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A particle-particle coincidence technique was used to study
the reaction mechanism for the 2 A1(100,2¢x) reaction at 65 Mev
164 bombarding energy. Both in-plane and out-of-plane 12Cﬂx
angular correlations have been measured at two carbon detector
angles, ec=—30° and -40°. The carbon particles were identified
with a traditional DE-E telescopé counter while both DE-E
telescope and time-of-flight methods have been employed to
identify the alpha particles. The time~of-flight method enables
measurement of very low energy alpha particles at back angles.

In contrast with a previous study (Ha 77), in which the
alpha particles were identified only by the telescope method, the

C—x angular correlation from the present experiment shows a slight

back angle rise past 90° when plotted in the center of mass system
of 31P* and a strong forward angle peak towards the beam to the
smallest angle measured. By fitting back angle and out-of-plane
data, the majority of the C-ax coincidence events can be accounted
for by the evaporation of 31P*. A small amount of alpha particles

* :
from the break-up of 164 were detected at angles around that of

the carbon detector. Less than 107 of the alpha particles



detected are of pre-equilibrium origin. This is in sharp contrast
to the earlier results of Harris et al. (Ha 77a) which indicates
that pre-equilibrium alpha decay is the dominant proceés. Tha
extracted "pre-equilibrium” alpha emission exhibits étrong forward
peaking on the.opposite side of the beam direction as the carbon
detector. The average alpha energy of the pre~equilibrium
component is higher than that of the evaporative component. For
ec=-40°, both  the in-plane and out-of-plane C-x angular
correlations are consistent with evaporation from 31P*-

A Monte~Carlo three-body trajectory computer program was
written to study the dynamics of the 12¢, o and 27A1 exit channel
in the combined Coulomb and nuclear force field. The 160 is
initially represented as a bound state of -2C and x. Both the
Woods—Saxon and proximity potentials have been used as nuclear
potentials. Even though this calculation is much more ambitious

and comprehensive than previous attempts, the results do not

reproduce the experimental results.
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CHAPTER 1

INTRODUCTION, BACKGROUND AND MOTIVATION

A. INTRODUCTION

In the past several years, there has Eeen an increased
interest in prompt or pre~equilibrium light particle emission in
h=2avy ion reactions. The work described in this dissertation is
an attempt to understand the nature of pre-equilibrium alpha
particle emission in the light heavy ion system 2751 + 180 at 65
MeV. This chapter gives some general background for this type of
experiment. In addition, a summary of the current understanding
of alpha emission is presented. Finally, the motivation for the
present work is given.

Although most studies of pre-equilibrium 1light particle
emission are very recent, the importance of this reaction
mechanism at energies of about 10 MeV per nucleon has been known
for some time. 1In 1961, Britt and Quinton (Br 61) bombarded IZC»
160 and 14N on Au and Bi. They detected the alpha particles
coming out from the reaction. Typical incident energy of the
projectiles was about 10 MeV/nucleon. The emitted alpha
cross-section observed was quite large, about 307 of the totél
cross-section. The alpha particles were emitted predominantly in
the forward direction. Even though no satisfactory explanation
was given for the aBove phenomenon, the work was ignored for the

following decade. Then, in 1970°s after the discovery of



quasi-elastic and deeply inelastic scattering, there was renewed
interest in light particle emission in heavy ion regctions.

Many paper; have been published on quasi-elastic and deeply
inelastic scattering including a review article by Schroder and
Huizenga (Sc 77). One of the characteristics of the deeply
inelastic scattering is the appearance in the energy spectrum of a
broad bell shaped bump which peaked at energies well below the
beam energy. Another is that the angular momentum transferred
from the center of mass motion into internal degree of freedom is
large: therefore 1light particle, especially alpha particle
emission, is an important decay process since it carries away
large amount of angular momentum. Various experiments have been
conducted in recent years trying to understand the energy
dissipation mechanism and time scale involved for the quasi
elastic and deeply inelastic reactions. One type of experiment
consists of detecting the alpha particle and a heavy fragment in
coincidence. The measured angular correlations are distinctly
anisotropic with strong peaking at forward scattering angles.
From the width of the peak 1in the angular correlation, some
authors have deduced a time scale of the reaction to be about

5x10-22 sec, far too short for‘equilibrium‘to be achieved.

B. Theoretical Considerations

1. Orbiting:
Experimentally, deeply inelastic scattering is

distinguished from quasi-elastic scattering by the Q value of the

[N,

g e



reaction. The reactions with very negative Q values are
operationally defined as deeply inelastic scatter}ng. Reactions
with less negat;ve Q wvalues are 1labelled as quasi-elastic
scattering. Wilczynski first proposed orbiting i.e. negative
angle scattering to explain the deeply inelastic scattering
observed in 232, + 4OAr system (Wil 73). 1In negative angle
scattering, the projectile orbits around the target and crosