between the interacting
nuclei. As a result of the dissipative nature of these
reactions, the outgoing nuclei exhibit a high degree of
equilibration. At relativistic energies, on the other hand,

the interaction time is short preventing any substantial

1



communication between target and projectile. In particular,
peripheral collisions are largely associated with fragmen-
tation process in which the surviving target and projectile
fragments act as mere spectators in the reaction while the
overlapping participant nuclear matter becomes a highly
excited subsystem moving independent of the target and
projectile [Gr 75, Gu 76].

In the intermediate energy region between 10 and
200 MeV/nucleon a transition is expected to occur from the
mean field description of low energy interactions to the
nucleon-nucleon scattering behavior characteristic of high
energy collisions [Sc 8la]. This transition is expected to
result when the velocity of the colliding nucleons
surpasses both the Fermi velocity and the velocity of
nuclear sound. Indications of the onset of such a
transitional behavior have been reported for reactions of
160 on 208pp already at incident energies of E/A =20 MeV
[Ge 78]. Here, the element production cross sections for
projectile fragments were observed to resemble more closely
the production cross sections at E/A=2.1 GeV incident
energy than at E/A=10 MeV incident energy. In addition,
the main features of the projectile residue energy spectra
could be explained in terms of intrinsic motion of the
excited projectile in a manner similar to the projectile
fragmentation interpretation formulated for relativistic
energies [Ge 77]. These observations suggest that the

transition to high energy behavior might begin already at



incident energies of only a few tens of MeV per nucleon.
The current generation of nuclear accelerators now nearing
completion, including the super-conducting cyclotron
facility here at Michigan State University, will be well
suited to study this region of transition between 10 and
200 MeV/nucleon.

A useful method for studying the development of the
heavy ion reaction mechanism from energies just above the
Coulomb barrier up to relativistic energies is through the
observation of energetic light particles (n,p,d,t, and a).
At relativistic energies several systematic studies of
inclusive light particle emission [Go 77, Sa 80, Na 81]
have resulted in a great deal of theoretical interest. The
models which have been proposed to explain the light
particle spectra range from single scattering knock-out
models [Ko 77, Ha 79] to the fireball [We 76] or firestreak
[My 78] models in which thermal emission is assumed to
occur from the highly excited and independently moving
participant matter. The inclusive data are found to carry
sufficient information to rule out either single scattering
or thermal emission as the sole source of light particles
[Na 81]. Instead the data suggest a model in which both
direct and thermal components are included either explicitly
[Ch 80] or by including contributions from single and
multiple collisions as in linear cascade models [Hi 77,

Ra 78, Cu 81] or in fully three-dimensional cascade models

[Ya 79a, Cu 80, Ya 81].



At low energies (E/A > 5 MeV above the Coulomb barrier)
detailed studies of neutron emission in heavy systems have
shown that the neutrons are explained by statistical
evaporation from the compound nucleus or from fully
accelerated reaction partners of deeply inelastic collisions
[Ey 78, Hi 79, Ta 79, Go 80a]. At somewhat higher energies
there exists evidence for nonequilibrium neutron emission
[Hi 78, We 78, Ge 80, Ga 81, Ts 81, Be 81, Yo 81]. Non-
equilibrium charged particle emission has also been observed
in inclusive measurements [Br 61, Ba 78, Sy 80] as well as
in various coincidence experiments. Many of these
coincidence studies have involved the observation of light
particles in coincidence with projectile fragments [Ha 77,
Ho 77, Ge 77a, Ga 78, Bh 79, Ho 80]. Unfortunately, the
interpretation of these experiments is dependent upon
assumptions about the origin of the light particles. For
example, if they are assumed to result from the sequential
decay of excited projectile fragments, then one must also
make assumptions about the primary distribution of the
projectile fragments [Bi 80]. As a result, systems similar
to those which have been associated with nonequilibrium
effects have also been shown to be consistent with
equilibrium emission from excited reaction partners [Bi 80,
Yo 80, Sc 81]. In less kinematically restrictive experi-
ments in which coincident fusion products were identified
using y-ray techniques [In 77, Zo 78, Ya 79, Si 79a, Ba 80al

it has been demonstrated that energetic light particles




are emitted in processes that cannot be associated with
equilibrium emission from either the compound nucleus or
from fully accelerated reaction partners. Instead, it has
been shown that reactions in which a major portion of the
projectile mass is transferred to the target nucleus make
an important contribution to the light particle emission.
These reactions have been termed '"massive transfer"
[Zo 78, Ya 79] or "incomplete fusion" [Si 794] reactions.
The models which have been developed to explain the
light particle spectra observed in low-energy heavy ion
induced reactions are closely analogous to the models used
at relativistic energies. Following the original suggestion
of Bethe [Be 38], there exist several models which assume
thermal emission from a locally heated region or 'hot spot"
on the nuclear surface [Ho 77, We 77, Go 77a, No 78, Go 79,
Ut 80, Ga 80, Ga 80a, Mo 80, Mo 81]. Such a "hot spot"
corresponds directly to the highly excited participant
matter in a relativistic collision but at low-energies does
not have sufficient translational energy to become
dissociated from the target and projectile nuclei. This
heated region of the nuclear surface would attain much
higher temperatures than the compound nucleus and,
immediately after its formation, would decay by thermal
diffusion into the adjacent nuclear matter or by the
emission of energetic light particles. Rather good agree-

ment with experimental data has been obtained using such an



interpretation in several instances [No 78, Ut 80, Ga 80].
Alternatively, it has been proposed that promptly emitted
particles or "PEPs" resulting from a nucleon-nucleon single
scattering process might explain the energetic light
particles as the result of a velocity addition effect in
which the Fermi velocity couples with the relative velocity
to yield the observed high energies [Bo 79, Bo 80]. 1In
between these two extreme points of view are models which
consider the time development of the approach to equilibrium
such as the cascade [Be 76] and precompound [Bl 75, Bl 81]
models. Most of these theories are formulated to predict
single particle inclusive cross sections. On the other
hand, as noted above, most of the experimental effort in
low-energy light particle emission has been devoted to
coincidence studies which are generally very phase space
selective. The resulting coincidence cross sections are
very difficult to relate to the inclusive cross sections.
As a result, it has not been possible to provide a
sufficiently stringent test to differentiate between the

various models.

B. Scope

The emphasis of the present study has been in two
directions. In the first place, it has sought to determine
the degree to which the reaction mechanism operating in

heavy ion reactions at 20 MeV/nucleon is comparable to the



mechanism of relativistic energies. Previous results at
this incident energy [Ge 78] have suggested that the energy
and element distributions of projectile-like fragments have
features which are characteristic of relativistic collisions.
In order to investigate this similarity further we have
obtained information on the momentum transferred to the
target residue and its excitation energy. With this infor-
mation it is possible to determine whether the role of the
target residue is that of a mere spectator, as believed for
relativistic energies, or whether it is actively involved in
the reaction. The other direction of emphasis in the
present research has been toward understanding the
characteristics of light particle emission in heavy ion
reactions in the range of incident energies between 10 and
20 MeV/nucleon. The present results should help to
discriminate between the various models proposed to explain
light particle production in this range of incident energies.
The research described here is the result of four
experiments, each of which has been published previously
[Dy 79, Aw 79, Ba 80, Aw 80, Aw 81, Ka 81, Aw 8la, Aw 82].
In the first three experiments reactions resulting from the
bombardment of a 238y target with 160 ions of E/A=20 MeV
incident energy have been studied. In these studies one or
both fission fragments were observed in coincidence with
other reaction products. For this reason, we have chosen

an actinide target because of its low fission threshold.



As a consequence, fission is the dominant decay mode of the
target residue and only the most quasi-elastic collisions
will be excluded by the fission coincidence requirement.
Furthermore, because the fission fragment distribution is
dominated by the inherent kinetic energy release of the
fission process and not the kinematics of the reaction,
only a small kinematic bias is imposed on the reaction by
the coincidence requirement. This allows the study of
rather global features of the reaction. In particular,
the folding-angle between the two outgoing fission frag-
ments is closely related to the amount of linear momentum
transferred to the fissioning system [Si 62, Vi 76]. This
information can be used to discriminate between ''peripheral"
collisions such as inelastic scattering, breakup, or
transfer reactions and ''central' collisions, such as
massive transfer, complete and incomplete fusion. In
addition, the fission fragment mass distribution can be
used to some degree as a measure of the excitation energy
of the fissioning system.

In the first of these three experiments, projectile-
like fragments were observed in coincidence with both
fission fragments [Dy 79, Aw 79, Ba 80]. This enabled a
rather complete kinematic understanding of those reactions
which produce projectile-like residues. In the second
experiment both fission fragments were again observed but

in coincidence with light particles (protons, deuterons,



tritons, and alphas) [Aw 80, Aw 81]. It was thereby
possible to determine the relative contributions of
processes such as breakup or incomplete fusion to the
emission of light particles. The third experiment involved
the observation of either protons or neutrons in coincidence
with a single fission fragment [Ka 81]. The purpose here
was to compare proton and neutron spectra directly in order
to better understand the mechanism through which composite
particles such as the deuteron are produced. The fourth
and final experiment of this study was an investigation of
the incident energy and target dependence of light particle
production. For this purpose inclusive measurements were
made of light particles emitted in 160 induced reactions on
targets of 27Al, 9OZr, and 197Au at incident energies of
140, 215, and 310 MeV [Aw 8la, Aw 82].

C. Organization

The next two chapters of this dissertation present the
experimental details of the current study. In Chapter II
the experimental setup of each of the four experiments and
the calibration procedures are described. Chapter III
describes the method of data analysis including kinematic
considerations and normalization procedures. The results
and interpretation of reactions involving the emission of

projectile-like residues are described in Chapter IV.
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At the present time there exists no satisfactory
theoretical framework for the description of light particle
emission in heavy ion induced reactions. Instead, the
theoretical approaches tend to be rather phenomenological
drawing motivation from specific features of the light
particle spectra. For this reason, the theoretical models
are discussed in the context of the experimental results
in Chapter V. 1In this chapter we discuss four different
models of light particle emission, including a single
scattering knock-out model, two models making assumptions
of thermal emission, and a precompound model which considers
the time development of the approach to equilibrium.

Chapter VI discusses the production of the various composite
particles. A coalescence description is applied in which
the composite particles are assumed to result from a
condensation or coalescence of free nucleons [Sc 63, Gu 76].
The last chapter is a summary of the present results. In
addition, five appendices are included to provide detailed
information about experimental corrections and the models

applied.



CHAPTER II

EXPERIMENTAL PROCEDURES

A. Introduction

The general objective of the present study was to
investigate details of the reaction mechanism operating in
heavy ion collisions at E/A=20 MeV. The experiments have
been performed at the 88-inch cyclotron of the Lawrence
Berkeley Laboratory (LBL) where an 1606+ peam of 315 MeV
incident energy is available. Four experiments have been
performed with the following specific objectives:

1) to investigate those reactions in which a projectile-
like fragment is emitted, 2) to determine which processes
result in light particle emission, 3) to make a direct
comparison of proton and neutron spectra, and 4) to study
the systematics of light particle production. All of these
experiments except the neutron comparison experiment were
performed using the LBL 36-inch scattering chamber. The
neutron experiment was completed using the spectrograph

vault. A detailed summary of the experimental arrangements

11
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in the first three experiments is given in Tables II-1,
II-2, and II-3. Included here are estimates of the
dynamic ranges of the various particle telescopes. In
each of the four experiments the raw data were recorded
event by event on magnetic tape using the LBL Modcomp
computer system. The data were analyzed off-line on the

Sigma-7 computer system at MSU using the program SCANDIA.

B. Experimental Arrangement

1. Projectile-like Fragment Experiment

This experiment was performed using 160 beams of
140 MeV and 315 MeV incident energy. The target consisted
of 200 ug/cm2 of 238UF4 evaporated onto a 50 ug/cm2 carbon
foil. The detector arrangement is illustrated in
Figure II-1 and details of the experimental arrangement are
presented in Table II-1. The emphasis in this experiment
was toward detecting projectile-like fragments (PLFs) in
coincidence with fission fragments. For this purpose two
commercially available ORTEC position sensitive solid state
detectors (PSDs) of 8 mm x 47 mm active area were placed on
opposite sides of the beam axis at 0§= —og= 80°. These
detectors allowed the measurement of the energy and angle
of the two coincident fission fragments resulting from the
sequential fission decay of the target residue. A heavy
ion telescope placed at 0 =15° relative to the beam axis

was used to detect projectile residues in coincidence with
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fission fragments. In addition to projectile-like
fragments, light particles were observed in three light
particle telescopes. One telescope consisted of a 375 um
thick surface barrier solid state detector backed by a

3.8 cm deep NaI(Tl) scintillation detector. This Nal-
telescope was located at an angle of oy, =-14° relative to
the beam axis and subtended a solid angle of Qy,7=7.6 msr.
An Al cover foil of 400 um thickness was placed in front of
this telescope to stop elastically scattered particles in
order to reduce the count rate and prevent radiation
damage. A second telescope, used for detecting alpha-
particles, consisted of a 200 ym thick AE-detector and a

5 mm thick E-detector. This telescope was placed at
®a1==300. An additional alpha-particle telescope was
located out of the reaction plane at the angles ®a2:=260’
¢a2==90°. The light particle results of this experiment
will be discussed only superficially, however, since the
second experiment of the present study deals with the
question of light particle emission more thoroughly.

A valid coincidence event consisted of a coincidence
between both fission detectors and a projectile residue or
a light particle (detected in any of the four telescopes).
For each event, 17 parameters were measured and recorded
on magnetic tape. The parameters are: the energy signals
of all eleven detectors, the two position dependent

signals for the position sensitive fission detectors and
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the time to amplitude converter outputs that correspond to
the time spectra measured between the fission detector
PSDA and the four particle telescopes. In addition, the
relative time spectra between the two fission detectors
were monitored. Since these spectra contained only a
negligible number of events corresponding to random
coincidences (m104 real-to-random ratio), this parameter

was not stored on magnetic tape.

2. Light Particle Coincidence Experiment

In this experiment a self-supporting metallic 238y
target of approximately 500 ug/cm2 areal density was
bombarded by 1606+ ions at 315 MeV with a beam current of
3 nA. A schematic drawing of the experimental layout is
shown in Figure II-2 and experimental details are presented
in Table II-2. Four AE-E light particle telescopes were
mounted in the plane of two position sensitive solid state
fission detectors. All detectors were mounted on a
movable table inside the scattering chamber. Each of the
four AE-E telescopes consisted of a 400 um surface barrier
Si detector and a 7.6 cm thick Nal detector. Two experi-
mental geometries were used. In geometry I, shown in
Figure II-2, the light particle telescopes were placed at
the scattering angles of -95°, -25°, 70°, and 140°. The
position sensitive detectors were located at OX:=-60° and
9§= 100° with each subtending an angular range of about

+20°. For geometry II, the entire arrangement was rotated
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by -15° to give four additional angles (-110°, -40°, 55°,
125°) for light particle observation. Accordingly, the
fission detectors were then centered at OZ==-75° and
O§==85°. In geometry I, one telescope was moved for a
portion of the run to the forward angle of 15°. At this
angle an aluminum absorber of 640 um thickness was placed
in front of the telescope to prevent pile-up and radiation
damage by the high flux of elastically scattered 164
nuclei.

In this experiment, sixteen parameters were recorded
on magnetic tape: the energy signals of all ten detectors,
the two position dependent signals of the position
sensitive fission detectors, and the four timing signals
corresponding to the time separation between fission
detector A and the four light particle telescopes. In
addition the coincidence time signal between the two
fission detectors was monitored and used to gate the
computer to ensure that two fission fragments were detected
for each event. Since only a negligible number of random
coincidences between the two fission detectors were
observed, this parameter was not recorded on tape.

A "coincidence event'' was defined as a coincidence
between the two fission fragments and at least one of the
light particle telescopes. In addition to coincidence
events, "inclusive fission events' were recorded on tape

at a downscaled rate for normalization purposes. An
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inclusive fission event was defined as a coincidence

between two fission fragments.

3. Neutron Experiment

The emission of energetic neutrons and protons was
measured in coincidence with fission fragments for the
reactions 238U(16O,nf) and 238U(16O,pf). A 238UF4
target of 320 ug/cm2 thickness, mounted on an 80 pg/cm2
carbon backing was irradiated by 1606+ jons of 310 Mev
incident energy. The experiment was performed in a large
experimental area in order to have long neutron flight paths
for improved energy resolution and also to minimize the
background due to the rescattering of neutrons from the
walls. Details of the experimental setup are given in
Table I1I-3. To minimize the rescattering of neutrons, a
thin-walled aluminum scattering chamber was used [Hi 79].
Fission fragments were detected inside this chamber with a
surface barrier detector mounted at an angle of o6g=90°
with respect to the beam axis and at a distance of 1.5 cm
from the center of the target. The primary purpose of the
fission detection was to provide a time signal with which
to perform the neutron time-of-flight measurement. This
was necessary because the time structure of the cyclotron
beam pulse was not sufficient for this purpose.

In the first part of the experiment, four liquid
scintillation detectors (NE 213) were used to detect

neutrons emitted at angles with respect to the beam of
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-25°, -40°, -55° and -95° respectively, in coincidence

with fission fragments. The flight paths were 2.05 m. In
order to reduce the background due to extraneous sources
and due to scattering in the experimental vault, these
detectors were placed inside shields constructed of lead,
concrete and paraffin. The background remaining was
determined by measurements with a tapered steel bar of 60
cm length placed halfway between the target and each
detector. This '"'shadow bar'" completely filled the detector
solid angle so that neutrons originating in the target were
absorbed but extraneous neutrons were allowed to reach the
detector. Energetic charged particles were discriminated
by an anticoincidence requirement using transmission-
mounted solid state detectors placed outside the scattering
chamber. Pulse shape information from each scintillator
was obtained by means of Canberra Model 2160 pulse shape
discriminators [Sp 74].

In the second part of the experiment, coincident
protons were detected with two AE-E telescopes positioned
at angles of op =-25° and -55°. Each of these telescopes
consisted of a 400 ym thick surface barrier detector and
a 7.6 cm thick NaI(Tl) detector. The detectors were
placed outside two exit ports of the scattering chamber
which were covered with 50 ym thick mylar windows.

Downscaled fission singles data were recorded

simultaneously with the coincidence data. For each event,
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the pulse heights of all detector signals were recorded on
magnetic tape; in addition, the time difference between
light particle and fission detector signals was recorded
together with the output of the pulse shape information

circuit for each neutron detector.

4. Inclusive Light Particle Experiment

The aim of this experiment was to study the energy and
target dependence of inclusive light particle cross sections.
For this reason, 160 beams of 140, 215, and 310 MeV incident
energies were used with typical intensities of 20, 1, and
0.5 nA, respectively. Measurements were made using three
different targets spanning a large mass range. An 27a1
target of 1.6 mg/cm? thickness was used at all three bom-
barding energies. A 90zr foil of 20.9 mg/cm2 thickness
and a 10.6 mg/cm2 thick 197Au foil were each irradiated at
215 and 310 MeV incident energies. In addition, a thin
197 pu target of 1.2 mg/cm2 thickness was bombarded at
140 MeV incident energy. This target was found to have a
hydrogen contaminant which gave rise to a distant peak in
the forward angle proton spectra. This contribution has
been removed in the analysis.

Light particles (p,d,t, and o) were detected with two
AE-E telescopes mounted on a movable table inside the
scattering chamber. Each telescope subtended a solid
angle of 22 msr and consisted of a 400 um thick surface

barrier detector and a 7.6 cm thick NaI(Tl) detector.
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The entrance window of the Nal detector consisted of a
Havar foil of about 75 um thickness. The AE and E energy
signals of the two telescopes were recorded event by event

on magnetic tape for off-line analysis.

C. Calibration Procedures

1. Energy Calibration of Fission Fragment Detectors

The energy calibration of the position sensitive
fission detectors used in the PLF and light particle experi-
ments was obtained by recording the pulse height spectrum
from the spontaneous fission of 252¢f and using the Schmitt
calibration procedure [Sc 65]. This procedure takes into
account the mass dependent response (known as the pulse
height defect or mass defect) of surface barrier detectors
to heavy ions and fission fragments by employing a mass

dependent energy calibration of the form
E=(a+a'M) P+ (b+b'M) . (1II-1)

Here E and M are the ion energy and mass, respectively, and
P is the corresponding pulse height. For a given detector
the constants a, a', b, and b' may be obtained directly by
making a minimum of two measurements of pulse height

versus energy for at least two different ion masses.

However, such a calibration procedure would be difficult

and time consuming to perform in every experiment.
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Schmitt et. al. have overcome this problem by using
the pulse height spectrum from 252¢f spontaneous fission
fragments to uniquely define two pulse heights Py and Py.
Due to the dominance of asymmetric fission, the 252¢¢
pulse height spectrum is a bi-modal distribution with the
peak at large pulse height corresponding to the light
fission fragment and the peak at low pulse height corres-
ponding to the heavy fragment. The pulse height Py is then
defined as the midpoint between the 3/4-maximum points in
the light fragment peak and the pulse height Py corresponds
to the midpoint between the 3/4-maximum points in the
heavy fragment peak.

The pulse height locations Py and Py are uniquely
defined independent of the detector response. As a result,
the energies EL, M and Eg M associated with these pulse
height positions for a fragment of mass M and for a given
detector will be associated with the same pulse height
positions in any similar detector. Having once determined
the energies E;, M and EH,M for a fragment of mass M it is
never necessary to do so again. It is only necessary to
determine the actual pulse height values Pj and Py which
will depend on a particular detector's response. By using
any four energies EL,Ml’ EH,Ml and EL’MZ’ EH’MZ’ associated
with any two fragment masses M; and M, it is possible to
solve for the four constants of Eq. (II-1). In particular,

Schmitt et. al. [Sc 65] determined the Br (M= 80) and
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I (M=127) energies corresponding to each pulse height
location Py, and Py. Using these four energies in
Eq. (II-1) the resulting four simultaneous equations may be

solved in terms of Py and Py to obtain

a=24.0203/(PL, - Py),
a' =0.03574/ (P, - Pyy),

L-H (I1-2)
b=89.6083 - aPy,

b'=0.1370 - a'P .

This procedure allows the energy calibration of surface
barrier fission detectors to be performed quickly and
efficiently.

The surface barrier fission detector used in the
neutron experiment was not energy calibrated since its only
purpose was to provide a timing signal when a fission
fragment was observed. The pulse height resolution was
sufficient to distinguish alpha-particles from fission
fragments and to observe the light and heavy fragment

components of the fission pulse height spectrum.

2. Position Calibration of Position Sensitive Detectors

The position calibration of the PSDs was obtained by
viewing a 252¢f source through a mask with 15 equally
spaced slits of 0.8 mm width placed over each detector. A

third order calibration polynomial was used with the form

s =a0+alx+a2x2+a3x3 (1II-3)
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where s is the position along the detector and x is the
position signal defined by the ratio x = (position

X energy signal)/(energy signal) for each detected particle.
Due to the pulse height defect of the PSDs (see II.C.1l) it
was necessary to allow for the energy dependence, viz.

mass dependence, of the parameters a; of Eq. (II-3)

according to
aj =bj +bjP (11-4)

where P is the pulse height of the energy signal. The
constants b; and bj were obtained by gating the 252¢¢
energy pulse height spectrum with several energy windows
and fitting the centroids of the slit locations in the
position spectrum to the known mask positions.

This calibration procedure gave good position resolu-
tion of As < 0.5 mm corresponding to a typical angular
resolution of better than 0.3 degrees in our experimental
geometry. However, in order to achieve good efficiency for
the detection of fission coincidences, it was necessary to
mount the fission detectors close to the target (see
Figures II-1 and II-2). This close geometry renders the
angle calibration quite sensitive to systematic errors
resulting from small uncertainties in the beam and target
positions. To minimize such systematic errors we have
measured the folding-angle distributions in each experiment

for four different target positions. (The fission fragment
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folding-angle, ©6pp, is defined as the angle of emission
between two coincident fission fragments). As shown in
Appendix A, this allows measurement and correction for
displacements of the beam and target from the center of the
scattering chamber. In the projectile-like fragment
experiment the folding-angle calibration was further
verified by requiring that the fission fragment folding-
angle (and hence target recoil momentum) observed in
coincidence with inelastically scattered 160 ions

(Q > -15 MeV) be consistent with a pure two-body reaction
followed by the fission decay of the target nucleus. With
these corrections taken into account, it is estimated that
the fission fragment folding-angle is measured with an

accuracy of LOpR < 1° (see Appendix A).

3. Energy Calibration of Nal Detectors

Previous observations [Ba 78, Sy 80] of energetic
light particle emission in heavy ion reactions have shown
that protons are emitted at forward angles with energies of
up to four times the incident energy/nucleon of the beam.
These protons, having energies greater than 80 MeV, would
require over 2.5 cm of Si in order to be stopped. The
expense of such thick Si surface barrier detectors prohibits
their use as stopping detectors but makes thick NaI(T1)
detectors appear highly attractive. Unfortunately, the
large amount of energy deposited by these energetic

particles would quickly saturate a photomultiplier tube at
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normal operating voltages. Therefore, in order to prevent
saturation, we have shortened the dynode chain of the
photomultiplier tubes used in the present study. For a
typical Nal detector the energy signals were taken from
the fifth dynode of the photomultiplier tube.

In all four experiments except the neutron experiment,
the Nal detectors were placed in the scattering chamber
under vacuum. Since the Nal detectors were electrically
insulated and therefore in poor thermal contact with the
scattering chamber it was necessary to monitor them for
possible gain shifts due to resistive heating in the
photomultiplier tube base. In the experiment emphasizing
projectile fragment emission, the Nal detector stability
was monitored by observing the peak position of elastically
scattered 160 ions which entered the detector through a
1.6 mm diameter hole in the aluminum cover foil. 1In the
light particle coincidence experiment and the light
particle inclusive experiment the gain stability was
monitored by recording the y-ray spectra of 22Na and 60Co,
respectively, during ion source changes. Due to the long
term gain shifts, the overall accuracy of the Nal energy
calibrations is estimated to be about 3%.

In the experiment in which light particles were
measured inclusively, the energy calibration of the Nal
detectors for hydrogen isotopes was established by measur-

ing the elastic scattering of protons on a 197 au target
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at the incident energies of 10, 20 and 45 MeV. The result-
ing energy calibration was found to be linear over this
energy range and was extrapolated toward high energies. An
independent energy calibration was established for alpha-
particles by measuring the elastic scattering of alpha-
particles on 197Au at 40, 80 and 120 MeV. The resulting
energy calibration was found to be slightly non-linear
with a decreasing response toward high energies. These
calibration points and the chosen calibration curves are
shown in Figure II-3 for one of the NaI(Tl) detectors.

From this figure the rather large pulse height defect of
these detectors is evident. The pulse height defect
between the various hydrogen isotopes has been assumed to
be negligible [Wa 60].

In the three fission coincidence experiments the Nal
detectors were not calibrated as thoroughly due to beam
time constraints. In the light particle coincidence
experiment the energy calibration for hydrogen isotopes was
established by measuring the elastic scattering of protons
on a 197Au target at incident energies of 20 MeV and
45 MeV. The energy calibration for alpha-particles was
obtained by measuring the elastic scattering of alpha-
particles on a 197 p4 target of 80 MeV. This gave a fixed
point for the calibration. The energy deposited in the AE
detector was then used to determine the thickness of the

AE detector. The response of the Nal detector to
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particles were measured inclusively.
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alpha-particles was then established from a continuum
spectrum by setting gates on the AE signal and calculating
[CMap] the alpha-particle energy corresponding to the
measured AE signal. The overall accuracy of this procedure
is about 5%.

In the neutron experiment, the energy calibration of
the Nal detectors was established by observing 45 MeV
protons elastically scattered from a gold target. The
shapes of the high energy tails of the proton spectra
measured in coincidence with fission fragments were con-
sistent with the spectra of the previous light particle
coincidence experiment. In the projectile-like fragment
experiment the energy calibration of the Nal telescope for
hydrogen isotopes was obtained by measuring the elastic
scattering of protons on gold at 21 MeV and measuring the
p(a,p) reaction at 79 MeV incident energy using a hydro-
carbon target. The alpha-particle energy calibration was
assumed to be parallel to the calibration for hydrogen
isotopes and to pass through the fixed point obtained by
measuring the elastic scattering of alpha-particles on

238y at 79 MeV.

4. Energy Calibration of Solid State Detectors

Solid state silicon detectors were used in the present
study as AE detectors in front of the Nal detectors and
also as both AE and E detectors in the alpha-particle and

heavy ion telescopes of the projectile-like fragment
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experiment. These detectors were energy calibrated and the
linearity of the electronics was checked by injecting a
known amount of charge using a calibrated pulser into the
input stage of the detector preamplifiers. From the
measured value of the ionization energy of silicon

(3.67 eV/ion pair) this amount of charge can be directly
related to an equivalent amount of energy deposited in the
detector. These pulser calibrations were verified by
measuring the alpha-particle energy spectra resulting from
the decay of 228Th, 241Am, or 292¢cf sources and/or by
calculating [CMap] the energy lost in the AE detectors
corresponding to the measured AE signals of the elastically

scattered proton and alpha beams.

5. Neutron Time-of-Flight Calibration

In the neutron coincidence experiment the neutron
energy was determined by measuring the neutron flight-time.
The flight times were recorded using time to amplitude
converters (TACs) with start signals derived from the anode
signal of the neutron detector photomultiplier tubes and
with a stop signal derived from the fission detector. The
TAC spectra were calibrated using a pulser system with a

set of calibrated delays. A time calibration of the form
T=CO+Clt+C2t2+C3t3 (II-5)

was assumed where T is the calibrated time corresponding to

the channel t of the TAC spectrum. The coefficients cy
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and Cg of the non-linear terms were relatively small. The

neutron time-of-flight, T,, is then given by
Tp=T, - T+d/c (I1-6)

where T, is the arrival time of the prompt y-rays which
was used as a reference time and, d/c, the flight path
divided by the speed of light, is the time-of-flight of the

y-rays. The neutron energy was calculated according to

E=mc(y - 1) (1I1-7)

2 is the neutron rest mass and y=(1 -82)-% with

where mc
B =(d/Tp)/c.

In order to improve the time resolution and hence the
energy resolution, the neutron-fission timing signals were
corrected for the flight time of the fission fragments.

This was accomplished by gating the fission fragment pulse
height spectrum into four bins. These bins of increasing
pulse height then correspond to four bins of decreasing
fragment mass. Since the heavier fragments have longer
flight times their time spectra will be shifted relative to
the light fragment time spectra. By using separate
reference times T, for each of the four fission pulse height
gates it was thereby possible to achieve an overall time

resolution of 1.0 nsec (fwhm), corresponding to an energy

resolution of 5 MeV (fwhm) at 50 MeV.



CHAPTER III

DATA ANALYSIS

A. Normalizations and Corrections

1. Projectile-like Fragment Experiment

The coincidence spectra and calculated quantities of
this experiment have been corrected for accidental coinci-
dences. The spectra for accidental events were obtained by
gating the relative time spectrum between the fission
detector and particle telescope on the random coincidence
peaks. The envelope of the random coincidences has a max-
imum at the real coincidence peak. It is therefore necessary
to renormalize the random spectra obtained from the random
peaks to the maximum of the envelope. The relative contri-
bution of accidentals in the real coincidence peak was
deduced from the contribution of elastically scattered 16g
which cannot occur as a true coincidence with fission. The
spectrum of the accidentals, Ng., in the real coincidence

peak was then calculated as

_ (Nel.)ac

Nac Nen (III-1)

) (Nel.)rn

36
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where (Nel_)ac and (Nel.)rn are the elastic contributions
in the real and random coincidence peaks, respectively, and
Nyn is the spectrum of random events obtained from the
random coincidence peaks. The resulting random corrections
were typically less than 3%. In addition, the fission
fragment folding-angle distributions have been corrected
for the geometrical detection efficiency. The coincident

cross sections are presented as the raw number of counts.

2. Light Particle Coincidence Experiment

The fission fragment folding-angle distributions, 0,g,
have been corrected for the geometrical efficiency of the
fission detection system. The coincident light particle
spectra were also corrected for the fission detection
efficiency on an event by event basis. The detection
efficiency, shown in Figure III-1, was determined by a
computer simulation of the fission decay of 254
(Appendix B). 1In this simulation, the total momentum
vector of the recoiling 254Fn nucleus was assumed to be
directed parallel to the beam axis. This assumption is
necessarily fulfilled for compound nucleus reactions. For
noncompound reactions, however, the recoil momentum
components perpendicular to the beam axis could be
appreciable. 1In this case, the momentum vectors of the
fission fragments could span a plane that does not contain
the beam axis and our calculations would overestimate the

detection efficiency. Since the transverse momentum
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angle 0aAB ogtained by simulation of the
fission of 294Fm with the experimental
geometries I and II of the present study.
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distribution of the target residue is not known, a
correction for this effect could not be made.

The coincident spectra have also been corrected for
accidental coincidences. The coincident light particle
cross sections are presented as the differential multiplicity
per fission event, that is, as the number of light particle
coincidences normalized to the number of inclusive fission

events Nf.

3. Neutron Experiment

In the off-line analysis, two-dimensional gates were
set in the pulse height versus pulse-shape spectra to dis-
tinguish y-rays from neutrons. The neutron detection
efficiency was calculated with a modified version of a
computer code originally developed by Kurz [RJKu]. For a
given detector thickness, the efficiency depends primarily
on the threshold set on the pulse height distribution. The
threshold for each detector was chosen to be higher than
the electronic threshold, and two different values of
threshold for each detector were tried to check the calcu-
lated efficiency. The accuracy of the absolute neutron
efficiency is estimated to be *157%.

A 10-15% contribution of background neutrons was sub-
tracted from the neutron spectra. The background was
determined during runs in which the ''shadow bars' were in
place. The spectra were also corrected for accidental

coincidences. The coincident neutron and proton cross
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sections are presented as the number of coincidence events

normalized to the number of inclusive fission events Ngf.

4. Inclusive Light Particle Experiment

Differential cross sections were determined using the
measured target thicknesses and integrated beam current.
The dead time of the system was monitored by injecting a
pulse into the detector preamplifiers at a rate which was
proportional to the beam current. The resulting dead time
corrections were usually less than 47. The absolute mag-
nitude of the cross sections is estimated to be accurate

to within 35%.

B. Particle Identification

Mass and charge identification of the particles
observed in each telescope was obtained by using a standard

particle identification (PI) function of the form [Go 75]
PI« (E+AE)Y -EY . (I1I-2)

Here AE and E are the measured energy loss and residual
energy of the particle and y is a parameter which is optim-
ized to give minimum energy dependence of the PI function.
Generally, y varies from 1.6 to 1.8.

A typical PI spectrum observed in the inclusive light
particle experiment is shown in Figure III-2. Here the Nal

energy calibration for hydrogen isotopes was used to
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separate the individual hydrogen isotopes and identify
helium. When a helium particle was identified, the alpha-
particle energy calibration was applied and a new PI was
calculated which allowed resolution of JHe and alpha-
particles. However, the spectra of 3He have not been
analyzed in the present study due to non-negligible contri-
butions from the abundant alpha-particles. 1In the light
particle coincidence experiment a contribution of approxi-

mately 10% 3He was included in the “He spectra.

C. Fission Reaction Kinematics

The projectile-like fragment coincidence data have been
analyzed off-line on an event by event basis in order to
extract the amount of linear momentum transferred to the
target residue prior to fission. In this experiment, the
energy and outgoing direction were the only parameters
determined for each fission fragment. Because the fragment
masses were not measured the reconstruction of the
kinematics of the fission reaction is not possible unless
two further assumptions are made to determine these two
parameters. In our analysis we have made specific assump-
tions about the sum mass of the primary fission fragments
and about the target residue momentum component Pﬁ perpen-
dicular to the beam axis. In this section we give a

detailed discussion of our kinematical analysis and the

validity of our approximations.
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We consider the fission decay of the recoiling nucleus
as an isolated event, i.e., we assume a truly sequential
fission process. Momentum conservation in the laboratory

system then gives the following two equations
PQ==PA cos 05 +Pp cos og, (I1II-3)
and

PR=P, sin 04 - Py sin op, (III-4)

where Pp and Pé denote the parallel and perpendicular
momentum components of the recoiling system with respect to
the beam axis. The magnitude and angle of the momentum of
fragment A with respect to the beam axis are denoted Pp and
0p, respectively. A similar notation is adopted for the
momentum of fragment B. Mass conservation during the

fission decay can be expressed as
MR =Mp +Mp (III-5)

where Mp, Mp and Mg are the masses of the recoil nucleus
and the primary fragments A and B, respectively. The

momenta of the primary fission fragments are given by

Py=(2 My Ep)% (I1I-6a)
Pp=(2 Mg Ep)* (I1I-6b)

where Ep and Eg denote the primary fragment kinetic energies.

(For the discussion of the corrections for neutron
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evaporation from the primary fragments, see below). It is
clear that two more equations are needed to determine the
momentum of the target residue.

If the primary reaction between the projectile and
target residue were a pure two body process we would have

the additional relations

I I

PR = Pl - P3 (III—7&)
PR = -P3 (I1I-7b)
Mg =M + My - My (I11-7¢)

where the indices 1, 2 and 3 denote the projectile, the
target and the outgoing projectile residue, respectively.
Since only two relations are needed to determine the
kinematics unambiguously, we have measured one redundant
parameter in this case, which can then be used to test the
assumption of a primary two-body reaction.

In the general case we are dealing with more than
three particles in the exit channel and Equations (III-7)
are no longer fulfilled. If we denote the total mass and
momentum of all undetected particles by the "missing mass',
Mm, and the '"'missing momentum', Py, we have instead

(see Figure III-3)
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[l Il _pll

PR =Py -Py-Py (111-8a)
Pk = -p% - pL (I11-8b)
Mg = Mp + My - M3 - Mg, (111-8c)

In the following we will show that the momentum compo-
nents parallel to the beam axis, Pu and Pu, are quite well
determined by the present measurement, whereas the momentum
components perpendicular to the beam axis are only poorly
known. This is primarily a result of placing the position
sensitive detectors symmetrically about the beam axis,

which gives <0p> = <op>. For an average event we can

therefore write (see Equations (III-3) and (III-4)).

PQ =[V2MAEA + V 2MBEp ] cos<0p> (III-9a)

PR=[V2iaEy - V2MpEg | sin<op> (I11-9b)

The energies E, and Ep are measured directly, but the masses
Mp and Mg are in principle unknown. An increase in the
first term in Eq. (III-9a), due to the assumption of a

large Mj, will be compensated by a decrease in the second
term via Mp due to mass conservation. For the same reason,
the perpendicular component of the recoil momentum, P%, is
very sensitive to the fragment masses Mp and My, see

Eq. (ITII-9b).
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For events that were detected in coincidence with a
projectile residue (Li,...,0) we have made the following
assumptions in order to be able to calculate the complete

kinematics for each event
Mg =My (i.e., Mp=Mj - M3) (III-10)

and

d

PR=-P5 (i.e., PL=0) (II1-11)

The first assumption introduces only minor uncertainties in
the mass of the target residue prior to fission. The
sensitivity to the second assumption was investigated in
more detail by replacing it by the more general assumption
of a constant value, 0Op, of the direction of the missing

momentum vectors

anL/Pru = tan Op = const. (III-12)
Defining
-> - -> > >
P4 =Py - P3=Pp+Ppy (III-13)
and using Equations (III-8) we can rewrite Equation (III-12)
I

P%E=PR tan op +Py, (sin 04 - cos 04 tan Op). (ITII-14)

I
By inserting the expressions for PR and Pﬁ from Eq. (III-3)
and Eq. (III-4) we find
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p2cZ = P2CE + PAC - 2C,C4 PP, (III-15)
where
Cp=sin 0p - cos 0, tan op,
Cg=sin og+cos 0p tan op, (I1I-16)
Cy=sin 04 - cos 04 tan op.

Rewriting Eqs. (III-5) and (III-6) gives

Py =V(2Mg - P2/Ep)Ey (I11-17)
and with Eq. (III-15)
E
(c§;+c§ E% ) P - 2CAC,P,P, + C2P7 - 2C32MpEg = 0. (III-18)

The solution to this equation is

E E
2 2 °B 2,2 7B
CrC,P, + C 'JZM Er(Cx + Cg ==) - CyPy —
. AC4F4 T Cp YZMRER(CA + OB gr 46 By (111-19)
A~ E
2 2 B
Ca + C
A B EA

The remaining unknown quantities can then be obtained from

the following relations

M, = PR/2E, (111-20a)
Mg = Mg - My (111-20b)

and from Eqs. (III-3), (III-4), and (III-8).
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Mass dependent corrections for pulse height defects in
the position sensitive detectors and for neutron evapora-
tion from the fission fragments are performed by means of
an iterative procedure for each event. In this procedure,
an initial guess is made for the post-neutron evaporation
fission masses and the pulse height defect correction
described in Section II.C.1l. is applied to determine the
fragment energies. These energies are used to calculate
the primary fission fragment masses according to the
kinematic relations described above. The average number of
neutrons emitted from each fragment is then calculated to
obtain a better approximation for the post-neutron evapora-
tion masses. These steps are repeated until convergence is
attained. The average number of neutrons emitted per

fission is assumed to be
v(MR, E*)=0.118 (MR-220)-+0.133 E* (I11I-21)

where E* is the excitation energy of the fissioning system.
This formula represents a reasonable average fit to experi-
mental data [Va 73].

The number of neutrons emitted from each fragment is
furthermore assumed to be proportional to the primary
fragment mass

M
T(Mg, EX, My) =M—§ T(Mg, E¥) (111-22)
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The dependence of the extracted mean values of Py

|

and Py
on the correction for neutron evaporation from the frag-
ments is rather insignificant. However, it should be kept
in mind that the widths of the PQ distributions are
artificially widened because neutron evaporation intro-
duces random fluctuations on the angles 0j and og and on
the final fragment energies and masses.

The momentum component <PR> is rather insensitive to
the choice of o, while the <Pﬁ> component has a rather
strong dependence. This is illustrated in Figure III-4
where the dependence of the average momentum components
<Pﬁ> and <Pr>, on 6y is shown for the reaction
238y (160, 10Bf). It is seen that only momentum components
parallel to the beam axis are relatively independent of our
kinematic assumptions. The range of acceptable choices of
Om can be determined from the requirement that, on the
average, both detectors should see equal amounts of light
and heavy fission fragments, i.e., <Mp-Mp>=0. This
requirement is a consequence of assuming that the fission
decay occurs as a truly sequential process. This dependence
of <Mp -Mp> on 6y is shown in the upper part of
Figure III-4. Within the accuracy of this experiment, the
range of acceptable values for o falls between -30° and
+5°. Very similar observations are made for other exit
channels in which a projectile residue was detected in

coincidence with two fission fragments. In all cases the
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detectors is achieved.
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value 0p =0 was found to lie within the range of acceptable
values of op, as deduced from the requirement <Mp - Mp>=0.

We have, therefore, proceeded by using op=0, i.e.,
Eq. (III-11), for the analysis of projectile residue -
fission fragment coincidences. The uncertainties in the
deduced momenta were estimated by varying the value of op
in the range between -30° and +30°.

The fission fragment folding-angle is defined as the
angle of emission between two coincident fission fragments,
0AB = 9p T+ 0. The folding-angle is mainly determined by the
projection, PQ, of the target recoil momentum onto the beam
axis. This is illustrated in Figure III-5 where the
experimental data are shown in a two-dimensional contour
plot of PQ versus 0pp for reactions in which a coincident
projectile residue (Li,...,0) is observed. (For the
calculation of PQ, assumptions corresponding to
Eqs. (III-10) and (III-11) have been made). For comparison,
the expected average values of 0pp have been calculated
(solid curves of Figure III-5) by computer simulation
(Appendix B) for the fission decay of either 238y or 254Fn
nuclei moving parallel to the beam axis. The average
folding-angles are seen to be approximately linearly related
to Pg. The finite width of the distribution of folding-
angles for a given recoil momentum is partially due to the

distribution of fission momenta which results from the

fission fragment mass distribution. The folding-angle
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distribution is also broadened as a result of neutron eva-
poration from the fission fragments.

The relatively small difference between the two cal-
culated curves illustrates the small uncertainty that is
introduced by the assumption of Eq. (III-10). The two
curves are expected to provide limiting cases of the actual
relationship between Pg and <0pp>. The curve for the
fission of 254Fm will be valid for the case of complete
fusion of target and projectile and the 238y curve will
hold in the event that no mass is transferred to the target.
Consequently, the curve for 238y will be more realistic for
small momentum transfers (PH/Pl%O) as in Figure III-5. On
the other hand, the curve for 254Pn will be more realistic
for large momentum transfers (Pg/Pl%l). This 1is
illustrated in Figure III-6 where the calculated curves are
compared with the Pg versus 0pp distribution of inclusive
fission events. For the analysis of inclusive fission
events and of events involving only a coincident light
particle (p,d,t,o) the assumptions of Eqs. (III-10) and

(III-11) have been replaced by the relations

P’II{_=O (I1I-23a)
MR =M; +My (III-23b)

These assumptions are in fact exact if a compound nucleus is
formed. They are good for reactions involving large

transfers of linear momentum and mass, but are poor for



55

vl on

Ioohllll TTTT TTTT IIIIIIIITIYTIIIIIIIIIIIIlllﬁTTllllllll'lllllll’r_

: u('®0.f) 315 Mev

80? ] e —

s Mg=254

- 1 -]

C Ph =0 ]

60 =

a [ N

~N — —

=@ B 7

a- N

40 —

i N

i ]

20 E

~ \ B

- \\‘{ n

i N ]

Obllelllll111411111111111111lllllllllllllll ]
140 160 180 200

Figure III-6.

®,g(Degrees)

Dlstrlbution of inclusive fission events in
the P 0pg Plane. The assumptions of
Egs. %III 23a and (III-23b) have been used
for the analysis. The solid lines corresgond
to the calculated average quantities of 2

and 254Fm nuclei moving parallel to the

beam axis.



56

peripheral reactions.

The results shown in Figures (III-5) and (III-6)
illustrate that the simple measurement of the folding-angle
between coincident fission fragments provides a good
estimate of the mean momentum transferred to the target
residue. In what follows in this study we shall use the

£ 29%Fn to establish

solid curve corresponding to fission o
an approximate relationship between the measured value of

OAB and <Pg>.



CHAPTER IV

PROJECTILE-LIKE FRAGMENT RESULTS

A. Projectile Residue Energy Spectra

Energy spectra of projectile-like fragments observed
at 15° in coincidence with fission fragments are shown in
Figure IV-1. These spectra were recorded close to the
grazing angle of Ogﬁtl9° and exhibit close similarities to
inclusive spectra of projectile residues [Ge 78] observed
at 15° in 160 induced reactions on 208Pb at 315 MeV. From
this qualitative similarity we conclude that the require-
ment of a fission coincidence does not impose a serious
kinematical bias on the spectra. Such a bias is only
present in the 169 spectrum which, of course, exhibits a
sharp cut-off corresponding to the fission threshold of
238y,

The energy spectra shown in Figure IV-1 have maxima
which correspond to projectile residue velocities near
to the beam velocity (marked by arrows). The widths of
the energy spectra increase with decreasing atomic

numbers of the outgoing projectile residues. These

57
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Figure IV-1. Laboratory energy spectra of projectile frag-
ments (Li - 0) detected in the heavy ion tele-
scope at 0=15°, in coincidence with fission

fragments.
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observations are similar to the ones for inclusive spectra
[Ge 78] which could be explained within the framework of a
simple model for projectile fragmentation. It has been
shown [Ge 77, Go 74] that the widths of these energy spectra
can either be explained in terms of the Fermi momenta of
the nucleons in the projectile if a fast breakup process is
assumed or they can be explained in terms of the thermal
kinetic energy of the nucleons in the projectile if the
reaction proceeds via the sequential decay of an excited
and completely thermalized projectile.

Such inclusive energy spectra have prompted explana-
tions in terms of several partially conflicting models
[Al 79, Ud 79, Mc 80] ranging from simple transfer reactions
to breakup processes. Recent measurements of light
particles in coincidence with projectile fragments
[Ha 77, Ho 77, Ge 77a, Ga 78, Bh 79, Ho 80] have sought to
limit the possible interpretations of these reactions.
Unfortunately, these experiments cannot distinguish
kinematically between sequential decay and projectile break-
up unless the final state is completely determined or unless
in- and out-of-plane angular correlations are obtained. As
a result, the interpretation of these experiments is often
model dependent [Bi 80, Yo 80]. Although such measurements
can provide detailed information, this is not necessarily
advantageous in the early stages of investigating the

reaction mechanism since focus might be placed on rather
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uncharacteristic processes [Fr 81] due to the strong phase
space selections which result simply from the placement of
the detectors. Furthermore, from these measurements it is
difficult to estimate the significance of processes with
only a projectile fragment or only a light particle in the
exit channel. From such investigations it has become
apparent that the type of experiments required are those
which will provide more detailed information than simple
inclusive measurements and yet allow overall features of
the reactions to be observed in a manner characteristic of

an inclusive measurement.

B. Fission Fragment Folding-Angle Distributions

Several aspects of the reaction mechanism operating in
reactions of 160+ 238y at 315 MeV are directly observable
by studying the folding-angle distribution of fission
fragments as illustrated in Figure IV-2. The folding-angle,
0AR, is defined as the angle of emission between the two
fission fragments measured in the laboratory system. The
upper scale of the figure gives the corresponding values of
the recoil momentum Pg expressed in units of the beam
momentum P;. This scale has been calculated assuming
fission of the compound nucleus 254Fp and corresponds to
the solid lines marked as 234Fm in Figures III-5 and III-6.
The mean folding-angle expected for fission of the compound

nucleus (PQ==P1) is opg=144.4°. The folding-angle
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distribution for inclusive fission events exhibits two
clearly separated components. The strongest component
centered at 0pp = 148° corresponds to ~92% of the beam
momentum being transferred to the fissioning system. At
incident energies of 140 MeV for the same system this
component of the folding-angle distribution is centered at
~100% of the full momentum transfer limit (see Appendix A).
This shift away from full momentum transfer with increasing
energy suggests the increasing importance of processes

such as "incomplete fusion'" [Si 794 and '"'massive transfer"
[Ya 79] in which a portion of the projectile escapes the
fusion process. (This observation raises doubt about the
method of calculating the fusion cross section by measuring
evaporation residues since an incomplete fusion product is
indistinguishable from an evaporation residue unless the
accompanying light particle distributions are measured).
The deviation from complete fusion has recently been
observed to become even more pronounced at higher energies
[Sa 81]. We shall associate this component of the folding-
angle distribution with ''central" collisions corresponding
to a large overlap of target and projectile.

The second component in the folding-angle distribu-
tion, centered around 6pp ~173°, we attribute to
"peripheral' reactions in which the major part of the
projectile momentum is carried off by heavy projectile

residues emitted at small angles [Ge 78]. The minimum in
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the folding-angle distribution reflects the fact that, for
peripheral reactions, the largest cross sections are
observed for nitrogen and carbon fragments and larger mass
transfers are less likely. This is seen in Figure IV-3 in
which folding-angle distributions measured in coincidence
with projectile-like fragments (Li,Be,B,C,N,0) at 15° are
shown. With decreasing mass of the outgoing projectile
residue the folding-angle distributions have maxima at
angles further from 0, =180°. This is expected from
simple momentum conservation requirements if a sizeable
fraction of the momentum lost by the projectile is
transferred to the target. This observation immediately
rules out an extreme participant-spectator model in which
the projectile fragments after minimal interaction with the
target.

In the following section a more detailed analysis of
the data shows that the momentum carried off by the
projectile-like fragment is not sufficient, however, to
account for the difference between the beam momentum and
the recoil momentum of the fissioning system. This
"missing momentum' is very likely carried off by light
particles emitted into the forward direction. Possible
evidence for such an interpretation is given in Figure IV-4
where the folding-angle distributions observed in
coincidence with light charged particles (p,d,t,o) at

0 =14° are shown. For reference the inclusive distribution
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and the distribution measured in coincidence with
projectile-like fragments are also shown. Light particles
are seen to be emitted at forward angles in events with
momentum transfers (OAB1§I7O°) similar to the ones in
which a projectile residue is observed. More intriguing
is the observation that most of the p,d, and t's near the
grazing angle result from processes with large momentum
transfers (0pp« 150°) which cannot be interpreted as
projectile breakup or sequential decay reactions. This
result was investigated further in the second experiment
where only light particles were detected in coincidence
with fission fragments and will be discussed in detail in
Chapter V. (The arrows in Figure IV-4 are discussed in

Section V.A).

C. Kinematical Analysis

1. Missing Momentum Distributions

A more detailed description of the reaction mechanism
can be obtained by performing an event by event recon-
struction of the kinematics of the reaction using the
method described in Section III.C. This type of analysis
has been applied to reactions in which a projectile-like
fragment (Li,...,0) was detected at 0=15° in coincidence
with both fission fragments. Through this analysis it is

possible to obtain momentum distributions of the
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unobserved particles and mass distributions of the fission
fragments.

Missing momentum distributions are shown in
Figures IV-5, IV-6, IV-7, and IV-8 for various projectile
residues and cuts in the energy spectra. The missing
momentum distribution for the highest energy cut on
inelastically scattered 160 jons is centered around zero
since only pure inelastic scattering (followed by fission)
is energetically possible. However, the missing momentum
distributions for the two lowest energies of the scattered
160-jons show a clear shift away from zero missing
momentum. Similar trends are observed for lighter
projectile fragments as illustrated in Figures IV-6, IV-7,
and IV-8. Arrows in the figures represent the missing
momentum expected for quasi-elastic projectile break-up
reactions in which the projectile breaks up into two or
more fragments which all continue with the beam velocity.
The missing momentum distributions are peaked between the

pure two-body reaction limit <Pp>=0 and the quasi-elastic
Mq-M
projectile break-up limit <Prlr]1> = 1Ml 3 P;. The rather

narrow widths of the PM distribution indicate that the
main reaction mechanism is not simply a superposition of
simple transfer reactions and quasi-elastic break-up

reactions.
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2. Systematics of Momentum Transfer

The systematics of the average missing momentum as a
function of the energy of the projectile residue are shown
in Figure IV-9. The data points are scattered around a
line with a negative slope of <PQ>/P1<E3>==1.O>{10'3 Mev-1,
The missing momentum increases with increasing energy loss
of the projectile residue. Such a behavior is consistent
with any mechanism that associates the energy loss with
the emission of light particles into the forward direction.
In particular, the sequential decay of the projectile
residue by light particle emission would be consistent with
the trends observed in Figure IV-9. 1In this case, larger
energy losses would be associated with higher excitation
energies of the projectile residue which would lead to the
emission of a higher multiplicity of light particles.

The dependence of the average value of the recoil
momentum <PR> on the average momentum of the projectile
residue <P3> is shown in Figure IV-10. For a pure two-
body reaction (followed by fission of the target residue)
one has: P1==Pg-+P!. For orientation, this limit is
shown by the solid line in the figure. The data clearly
rule out this limit as was already obvious from
Figures IV-5, IV-6, IV-7, and IV-8. The extreme limit of
quasi-elastic projectile breakup, where the target nucleus

acts as a mere spectator, corresponds to negligibly small

values of Pg, similar to the ones observed for inelastic
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scattering. This interpretation was consistent with the
single particle inclusive spectra [Ge 77], but it is not
consistent with the rather large values of PR observed here.
The reaction, instead, involves significant interaction
between projectile and target. Therefore, our results
cannot support the participant-spectator model [We 76] at
incident energies of E/A=20 MeV. Similar conclusions have
been reached in recent measurements [Eg 81] of the
momentum widths of projectile residues in the reaction
20Ne + 19744, However, this study concentrated on the 16O
exit channel which may be strongly influenced by the
a-cluster nature of the projectile. Other recent results
[Na 8la] suggest that the pure fragmentation model is still
valid at energies as low as E/A =43 MeV. Further
coincidence investigations at these energies will be
necessary to determine whether the momentum transfer to the
target residue is in fact small, as suggested by the extreme
participant-spectator model, or whether it is rather large

as we have shown for reactions at E/A =20 MeV.

3. Fission Fragment Mass Distributions

An estimate of the excitation energy of the fissioning
system can be obtained from the mass distribution of
fission fragments. The mass distributions measured in
coincidence with the projectile residues Li,...,0 are shown
in Figures IV-11, IV-12, IV-13 and IV-14 for several

regions of the outgoing particle energies. For the high
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kinetic energy region of the oxygen and nitrogen spectra we
observe very asymmetric mass distributions, with large
(>20) peak-to-valley ratios. Such asymmetric mass distri-
butions are typical for the fission of actinide nuclei at
relatively low excitation energies. The valley correspond-
ing to symmetric fission (the mass of the fissioning nucleus
was assumed to be Mg =238 in this analysis) is seen to fill
in for increasing energy losses. This indicates that
fission takes place from a more highly excited nucleus.

One can put this qualitative observation on a more
quantitative basis by comparing the peak-to-valley ratios
of these asymmetric mass distributions with the ones
observed in reactions where the excitation of the fission-
ing nucleus is known, and thus obtain an estimate of the
excitation energy for each ejectile energy bin. This
provides one of the few direct measurements of the target
excitation energy. The results of such a comparison with
mass distributions obtained in measurements of fission
following compound nucleus formation in the a-bombardment
of a 238y target [Co 61] (see Figure IV-15) are presented in
Table IV-1.

For the smallest energy losses, as observed for high
energy oxygen and nitrogen nuclei, the target residue
excitation energy, which is deduced from the fission
fragment mass distributions, is slightly larger than allowed

even for a two-body reaction. The reason for this is the
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Table IV-1. Estimates of excitation energy of the
fissioning nucleus.

Ejectile E <E*(E3)>2) <E*(P/V)>b)

(Méb) (MeV) (MeV)

16, 300-310 7.4 14
280-300 22.2 16

250-280 46 .6 18

210-250 78.7 35

L5y 280-310 16.5 20
250-280 39.0 28

200-250 75.3 33

Lay 280-310 14.0 17
250-280 34 .3 25

200-250 67.7 35

13¢ 250-300 38.7 33

a)Average excitation energy of the fissioning system
estimated from the ejectile energy assuming two-body
kinematics.

b)Average excitation energy of the fissioning system
estimated from the peak/valley ratio of the mass
distribution when compared to o+ 238U data of Colby et. al.
[Co 61].
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relatively poor energy resolution of the position sensitive
fission detectors, which fills in the valley between the
two mass peaks. However, for larger energy losses of the
outgoing projectile residues the fission fragment mass
distributions observed experimentally are more asymmetric
than expected from an estimate of the excitation energy on
the basis of two-body kinematics. In fact, the assumption
of two-body kinematics can lead to a significant over-
estimate of the target residue excitation energy. On the
other hand, it is also clear that the amount of excitation
energy deposited in the target residue is by no means
negligible. This corroborates the conclusion drawn from
the large momentum transfers to the target residue that
inelastic interactions with the target are an important
aspect of the reaction mechanism. Quasi-elastic breakup
is not the dominant reaction mechanism. Similar con-
clusions had been drawn [Ge 77a] from the measurement of
alpha-particle projectile residue coincidences. The
analysis of that experiment, however, had to rely on the
validity of three-body kinematics in order to deduce the

excitation energy of the target residue.






CHAPTER V

LIGHT PARTICLE RESULTS

A. Fission Fragment Folding-Angle Distributions

1. Inclusive Folding-Angle Distributions

The fission fragment folding-angle, 0pp, is defined as
the angle of emission between two coincident fission frag-
ments measured in the laboratory system. The distribution
of folding-angles measured for inclusive fission events is
shown in Figure V-1. The distributions are shown for the
two experimental geometries of the light particle
coincidence experiment and also for the geometry of the
projectile-like fragment experiment (O§==—OZ==80°). The
inclusive distributions exhibit two clearly distinct
components. As discussed in Section IV.B, the strongest
component centered in the region of 0pp X 150° corresponds to
large recoil momenta and is therefore associated with
"central' collisions. The location of this maximum shifts
with fission detector geometry in exactly the manner
predicted by computer simulation. This is shown in

Figure V-2 where the average values of 0pp have been

84
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calculated for geometry I (of=-60°, og=100°) and geometry
II (OK==-7S°, og = 85°) by simulation of the fission of
either 238U or 25%Fm nuclei moving parallel to the beam
axis. (These calculations are analogous to those shown in
Figures III-5 and III-6 for the geometry 0 = -0f = 80°). It
is seen from the calculation that, exactly as observed, a
shift of approximately 2° is expected in the region of full
momentum transfer when going from geometry I to geometry II.
The other component in the folding-angle distribution
peaks in the region of opp ~173°. We attribute this
component to ''peripheral' collisions (Section IV.B) such as
inelastic scattering, breakup, and transfer reactions in
which a projectile residue escapes. As noted previously,
the minimum in the folding-angle distribution is a
consequence of the fact that, for peripheral collisions,
the largest cross sections are observed for nitrogen and
carbon fragments. For the very asymmetric detector
arrangement this minimum is less pronounced, mainly due to
pileup in the forward fission detector which extended

forward to 40° and was subjected to high count rates.

2. Folding-Angle Distributions in Coincidence with Light

Particles
The distribution of fission fragment folding-angles
measured in coincidence with light charged particles
(p,d,t,o0) are shown in Figures V-3, V-4, V-5, and V-6. For

reference, the inclusive distributions for geometries I



88

238 (%0, pf), 315 MeV

0 — I — vour ez o
- 6,=60" $ 65=75° E
L 6%=100° INCLUSIVE I 65,=85° INCLUSTVE
1080 ° S B /(x10%)

/e,

& 15° Y 2
107 & o@of% r‘(qu] %o ooo
Logmg,

L tuul

T T lT""l
<«
(o)
00
oee b
T 1 I"""

T T
o %o

ot
T
k)

—
O
a
T 1""”'
(o]
80
}o
f%
o N
>
[N E)
() o
w
- ooéb
%
Oo
00 69
(o]
&
e dal
T
0E
- £
>
(e}
o ©
w

,_.
(@D
@)
T
P
o %,
<—
N
(@)
o
&
%0
e
BRI R AR
(o)
® o
8(9
}%
8
OO%)
&P

COUNTS

o]
(o) 0(9
<
o
>
N
O
00
et
T T ‘]"‘l'
00
(o]
—
—
O
(o]

00L& & ®e Fey B

T ll]“"] T 17]""‘
o
&
&
&
©°
o
o
o
JanmurTmi
T 1 7]7"7'
&P
[ 00
b
§o°
§o
)
TR TTTY ST SR UTTTI BN S I W ST RS IR UTTT| IR SN W N U TT| B a e e eri |

T
Co

o &

O

(o]
ool
T T ']V'1‘]

o ° @
10 o 1400 o o 125°

LIRS ALY

o
S
[
e etuaul

1

Lol

Y210 160 180 120 140 160 180
6,5 (DEGREES)

Figure V-3. Folding-angle distributions of fission frag-
ments measured inclusively and in coincidence
with protons for experimental geometries I and
II. The detection angles of the coincident
protons are given in the figure.



89

MSUX -80-350

238 (160 df) . 215 Mev

109: T T T T T 7 T ES T T T
E 0,=60° eA 75°
of 68=100° INCLUSIVE I 6g=85° INCLUSIVE ]
w0l 7 v 1oos v
=) L= NE f .
: * [Xlo] T ‘o 7]
ol Ml T :
: = >, i | “*003 ;
r °% v\ 25 . T [XlO] 7]
@)) 105h_ ¢ J.' Jx103] * T ofﬁs )
= 3 “ au& E3 s . 3
% C ’:.' ‘L o‘ I o } °0.o ]
O IOQE o ﬁ 20° ®e + ." ‘. “ 550 . _=
@) 2 - « (X100 i N, %(x100% E
S R A 1 -y % :
1030 e\ v q
AR S Y
: . S 95 T = o o E
I 3 l e (X10) T e% ¢ 10 ]
100L * o * o x s ‘L '..[XIO] E
= e M, 3 a T E
C . o 00. I e o.: b
wof . I -, ]
’ oms 140° 3 ¢ 125° ;
I ‘. I ‘. % ]
1 ] A L ) ] N ! N ) ) ] L | L 1 N
120 140 160 180 120 140 160 180

0,5 (DEGREES)

Figure V-4. Folding-angle distributions of fission frag-
ments measured inclusively and in coincidence
with deuterons for experimental geometries I
and II. The detection angles of the coincident
deuterons are given in the figure.



90

MSUX-80-244

238y (180 tf) . 315 MeV

L

E T T T T T T A T T T T T v T v
= 9,=60° 6,=75°
- Gg=100° INCLLSIVE + 65=85° INCLUSIVE
s m % (x10™)
. f& % f M
,7- & % oo oo
~E 5 o oise Y s %
£ 4 K o
o oo &w [XIOJ %}, & oo
.2 5% ° o
“‘E_ é& %5;@
3 £ | 25°% l
F > \J \’)(163Jo°00 4go
R B ° T e (x109)
e r S T LR
Z a 0590 oo°o° < l o‘hsb
— N 1 ° o
_ o c v ®° & (o2
o o e T o T L [S‘xslog’
i & o) S A
— - - o a
e Ef@ v % % &
. j"»_ °© 5% o ® ‘l’ da)woa::
4 PR D i
i 2 o X 10) ° o5° &&
L &’ ogg +O & T, l1o0°
Natal [ ° o ©o °
,J\)E ) l %:%% o \i/ [)(10]
= A o o % Q,o&‘b °
C ofoooo)& ¢ % mo
s T P e R
! o >
vE °° ° 4 ° o o&
- ° o 140 o 2 123°
- @® o -
L o a o @® |
“l L ) L P P L R L P N [ X |
27 140 120 180 120 140 1680 180

5,5 (DEGREES)

Figure V-5. Folding-angle distributions of fission frag-
ments measured inclusively and in coincidence
with tritons for experimental geometries I and
II. The detection angles of the coincident
tritons are given in the figure.




91

MSUX-80-.342

238 (80, af) . 315 MeV

109= T T T T T T T T E T T T T T T T L 3
F 0,=60° T 0,:=/5° 3
of ©8=100° INCLUSIVE T 05=85° INCLUSIVE ]
F / 1se % /\f\ ]
7'. [XIO ] % T .. ° 4
lO E .' i .. = o. .. 3
E ) s S N\ F s o ]
S s 25° %, vl 7 O
S 4 o
10 3 < (X10°) o + l 40 5 2
£ K . ¥ ”.\ (X10°) E
a '\'o ' L3 T ]
- Y : [ J + [ 4 \ <
)] S * o s K4 e
— 107 - A 2 . %, 3
E L4 * x 3
% : A A N A ]
- ) L4 <+ LY 'Y [Xloo] Y -
- loq_r o° .o\b‘ (X100) + 2. .,0 *, 4
E o’ F o & @, 3
- C . g ‘e ¥ . e \' ° :
: . i ~ I R o\. ]
103:— < .:'. N E3 . 3
oV, -, A
S - T RS 1) ]
100 «° ° {X10) + 4% (X10] J
s oo& « * ° il .'5.. LI ]
]'OE' ..-:‘0 o0 =+ °e ®e0 =
E ° Y E3 ) %o 3
: [ ] [ ] - 1L+0° :: [ ) (] 125 :
1 1 1 I _o- 1 1 1

120 190 150 180 120 140 180 180
8,5 (DEGREES)

Figure V-6. Folding-angle distributions of fission frag-
ments measured inclusively and in coincidence
with alpha-particles for experimental geometries
I and II. The detection angles of the coinci-
dent alpha-particles are given in the figure.



92

and II (from Figure V-1) are shown at the top of each
figure. The folding-angle distributions observed in
coincidence with light particles are shown below the in-
clusive distribution for the same geometry. The detection
angle of the coincident light particle is indicated.

When light particles are observed at forward angles,
the coincident fission fragment folding-angle distribution
exhibits both central and peripheral components. This
indicates that light particles are produced not only in
massive transfer or incomplete fusion reactions, but also
in peripheral reactions where a major portion of the beam
momentum is carried off by projectile-like fragments.
Protons, deuterons, and tritons are produced predominantly
in central collisions whereas alpha-particles have about
equal contributions from both central and peripheral
reactions. The large alpha-particle cross sections
observed for peripheral collisions at forward angles may be
explained as due to significant contributions from
o-particle breakup of the 169 projectile [Ge 77a]. As the
detection angle is increased, the contribution from
peripheral processes is observed to decrease rapidly to the
point of being insignificant beyond about 50°, as expected
intuitively for breakup reactions.

If we assume that any unobserved particles are emitted
isotropically, (as is the case for thermal emission at low

angular momenta) then the average recoil momentum can be
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calculated as the difference between the beam momentum and
the average momentum of the observed light particle. The
relationship between recoil momentum and folding-angle

(see Figure V-2) can then be used to determine the average
folding-angle which would be expected in this case. These
average folding-angles are marked by arrows in Figures IV-4,
V-3, V-4, V-5, and V-6. They coincide with the correspond-
ing peak locations of the large momentum transfer component.
Therefore this component must be associated with a low
multiplicity of precompound light particles. Since this
component dominates the light particle distributions at

all angles the emission of light particles is dominated by
processes in which the target residue absorbs the major
part of the beam momentum. This is in accordance with the
pictures implied by the terms ''incomplete fusion' or

"massive transfer'.

B. '"Central'' Versus ''Peripheral' Reactions

1. Light Particle Angular Distributions

The folding-angle between the two fission fragments can
be used to classify ''central' (or fusion-like) and
"peripheral' (or transfer-like) collisions and study the

corresponding light particle spectra. For this purpose a

|

cut corresponding to PR/Pj = 507 (see Figure V-2) has been
introduced in the inclusive folding-angle distributions.

Those events with larger recoil momenta (smaller 0pp) were
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defined as ''central' collisions and events with smaller
recoil momenta (larger 0pp) as ''peripheral' collisions.
For the different detector geometries of this experiment
this cut on 0pp was adjusted to keep the ratio of central
to peripheral components in the inclusive distributions
constant. The light particle angular distributions, gated
on central and peripheral collisions are shown in

Figure V-7. The contribution from central collisions
dominates the light particle cross sections at all angles
with the exception of the forward angle a-particle
emission. Here comparable cross sections are observed for
peripheral and central processes. For central collisions
the cross sections for the emission of deuterons and
tritons are comparable in magnitude to the ones for proton
and alpha-particle emission. This is in contrast to
expectations for compound nucleus evaporation in which
deuteron and triton emission is generally considered to be
of minor importance [Pu 77]. The angular distributions for
light particles produced in peripheral collisions exhibit
a significantly steeper falloff toward large angles than

the corresponding cross sections for central collisions.

2. Light Particle Multiplicity

The multiplicity of light particles per fission event
can be estimated by assuming the angular correlations to be
symmetric about the beam axis. Integrating the angular

distributions of Figure V-7, rather low multiplicities of
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M(p) =0.39, M(d) =0.18, M(t) =0.15 and M(a) =0.44 are ob-
tained. This is consistent with the qualitative conclusions
reached by consideration of the momentum balance (see
Section V.A.2). The multiplicities of hydrogen isotopes
that are observed in peripheral reactions are lower by

about a factor of two than the ones observed in central
reactions. For our particular choice of gates we obtain:
Mp(p) =0.21, Mc(p) =0.47; Mp(d) =0.09, Mc(d) =0.21;
Mp(t)==0.10, Mc(t) =0.16, where the subscripts p and ¢
denote peripheral and central events. This observation
might be explained by the fact that the peripheral gate in-
cludes inelastic scattering and rearrangement reactions that
do not involve preequilibrium emission of light particles.
The alpha-particle multiplicity of peripheral reactions, on
the other hand, is larger than that of central reactions:
Mp(a)==0.67 versus Mg(o) =0.33. This again indicates the
importance of breakup reactions or sequential alpha-
particle decay of the projectile residue for peripheral

reactions induced by 160 ions.

3. Light Particle Energy Spectra

As noted above, we can use the folding-angle between
the fission fragments to classify ''central' and ''peripheral"
collisions and study the corresponding spectra of coincident
light particles. Energy spectra of light particles (p,d,t,
and o) emitted at oy,7 = 14° are shown in Figure V-8 for both

"central' (0pp<160°) and ''peripheral’ (o0pp>160°) events.



Figure V-8.
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Although there are differences in the low energy regions of
these spectra, it is remarkable that the slopes of the high
energy regions are very similar for central and peripheral
collisions and for all light particle species. This ob-
servation was verified to be independent of the particular
choice of division between central and peripheral events.
In Figure V-9 it is demonstrated that the similarity of
spectral shapes for central collisions and peripheral
collisions persists over the full angular range of observa-
tion. This similarity in the spectra strongly suggests that
light particles observed in central and peripheral collisions
are of similar origin. A natural explanation is that the
light particles originate from the early stages of the
collision before the final fate of the projectile residue
has been determined. Thus after the light particle is
emitted, the projectile residue could either fuse with the
target nucleus, resulting in a large momentum transfer, or
interact relatively weakly by inelastic scattering or few
nucleon transfer. We can not, however, rule out the possi-
bility that the light particles observed in peripheral
collisions result from sequential decay of the excited pro-
jectile residue (as suggested in Section IV.C.2). 1In fact,
both direct and sequential breakup processes are known to
contribute [Sh 81]. If sequential decay were the dominant
mechanism, however, it would require that the similarly
shaped energy spectra of central collisions be produced by

an entirely different process (since there is no projectile
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residue to decay sequentially in a central collision.
Although this is entirely possible it would seem to be
rather unlikely.

Since we find that the central contribution typically
dominates the light particle energy spectra and since there
are no characteristics unique to either component of the
light particle energy spectra, we shall henceforth make no
distinction between the two components and simply sum their
contributions. After using the fission coincidence
technique to demonstrate the dominant role of central
collisions (or incomplete fusion reactions) in light particle
emission, we then made an investigation of the energy and

target dependence of inclusive light particle production.

C. Energy and Target Dependence

1. Light Particle Angular Distributions

The light particle angular distributions from the
present study are shown in Figures V-10, V-11, and V-12 for
reactions of 160 on l97Au, 9OZr, and 27A1 at three incident
energies. The distributions were obtained by summing
over all energies with the lower threshold set at 12 MeV
for the hydrogen isotopes and at 30 MeV for alpha-particles.
The cross sections increase with increasing incident
energy. The angular distributions are forward peaked
at all energies and for all light particles. The slope

of the angular distributions increases monotonically
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with the mass of the outgoing light particle. The shape

of the angular distributions appears to be nearly
independent of the incident energy, but become progressively
more isotropic with increasing mass of the target nucleus.
An interpretation of some of these features as well as a
description of the dashed curves in Figures V-10, V-11,

and V-12 will be given in Section V.E.2.

2. Light Particle Integrated Cross Sections

Total inclusive cross sections integrated over light
particle energy and angle are listed in Table V-1. The
integration over energy has been made with a 12 MeV
threshold for hydrogen isotopes and a 30 MeV threshold for
alpha-particles and thereby emphasizes the nonequilibrium
contributions to the cross sections. Also shown in
Table V-1 are the total reaction cross sections as
calculated using the heavy-ion optical model code HOP II
[JGCr] with the optical potentials [Ba 75, Re 75, Cr 76]
listed in Table V-2. The calculated reaction cross
sections were found to be rather independent of the details
of the optical potential parameters. For example, inter-
changing potentials between the targets resulted in only
107% changes in the calculated total reaction cross
sections. From Table V-1 it is seen that the cross
sections for producing protons and alpha-particles are
comparable for each target and incident energy. On the

other hand, the cross section for the production of
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deuterons is typically inhibited over proton emission by a
factor of 3 to 4 with triton emission inhibited by another
factor of about 2. The cross sections for light particle
emission are observed to constitute a significant fraction
of the total reaction cross section and even exceed it at
the highest energies indicating mean multiplicities
comparable to one.

The dependence of the average proton multiplicity,
op/oR, on target mass and incident energy per nucleon
above the barrier is shown in Figure V-13. Also included
in the figure is the multiplicity of the summed hydrogen
isotopes. The Coulomb barrier in the laboratory was

calculated according to

Cc At ro(AI])./B +A%73)

where Ap, A¢ and Zp, Z¢ are the mass and atomic numbers of
the projectile and target and ro=1.44 fm. The proton
multiplicity is observed to be essentially independent of
target and to increase smoothly with increasing available
energy per nucleon. Therefore, we may conclude that the
light particle multiplicities, excluding low energy
contributions, depend only little on the details of the
target nucleus but mainly on the incident energy per

nucleon above the Coulomb barrier.
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Figure V-13. Dependence of proton and hydrogen multiplicity
on target and incident energy. Multiplicities
are taken from Table V-1 of text. Errors
reflect the 35% uncertainty of the absolute
cross sections. The Coulomb barrier V. has
been calculated using Eq. (V-1).
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3. Light Particle Energy Distributions

Some of the general features of the light particle
energy spectra observed in the present study may be seen in
Figures V-14, V-15, and V-16. 1In Figure V-14, the light
particle spectra for reactions of 140 MeV 160 on 197au are
shown by solid points at three selected angles which span
the full angular range of observation. Also shown are the
corresponding energy spectra for reactions on 27p1. In
order to facilitate a comparison of the spectral shapes,
the 27A1 cross sections have been renormalized for each
angle at 20 MeV for the isotopes of hydrogen and at 40 MeV
for alpha-particles. In Figures V-15 and V-16 similar
comparisons are made for the incident energies of 215 and
310 MeV, respectively. (Although the features of the
energy spectra for the 197Au(160,p) reaction at 310 MeV
are qualitatively similar to those reported by Symons
et. al. [Sy 80] for the same system, our data are observed
to differ in slope. The reason for this difference is not
understood, however we were able to reproduce our results
at 310 MeV in two independently calibrated experiments).
It is observed that these different target nuclei give
rise to light particle spectra with very similar character-
istics. Reactions on both 27A1 and 197Au targets show
smooth structureless energy spectra which extend well
beyond the incident energy per nucleon of the beam and

show a distinct shouldering at the most forward angles.
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Both targets also display nearly exponential tails which
are very similar at each angle for all light particle
species and which become progressively steeper toward
backward angles. The only persistent difference between
the light particle energy spectra resulting from reactions
on the two targets is that in the case of 27A1 the energy
spectra have slightly flatter slopes. This might be
explained by the fact that the incident energy per nucleon
above the Coulomb barrier is slightly higher for reactions
on Al than on Au due to the lower Coulomb barrier of the
Al target. These observations suggest that the light
particle spectra depend mainly on the available energy per
nucleon above the Coulomb barrier rather than on the

characteristics of the target nucleus.

D. Rotating Hot Spot Model

It has been proposed [Ho 77, No 78, Ut 80] that light
particle energy spectra having exponential slopes which
are angle dependent may be understood in terms of emission
from a nuclear "hot spot' which cools as it rotates. 1In
this model, large frictional forces rapidly convert the
relative motion of target and projectile into the excita-
tion of internal degrees of freedom. This causes local
heating in the region of contact. Simultaneously, part of
the tangential motion of the system is transformed into

collective rotational energy. Particle emission is
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assumed to occur from the heated region in the average
direction of the tangential velocity at the surface.
Because the emission angle can be related to the reaction
time, the nuclear temperature deduced from the energy
spectra will show an increasing degree of energy relaxation
as the scattering angle is increased.

Particle evaporation in the frame of the composite
system is assumed to occur from the hot spot following the
statistical formula of Erickson [Er 60]

2
d°N
ToendEor © Eem %iny (Fem) €xP (“Eep/T) (V-2)

where E.p is the kinetic energy of the evaporated

particle, oijpy the inverse cross section, and T the nuclear
temperature. Since the major energy dependence of oinpv

is a cutoff at the Coulomb barrier we have simply included
the effect of Coulomb repulsion from the target residue and
treated oipy as a normalization constant. After trans-
forming to the laboratory frame and including the effects
of the Coulomb barrier we obtain

42N _ oy erEop VY 3 i

i
xexp[—(E'-ZE'ZE%cos®4—El)/T]
Where N, is a normalization constant for each spectrum,

E'=E - ZE, is the energy before acceleration in the Coulomb

field, E, the Coulomb energy per unit charge, Z the charge
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of the emitted particle, T, the angle dependent nuclear
temperature and E1==mv2/2 is the kinetic energy of the

particle of mass m at rest in the center of mass frame

moving at velocity v.

Using Eq. (V-3) with the compound nucleus velocity
v=.013c and with E; =10 MeV it is possible to obtain
quite satisfactory fits to the data (Figures V-17, V-18,
V-19, and V-20). At forward angles the agreement is some-
what worse, possibly due to contributions from nonthermal
processes which are not included in this picture. The
normalizations and temperatures used for the calculations
of Figures V-17 through V-20 are displayed in Table V-3.
Except at forward angles, there is little variation of
normalization with angle (Nomura et. al. [No 78] assumed
the normalization to be constant with angle). The angle
dependent temperatures T, extracted from the fits are
shown in Figure V-21.

As a simple illustration of how such a model might be
extended we assume that the "hot spot' is at a uniform
temperature and cools predominantly by convection with the
surrounding nuclear matter. Classically, according to
Newton's Law of Cooling, the rate of heat loss, dQ/dt, is
proportional to the temperature difference, AT=T-T,,

between the hot region and its surroundings

R, (V-4)
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Ignoring the time and temperature dependence of the
proportionality constant we find that after a time, At, the
temperature difference, AT, is related to the initial

temperature difference, AT;, by
AT = AT{exp(-ot/T) (V-5)

where t is the characteristic decay time. The relaxation
time, tR, is related to the decay time by integrating

Eq. (V-4) [Ch 67, Lu 68, We 77]
R
Q=[dQ(t)=Qo[l-exp(-rR/r)] . (V-6)

Thus for practical purposes the relaxation time is a few
times the decay time.

Classically, the decay time is given by [Ch 67, Lu 68]
T = pCRz/KNNu where o is the density, c¢ the heat capacity,
k the thermal conductivity, R a characteristic length, and
Ny, @ dimensionless number dependent on geometry known as
Nusselt's number. Substituting the thermal conductivity
of nuclear matter [We 77], « ~ pcvpA, where vy is the Fermi
velocity and A the nucleon mean free path, we obtain

[Sc 78]

TR ~ —R2
R VF)\ (V'7)

in agreement with Weiner and Westrom [We 77].



123
Substituting w = A0/At into Eq. (V-5) we find
AT = ATjexp[-40/(wT) ] (V-8)

which is in accord with the experimentally observed
decrease in temperature with angle (Figure V-21). 1If the
hot region is assumed to cool toward the compound nucleus as
the rest of the nucleus warms then T, should be taken as
the compound nucleus temperature, T, =T.n =3 MeV. 1In
Figure V-22 it is shown that if one considers only the
region where the relative contribution from peripheral
processes is insignificant (i.e. beyond about 30°), the
quantity In(Ty - T ) is linearly related to o for all light
particles. Moreover, for deuterons, tritons and alpha-
particles the slope and intercept are very similar. For
protons a flatter slope and smaller intercept are obtained
which might be due to a larger compound nucleus contri-
bution. The observed slope corresponds to wt =45.5 degrees.
Assuming a rotational velocity corresponding to a grazing
collision with the moment of inertia of two touching
spheres we obtain a decay time of the order of

1=3%x10"22 sec. This is about an order of magnitude
shorter than observed at lower incident energy [Ho 77].

The corresponding relaxation time of the "hot spot' is then
of the order rR=r10'21 sec which is in rough agreement with
other estimates [Bl 76].

The rotating hot spot model fits the experimental data
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MeV (Figure V-21) obtained by fitting the p,d,
t, and o energy spectra according to the
rotating hot spot model. The curve shown has
a slope of -0.022 deg.-l and an intercept
corresponding to T; =22 MeV.
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quite well and offers a physical explanation for several
features of the data. However, in order to explain the
experimental fact that the greatest temperatures are
observed in the forward direction it was necessary to assume
that the light particles are emitted tangentially from the
hot spot. The physical justification for such an
assumption is not clear. If the target and projectile are
assumed to stick together as they rotate, then due to
absorption in the perpendicular directions the light
particles should be emitted primarily in the tangential
plane between the two nuclei. In this picture, the light
particle energy spectra should display an angle dependent
temperature which is symmetric about 90°. Instead, the
observed light particle energy spectra display temperatures
which decrease continuously beyond 90°. Alternatively, the
tangential emission might be a result of the rotational
motion of the hot spot. However, in the present experiment
the rotational energy at the nuclear surface is not
expected to exceed about one MeV per nucleon and therefore
will not dominate the thermal emission. (If very high
rotational velocities of the hot spot could occur,

Eq. (V-3) would have to be modified to take the effect of
rotation into account explicitly. Similar to Nomura et. al.
[No 78] we have ignored this rotational velocity of the
source with the result that the local nuclear temperature

might be somewhat overestimated.)
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E. Moving Source Model

1. Energy Distributions

After having doubts about the justification for the
rotating hot spot model, we search for an alternative
explanation for the light particle emission. Some qualita-
tive insight on the overall trends of the light particle
spectra may be obtained by presenting the Lorentz invariant
cross sections, E%;E, as a contour plot in the velocity

P
plane. By means of such a diagram one can easily determine
whether or not a rest frame exists from which the emission
appears isotropic. If such a frame existed the contours of
constant cross section would appear as circles centered on
the velocity of that frame. For emission from the compound
nucleus in the reaction 160+ 238y at 315 MeV, these
circular contours would be centered on the compound nucleus
velocity, voep=0.013c. For emission from the projectile
the contours would be centered on the beam velocity
vg = 0.205c. A contour diagram of the Lorentz invariant
proton cross sections is shown in Figure V-23. Levels of
constant invariant cross sections are indicated by the
solid and open points. The points of equal cross section
fall approximately on circles which are slightly
flattened in the 90° region and are centered on a velocity
of slightly less than half of the beam velocity.

We first investigate the question of whether it is

possible that the protons are emitted from both the
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Figure V-23. Contour plot of the Lorentz invariant proton

cross section. The contours are in the ratios
1:4:4:4:2. The experimental data are given by
circles. The curves in part (a) represent the
cross sections calculated for thermal emission
from two sources, one moving with the beam
velocity and the other moving with the
compound nucleus velocity (see also solid
curves in Figure V-25). The curves in part
(b) describe the emission from a single
thermal source moving with slightly less than
half the beam velocity (see solid curves in
Figure V-26).
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projectile and the compound nucleus giving a sum distri-
bution which has the appearance of nearly isotropic
emission from a single source at an intermediate velocity.
In Figure V-24 we present contours of the Lorentz invariant
proton cross sections gated on central or peripheral
collisions. One might expect that such a gate should
separate the compound nucleus contribution (central
component) and the projectile contribution (peripheral
component). It is evident from the figure that the gated
contours do not follow these expectations, although the
weaker peripheral component does exhibit a slight enhance-
ment of emission from the projectile. The dominant feature
of the Lorentz invariant contours, however, indicates
nearly isotropic emission from a source which moves at
slightly less than half of the beam velocity.

To be more precise, we assume that light particles are
emitted with a Maxwellian distribution in the rest frame of

a source [Sy 80] which is at temperature T.
N(E) « E* exp (-E/T). (V-9)

(Note that we use the E% factor corresponding to volume
emission [Go 78] instead of the factor E corresponding to
surface emission. The difference between the two
expressions would hardly be discernible except at low
energies.) Transforming into the laboratory and correcting

for the Coulomb repulsion of the light particle from the
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target residue we obtain non-relativistically

2
S = NoE(v,T,Ee) = N, (E - ZEc)*

x exp (-[ (E - ZEg) +Eq - 2E2(E - ZE¢)*cos01/T) (V-10)

where E1==%mv2 is the kinetic energy of a particle at rest
in the frame of the moving source, 0 is the laboratory

angle, N, is an overall normalization constant, and ZE_. is

[0}
the Coulomb energy of the light particle with charge Z.
The curves in Figure V-23a represent contours which

were produced assuming contributions from two sources

d°N

aﬁaﬁz=Ncnf(Vcn»Tcn»Ec,cn)‘*pr(vp:Tp:Ec,p) (V-11)
One source was assumed to correspond to emission from the
compound nucleus; the corresponding parameters are
Ven = 0.013c and E; opn =10 MeV. The other source was assumed
to correspond to emission from the fully accelerated
projectile fragments which were assumed to move with the
projectile velocity, vp==0.205c, and have negligible
Coulomb barrier, Ec’p==0. At the most backward angles,
0 =140°, emission from the projectile is negligible and the
parameters for emission from the compound nucleus can be
determined rather unambiguously as T.,=4.58 MeV and
Nenp =319. (This temperature is, of course, too high for
true compound nucleus emission). Correspondingly,

emission from the compound nucleus gives only minor
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contributions to the most forward angles. Here the para-
meters for projectile emission can be determined rather
unambiguously as Tp==3.85 MeV and Np==309. The resulting
energy and angle integrated relative contribution from the
projectile-like source was found to be 757 of the compound
nucleus source contribution. The calculation reproduces
the data very well at forward and backward angles but
significantly underestimates the cross section in the 90°
region. Furthermore, the overall shapes of the contour
lines predicted by this calculation are not observed
experimentally.

A better description of the experimental data may be
obtained by assuming isotropic emission in a rest frame
which moves with a velocity intermediate between projectile
and target. The temperature of such a source as well as its
velocity are treated as free parameters to give an optimum
description of the data. The results of such a calcula-
tion, obtained with Eq. (V-10), are shown in Figure V-23b
(and, for comparison, also in Figures V-24a and V-24b).
The Coulomb energy was fixed at E, =10 MeV and the source
which best reproduced the proton energy spectra at all
angles was determined to have a temperature of T=7.0 MeV
and a velocity of slightly less than half of the beam
velocity (v=0.091c). The single source calculation gives
satisfactory fits for large transverse momenta but becomes
slightly worse in the forward and backward directions.

The overall agreement is seen to be surprisingly good.
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To make the discussion more quantitative we compare
these calculations with the measured energy spectra for
reactions of 100+238y at 315 Mev. 1In Figure V-25 the
proton energy spectra are shown with the cross sections
calculated using Eq. (V-11) for two moving sources. The
solid curves were obtained with the same parameters as
were used for the calculated contours of Figure V-23a. The
dashed curves correspond to emission from the projectile
at the distance of closest approach to the target. The
projectile-like source was assumed to move with the
velocity, vp=0.18c, corresponding to the velocity of the
160 nuclei after deceleration in the Coulomb field of the
target nucleus. A Coulomb barrier of E, =10 MeV was
chosen and a temperature of T=3.94 MeV was obtained by
fitting the proton data at 15°. 1In this case the integrated
contribution from the projectile-like source was 597% of the
compound nucleus source contribution. With either calcu-
lation the agreement with the data is quite good at both
forward and backward angles but disagrees by as much as an
order of magnitude in the intermediate angle region.

In Figure V-26 the solid curves have been calculated
using Eq. (V-10) with the same parameters as for the
calculated contours of Figure V-23b. The overall agreement
with the proton data is seen to be remarkably good
assuming only a single moving source. The agreement is

certainly no worse than for the two source calculation.
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Figure V-25. Energy spectra of protons detected in the
reaction 238y (160, pf) at 315 MeV. The
curves have been calculated by assuming con-
tributions from two sources, each given by
Eq. (V-10). One source is associated with a
projectile-like fragment and the other with
a target residue.
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Figure V-26. Energy spectra of protons detected in the
reaction 238U (160, pf) at 315 MeV. The
curves have been calculated with the moving
source model of Eq. (V-10). The laboratory
angles and moving source parameters are
indicated.
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Obviously, better reproduction of the data could be
obtained by using two sources in which both source
velocities were allowed to vary or by using three sources
with one source allowed to vary freely and the other two
fixed at the compound nucleus and projectile velocities.

At this point such a procedure would lead to complications
and uncertainties of interpretation. Therefore, we proceed
using the single source model and try to assess the
significance of the resulting parameters.

It must be remembered that the dominant process of
light particle emission involves the transfer of nearly
the entire beam momentum to the target residue
(see Sections V.A.2 and V.B.1). As a consequence, any
substantial source of nucleons must ultimately be absorbed
by the target nucleus. This observation would preclude the
existence of an independently moving thermal source as
suggested by the fireball [We 76] and firestreak [My 78]
models for collisions at relativistic energies. The
successful application of the moving source parameterization
should not, therefore, be taken as evidence for thermal
emission from a hot gas of nucleons separated from the
target nucleus. Instead, it simply indicates that the
light particle velocities are randomized in a rest frame
different from the compound nucleus frame.

In Figures V-26, V-27, V-28, and V-29 the curves were

calculated by a least-squares minimization using Eq. (V-10)
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for a single moving source. The solid curves were obtained
using a Coulomb repulsion per unit charge which had been
chosen as E;. =10 MeV. The dashed curves have been cal-
culated by neglecting the Coulomb repulsion from the

target residue. Clearly, the description of the data in
the low energy region is better when the Coulomb effects
are taken into account.

The thermal sources which best describe the light
particle spectra are found to have very similar velocities
and temperatures. The rest frames in which the light
particle emission appears isotropic have velocities of
v/e=0.091, 0.096, 0.084, and 0.097 for p,d,t, and
a-particles, respectively. It is interesting that these
velocities closely coincide with the velocity, v=0.08%c,
of the nucleon-nucleon center of mass frame if the slowing
down of the 100 nuclei in the Coulomb field of the 238y
target nuclei is taken into account. Source temperatures
of T=7.0, 8.14, 8.8 and 7.7 MeV are determined for p,d,t,
and o-particles, respectively. These temperatures are
significantly larger than the temperature T.pn ~ 3 MeV
expected for the compound nucleus.

In order to better assess the significance of the
moving source parameters we have also used the moving source
model to describe the inclusive light particle spectra. As
seen by the solid curves of Figures V-30, V-31, and V-32,

this parameterization provides a good description of the
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proton spectra for all targets and incident energies. The
temperatures obtained are typically greater than those of
the compound nucleus and the velocities are intermediate
between the projectile and compound nucleus velocity. 1In
this analysis, the temperature and velocity parameters have
been determined by a least-squares minimization while the
Coulomb threshold parameters E. have been chosen at values
of Ec=0, 5, and 10 MeV for the Al, Zr, and Au targets,
respectively. In the fitting procedure each data point was
given an additional 107 error to reduce the statistical
weight of the low energy regions of the spectra. As a
result, the high energy regions of the inclusive spectra
are fit better than the high energy regions of the spectra
from the 100+ 238y reaction. This also explains the
differences in the extracted temperature parameters

between the similar reactions 100+ 238y at 315 MeV and
160 + 197Au at 310 MeV (see for example, Figures V-26 and

2-minima is shown

V-30). An example of the shape of the X
in Figure V-33 for the 197Au(160,p) reaction at 310 MeV.
Here the reduced X2-values are shown for variations in the
temperature, velocity and Coulomb parameters. In general,
changes of about 5% in the temperature or about 10% in the
velocity parameter increase the reduced x2-values by

about 20%. In addition, the velocity parameter is found

to be quite sensitive to the angular range over which the

data are fit. For example, by considering only the region
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from 20° - 80° for the 27A1(16O,p) reaction at 140 MeV,
values of v=0.071lc and T=3.84 MeV were obtained as
compared to the values of v=0.049c and T=3.96 MeV obtained
by considering the full angular range. This observation
explains the comparatively large source velocity extracted
for reactions on the 197Au target at 140 MeV where only a
restricted angular range of data was measured.

Energy spectra and moving source calculations for
deuteron, triton, and alpha-particle emission are presented
in Figures V-34, V-35, V-36, Figures V-37, V-38, V-39, and
Figures V-40, V-41, V-42, respectively. The moving source
parameterization gives quite a reasonable description of
the composite particle energy spectra although the
reproduction of the angular dependence becomes somewhat
worse with increasing mass of the outgoing composite
particle. The most persistent discrepancy between the
moving source model and experiment occurs at forward angles
for the higher incident energies. Here the increasing
contributions from direct processes such as projectile
breakup are likely to become significant [Na 81, Na 8la].

A summary of the moving source parameters extracted
from the inclusive light particle energy spectra is given
in Table V-4. From this table it is observed that, for
each reaction, the extracted velocity parameters are very
similar for all light particle species whereas the tempera-

ture parameters are slightly lower for protons than for
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Figure V-35. Energy spectra of deuterons in the
90zr (160, d) reaction. The data are fitted
with the moving source model of Eq. (V-10).
The laboratory angles and the moving source
parameters are indicated.



148

"pPe93BOIpPUT 91k saojsweaed a0anos Juraow Y3 pue
sa13ue Kxo3jeaoqel 9yl " (0T-A) by Jo Topow 2d0anos Zuraow 9yl YiIm pa33TJF
91 BIBP YL ‘U0TIdE3X (P ‘Og7) 1V, 7z U3 Ul suoia3nap 3o e1309ds A3asuy

(ABW) A9YIANTI

091 021 08 0 02l 08 Oh 0 08 Oh 0
v T T T T T T T T - T T T T T T v .quﬁ
W OWWH owmﬁ .m.u
w (01) 0k (01) o0h1 (01) 00hI mm-S
i
s (,01)0521 (201 .Set 1e-01
3 mﬁ.o
(e01) 5011 ¢ (g01) o011 (¢01) o011 ]
- (,01) 056 LN mﬁ
1 N\ 3
. (¢01) 0,08 101
g (c01) <08 E \ (<01} .08 ° * 3
1 ¢ 3
! (301)0S9 J001
: (501) 4G9 t % (501) 659 3
# oS ¢ 3c01
: (,01) 40G & (,01) 405 3
- ¢ 4,01
g 4 (g01) o€ 1h
- (g01) oGE (g01) oSE o1
w g0t
E (0101) 002 3
E ol F
m Ao_o:oCN _o_D:oON % .u.Noﬁ
- 1501
W AN \ i
t , “moa
w do0t
] NOW €272 AW 06°GC = 1 A®W SG'h = L 3
y 26800 = A 96200 = A ShG00 = A 14,01
1 ABW 070 = 23 ASW 070 = °3 A®W 00 = 73 3
1 AW 0Ol€E NOW GlIZ AW  OhlI 3 ol
! — Jet
304MN0S ONIAOW -  INIWIY3dX3 e X+P IV, 2+0g;  ;
VNO._Q-'X_JW2- 4 1 A 1 A 1 . 1 i 1 i 1 " 1 i 1 i 1 *J—Oﬂ

"9¢-A 9an3Tg

5P3P,/0,P

[JS '/\ew]/qw



149

‘pPo3edIpuUl 91k sidjaweaed 20anos Juraow 3Y3l pue
so18ue Lxojeaoqel 9yl “(0T-A) °"bd Jo [opow @0anos Juraow 3aY3z Y3Tm pPa313ITJF
°1e BIBP dYL "UOTIdEII (I ‘Og7) NV, g1 243 UT suoltay jyo ea3o9ads L3asuy "/g-A 2an3Tg

(ABW) A9Y3IN3

091 02l 08 Oh 0 ozl 0
A%l 88 oh g ool 08 O 0 08 gn o
. 0
w 3
E (01) o0k ¢ 4 o1
m 3
” 4 12-01
1 (;01) 0521 m
: (011011 ¥4 410
w \ i
w (,01) oS8 me .
ww (<01) .08 _wo: .08 _mo: 08 .mu D
S o
3 (301) oG9 (301) oG9 moE W
w 401 M
s (901) 059 feor O
3 @)

: (,01) 008 + % (011608
1

)
: (,01) 505 (.01] .CE + _ !
- Chades (g01) oSE
g (01 oSE 4 8 )
E ®
s ° woﬁ
”w “ (0101) 002 s 401

o

3
£ 3
¥ O
3 AN
3 =
(0101) 202 E °
g N Toor >
W o .mm:D~
w AW 097 = | AW 09°G = | AW 2G°E = | E
. 21200 = A 226070 = A 26500 = A uot
: A®W 0°01 = 73 ABW 001 = 23 ASW 0°01 = 23 3 o
L 421
1 ABW 01€E ABW G172 ABW  Ohl 3 ol
| 4€1
g J24HMN0S ONIAOW -  IN3WIY3IdX3 e X+t =NV ,g1+0g) E
NNO._Q.»XDWS— i 1 4 1 " 1 " 1 " 1 1 1 i 1 i 1 A 1  S— THOﬂ



150

10t . y — . . . ; . : ‘ i i _MSux-81-027
jgi3f °0+90Zr—t+X e EXPERIMENT - MOVING SOURCE
310 MeV 1
12

10 Ec = 5.0 Mev 3

104 215 MeV vV = 0.073c
T = 8.2 MeV 3
100 Ec = 5.0 MeV g ]
V= 0.059¢ 5
10° T = 6.2 MeV \ ]

20°(10%9)

107

mb, (MeV. sr)
=
®
/
FETITT EEWETITT Gt |

108 3 A
5 35°(108)
10
? e 50°(107) 3
O%loq 3
S0°(107)
o 3 T + ° 6
10 65°(10°) 1
L . :
o) 65°(108) :
100 3
\E; f 80°(109) 3
o 10 X 95° (10%) E
o ]
1 a 110° (103) S %
S ]
0.1 N 3
¢ \ + 125°(102) E
1072 3 :
;S 140° (10) 3
10 155° 3
1O-H 1 1 1 + 1 1 1

90 80 120 0 30 80 120 160
ENERGY (MeV)

Figure V-38. Energy spectra of tritons in the 9OZr'(16O,t)
reaction. The data are fitted with the
moving source model of Eq. (V-10). The
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meters are indicated.
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90zr (160, o) reaction. The data are fitted
with the moving source model of Eq. (V-10).
The laboratory angles and the moving source
parameters are indicated.
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the composite particles. These features, as well as the
dependence of the parameters on target and incident energy,

will be discussed in detail in Section V.E.3.

2. Angular Distributions

The angular distribution expected within the moving
source parameterization can be obtained by integrating
Eq. (V-10) over energy. With a low-energy threshold, Er,
the following expression for the moving source angular
distribution is obtained

N .
92 = 52 (¢1)3/2¢-E15in20/T( (142x2)

(V-12)

2
+ [(l+2x2)erf(x-y)+n2_} (xty)e” (X=¥) 7y

where x==(E1/T)%coso and y==[(ET-EC)/T]%. For Ep=E; we
have y =0 and observe that the first term in Eq. (V-12) is
symmetric in x about 90° while the second term is anti-
symmetric and accounts for the observed forward peaking of
the angular distributions. The calculated moving source
angular distributions are shown by the dashed curves in
Figures V-10, V-11, and V-12. These curves have been
calculated at 310 MeV incident energy for all light
particles with the indicated low-energy thresholds and
using the proton velocity and temperature parameters

(see Table V-4). The differences in the angular distri-
butions of the various light particles are essentially

accounted for by the kinematic effect of the differing
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masses. This is reflected in the dependence of Eq. (V-12)
on the ratio of El/T==%mv2/T which reduces to a pure mass
dependence due to the similarity of the velocity and
temperature parameters for all particle types in a
particular reaction (see Table V-4). Within this model,
one expects the source velocity to be the same for all
light particles while the thermal velocity should be
inversely proportional to the particle mass. As a conse-
quence, the angular distributions exhibit steeper slopes
with increasing mass of the emitted particles.

The moving source light particle cross sections can be
calculated by integrating Eq. (V-10) over energy from

E=E; and over angles to obtain
o= 2N, (xT)3/2. (V-13)

These calculated cross sections have been included in
Table V-4 and should be compared with those listed in
Table V-1 as an indication of the amount of cross section
falling below the low-energy cut-offs introduced in

Table V-1.

3. Systematics of Moving Source Parameters

The dependence of the moving source parameters on
target and incident energy is shown in Figure V-43. The
temperature and velocity parameters exhibit an approxi-

mately linear dependence on KE-VC)/A]% or equivalently, on

>

the relative velocity of target and projectile at the
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Figure V-43. Incident energy and target dependence of the
moving source temperature and velocity para-
meters are shown in parts (a) and (b),
respectively. The Coulomb barrier, V., has
been calculated using Eq. (V-1). The depen-
dence expected for compound nucleus emission
is indicated by the dashed curves. The solid
curve in part (a) denoted by T =Tpp was
calculated according to Eq. (V-16). The solid
curve marked v=vpp in part (b) was calculated
using Eq. (V-17).
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point of contact. Here, V. is the recoil-corrected Coulomb
barrier calculated according to Eq. (V-1) and A is the mass
number of the projectile. As indicated by the dashed
curves of Figure V-43, such a dependence cannot be
explained by compound nucleus emission. Instead it
suggests more rapid processes such as knock-out or the
formation of a hot subsystem of nucleons. In fact, the
observed linear dependence on the relative velocity can be
understood if one assumes the formation of a hot Fermi gas
consisting of equal nucleon contributions from target and
projectile [GFBe].

For an ideal Fermi gas, the internal energy per
nucleon, U/N, is given to lowest order in T by the

relation [Pa 72]

U_3 5n2 Thn 2
N'—'S' EF {1+—D—<€F> } (V‘14)

where ep is the Fermi energy. For a system of N nucleons

consisting of equal contributions from target and

projectile nuclei, Ny =Np=N/2, the internal energy per

nucleon for the system can alternatively be written as

z|la

3 E* 3 m, (vrel )2
=T eptR =% eF+—29‘<—2—> (V-15)
where E* is the excitation energy of the N nucleons, m, is
the nucleon mass, and vre1==[2(E-Vc)/moA)]% is the

relative velocity between target and projectile at the

point of contact. From Eqs. (V-14) and (V-15) the
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temperature of such a system is given by

_(MCF % -
THH"(jE;?) Vrel . (V-16)
Furthermore, due to equal target and projectile contri-
butions, nucleon emission should be isotropic in the
nucleon-nucleon rest frame. The velocity of this frame

after accounting for target recoil, is given by

Vrel Ap Vrel _
Vnn =~ +(At+Ap7(VB'Vrel) =72 (V-17)

where vp is the beam velocity and Ap and Ay are the mass
numbers of projectile and target. According to the solid
curves of Figure V-43 the temperature and velocity para-
meters are 257 lower than the equal contributions limit
given by Egs. (V-16) and (V-17).

It is interesting to investigate whether the observed
trends can be extrapolated toward relativistic energies
where similar thermal models [We 76, Go 77, Na 81] have
been used to describe the light particle spectra. With
this in mind we have determined temperature and velocity
parameters for the reaction 20Ne-+NaF-+p at incident
energies of E/A=400 and 800 MeV [Na 81]. This has been
done in a manner consistent with our low energy treatment
by using the relativistic generalization of Eq. (V-10) for

the Lorentz-invariant cross section

g% ég%%==Noy(E—chose)exp[-y(E-chos@)/T] (V-18)
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where 8 is the velocity of the source (c=1), Y=(l-82)‘%,
and E=(p2+mg)%. In order to minimize the contribution from
fragmentation and knockout [Na 81] we have restricted our
consideration to the data at large transverse momenta
(0 245°). Despite the simplicity of the present para-
meterization, it provides an acceptable description of the
experimental data (as seen in Figure V-44).

The trend of the temperature parameter observed at
low energies may be connected smoothly to the temperatures
obtained for the Ne + NaF reaction at relativistic energies.
This is shown in Figure V-45 where, for orientation, the
solid and dashed curves have been calculated for relativis-
tic Fermi and Boltzmann gases consisting of equal nucleon
contributions from target and projectile. In this case,
the excitation energy per nucleon, e*, is related to the
incident kinetic energy per nucleon above the Coulomb

barrier, (E-V.)/A, according to
% — 2 1
e* =[m§ + 5m, (E-V.)/A]Z - m, , (V-19)

where m, is the nucleon rest mass. Alternatively, the

excitation energy per nucleon of the gas may be written as
e*=<e(T)> - <e(T=0)> , (V-20)

where <e(T)> is the average kinetic energy per nucleon at
temperature T with <e(T=0)>=0 for a Boltzmann gas and

<e(T=0)>=3/5ef for a Fermi gas. Combining Eqs. (V-19) and
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Figure V-44. Energy spectra of protons in the Ne + NaF
reaction at incident energies of E/A =400 and
800 MeV. The data (from Nagamiya et. al.
[Na 81]) are fitted with the relativistic
moving source of Eq. (V-18). The laboratory
angles and the moving source parameters are
indicated.
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(V-20) one obtains the desired relation between temperature
and incident kinetic energy.

The average kinetic energy is calculated using

<e(T)>=% ;gzgg/E(p)f(p,T)pzdp . (V-21)

0

Here g is the spin-isospin degeneracy factor,
E(p)==(p2+m%)%-mo is the kinetic energy of the nucleon

and f(p,T) is the distribution function given by

1
£E@.T) = Fexp(TED) = v (D I/T (V-22)

with o« =0 for Boltzmann statistics and a =1 for Fermi
statistics. The chemical potential u(T) is determined

from

N__g [~ 2

o= f(p,T dp , V-23

V2n2ﬁ3f<p>pp (V-23)
(@)

by assuming normal nuclear density, N/V=0.17 fm™3. We

note that, at low energies, the temperature will be given
by Eq. (V-16) for a Fermi gas and by T=2/3 e* for a
Boltzmann gas.

The general trend of the experimental temperature
parameters is seen to follow approximately that depicted by
the Fermi gas calculation. Recent inclusive measurements
for 12¢ on ®0Ni at several energies confirm our low-energy
temperature dependence [RLAu]. Other recent measurements
(20Ne + N1, Ag, and Ta at E/A =43 MeV [Na 8la], L2¢+c, a1,
Cu, Ag, and Au at E/A=58 and 86 MeV [Ja 81], and “He + Al
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and Ta at E/A=180 MeV [Co 81]) follow the trend of the
Fermi gas curve in the intermediate energy region with
temperatures of 13 - 16 MeV, 11 MeV, 11 - 16 MeV, and 26 MeV
at incident energies of E/A=43, 58, 86, and 180 MeV,
respectively. These values deviate somewhat from a smooth
trend but this is most likely because the various authors
have used different approaches to extract the temperatures.
Taken literally, the observed trend suggests the thermali-
zation of a subset of nucleons. However, because features
of inclusive measurements may be reproduced by models
having rather different assumptions [Sy 80, Sa 80, Co 81,
Na 81] it should be investigated whether the observed trend
can be reproduced by alternative approaches such as single-
scattering or precompound models. We will consider this
question in the following two sections.

As a final comment, we draw attention to the insert of
Figure V-45 which demonstrates that the temperatures
extracted for deuterons and tritons are systematically
larger than those for protons. This may be because the
proton spectra contain larger contributions from more
equilibrated processes such as compound nucleus evaporation.
Further investigations with different target projectile
combinations and at higher energies are necessary to
elucidate the origin of this systematic temperature

difference.
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F. Knock-out Model

The results of the previous two sections suggest that
many of the features of the light particle spectra may be
interpreted as evidence for thermal emission from a hot
subsystem of nucleons. However, before adopting such an
interpretation we must investigate whether the observed
characteristics can be explained by alternative methods.
Our motivation derives from the moving source analysis of
Section V.E which suggested that equal contributions of
nucleons from target and projectile were involved in the
production of light particles. This analysis also
demonstrated that the proton emission was nearly isotropic
in the nucleon-nucleon rest frame. These properties are
very suggestive of a single-scattering knock-out process
for the production of energetic protons. At relativistic
energies it is observed that while many features of the
proton spectra can be explained by fully thermal models
[We 76, My 78], it is also possible to explain several
features as resulting from single nucleon-nucleon
scattering processes [Ko 77, Ha 79]. 1In this section a
schematic single-scattering knock-out model is considered
[Ch 79] to determine whether the inclusive proton energy
and angular distributions might result from such a process.

At the incident energies of the present study, we
envision a peripheral reaction in which a single nucleon of

the projectile scatters in a quasi-free manner with a
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nucleon in the surface of the target. Following this inter-
action, one of the nucleons escapes and, as suggested by
the rather low nucleon multiplicities observed

(see Table V-1), the other nucleon is absorbed by the

target or projectile. Describing the incoming and outgoing
particles by plane waves, and using a zero-range nucleon-
nucleon interaction, the differential cross section

[Ch 79] for observing the emitted nucleon with energy E is

(see Appendix C)

1 ~ > > o
i jd3K[K|FA(A(KO+K+k)) | 2Pg (-BK,-K)
(V-24)
+ 1| Fg(B(-R +K+k)) | 2P, (AR, -K) | § (Eg-E
5| FB(B(-Ko+K+k)) | “Pp (AK,-K) | 8 (Eg-E;)

=
In this expression K, is the incoming momentum of the

projectile in the center of mass and ﬁ is the momentum of
the knocked out nucleon. The quantities A and é are given
by A==(A—1)/A and é==(B-1)/B where A and B are the mass
numbers of the projectile and target, respectively. The
first term in Eq. (V-24) represents knock-out from the
target (see Figure C-1) with PB(E) being the momentum

distribution of a nucleon in the target

PR(d) =) lo, (@17 (V-25)
B

and FA(E) is the form factor of the density distribution,

pA(;), of the projectile
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Fp(Q) = /d3r e 1@y, 7 . (V-26)

Similarly, the second term of Eq. (V-24) represents knock-
out from the projectile.
> >
To evaluate P(q) and F(q) we use the harmonic

oscillator s- and p-shell wavefunctions for 160 to obtain

> 2,2
P16(q) =4[;;6g]3(1+2b2q2)e'b 9 (V-27)
> _b2q?2
F1g(Q) = 4 (4-3b2q2)e b a%/4 (V-28)

with size parameter b=1.84 fm. Because the interactions
are assumed to occur in the nuclear surface, the function
P(q) and F(q) for the target nuclei should be similar to
those for 160. Therefore, we have used the above
functions for the target nuclei as well as for the Leg
projectile.

The knock-out calculation for the 197Au(160,p)
reaction (solid curves in Figure V-46) is found to re-
produce the observed angular distribution in the low-
energy region but falls off slightly faster than experiment
in the high-energy region. The curves have been calculated
using Eq. (C-23) of Appendix C with P(a) and F(a) as
described above. In addition, the calculated curves have
been shifted by 8 MeV to approximate the Coulomb repulsion
of the emitted proton from the target residue.

Although the similarity between knock-out calculation

and experiment for the 197 pu target is encouraging, the
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knock-out model gives much steeper energy spectra than
found experimentally for the 27Al(160,p) reactions, see
Figure V-47. Furthermore, when seemingly more realistic
calculations were made by including all of the filled
harmonic oscillator orbitals in P(a) and F(a) for the
target nuclei, the calculated energy spectra were observed
to fall-off much faster than experiment and showed an
enhanced oscillatory structure (due primarily to F(a))
which is not observed in the experimental data. Qualita-
tively similar results were obtained by using Woods-Saxon
wavefunctions instead of the harmonic oscillator wave-
functions described above. Much steeper energy spectra
were also obtained when both nucleons were assumed to
escape. We conclude that although the above schematic
knock-out model cannot rule out a single-scattering inter-
pretation of the proton spectra, it makes such an inter-
pretation unlikely. It will be necessary to perform a
more detailed analysis including distorted waves in the
final state to determine the overall magnitude and details

of the knock-out process.

G. Precompound Calculation

In the previous two sections we have considered two
extreme explanations for the light particle emission. At
one extreme a completely thermal model was applied and at

the other a single-scattering model. 1In this section we
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consider a compromising viewpoint and allow both direct and
thermal contributions. At relativistic energies models
which include both contributions either explictly [Ch 80]
or by following the development of the collision process, as
in cascade calculations [Hu 77, Ra 78, Ya 79a, Cu 80, Cu 81,
Ya 81] have been most successful in reproducing the
experimental light particle spectra [Na 81]. At low
energies, the preequilibrium [Bl 75] and cascade [Be 76]
calculations which follow the time development of the
system toward equilibrium have been quite successful in
reproducing the light particle spectra resulting from
light-ion induced reactions. Until now, however, there
have not been sufficient inclusive light particle measure-
ments to adequately test the recent generalization [Bl 81]
of the preequilibrium model to heavy-ion induced reactions.
In the generalization of the precompound model to
heavy-ion collisions the Boltzmann master equation approach
of Harp, Miller, and Berne [Ha 68, Ha 71] is applied with an
additional term included to represent the time dependent
addition of projectile nucleons to the equilibrating system
as the fusion process develops. The master equation for a
one-fermion type gas is represented by the set of

differential equations
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d(n;g.)
1¥1 - -
—FE T2 “kieiy SKUKELNLARY) (Lnpese,
3kl ~
- wijor 81038505 (1-m) (1-np gy gy (V-29)
3k, 1

- Njgiwisi 8i' +adf (njgi) fus
where nj the average occupation number and g; the number of
single particle states per MeV in an energy interval
centered at i MeV above the bottom of the nuclear well.
The well of the compound nucleus is assumed. The Wab.ed
are the transition rates for nucleons in initial states
a and b to scatter to final states c¢ and d, and are
evaluated from free nucleon-nucleon scattering cross
sections. The wj, ;' gives the rate for a particle at energy
i within the nucleus to go to an energy i' outside the
nucleus. The first two terms of Eq. (V-29) give the rates
for scattering particles into and out of the energy
interval i by two-body collisions. The fractional occupa-
tion numbers (l-np) take into account the Pauli blocking
of the final states. The third term in this equation gives
the rate of emission into the continuum. The rate of
precompound emission at the early stages of the reaction
as well as the rate of equilibrium emission at later
stages follows from this term as

dN; »
gt T Ni8jwi»i'8i . (V-30)
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The fourth term of Eq. (V-29) is the modification of the
master equation for heavy ion reactions. It represents the
time-dependent addition of nucleons from the coalescing
projectile to the energy interval i of the composite
system. The number of projectile nucleons n; which enter
the reaction region at each time interval is calculated
from the geometrical volume of the projectile which passes
through the tangential plane between target and projectile
at the initial point of contact. Only S-wave collisions
are considered, and the fusion rate is determined by the
relative velocity at the point of contact. The ng
projectile nucleons entering the system in a given time

interval are assumed to be distributed according to

[uRo-1- (y-aU)Po-1]
(E*)no-l

N(U)4U =ng (V-31)

where N(U)AU represents the number of nucleons in an exci-
tation interval AU centered at U MeV of excitation, E* is
the compound nucleus excitation, and n, is the number of
degrees of freedom over which the excitation energy is
partitioned. 1In light ion induced reactions n, corresponds
to the initial number of particles and holes, or excitons,
and is typically equal to the projectile mass number plus
one particle and one hole in the target. In heavy-ion
reactions it might also be expected that the projectile

nucleons partition all of the excitation energy and so we
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should have n, x 16 - 18 for 160-induced reactions. However
this is likely to underestimate the true degrees of
freedom since nucleons could transfer from the target
nucleus to the projectile or part of the excitation energy
could go into collective modes. In either event, we expect
that n, should be rather independent of incident energy.

In the actual calculations Egqs. (V-29), (V-30), and (V-31)
are generalized to a two-fermion type gas of neutrons and
protons. This model does not calculate angular distribu-
tions nor composite particle emission although it might be
generalized to do so with further assumptions [Ma 76, Ma 79,
Ma 80, Sy 80, Bl 8<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>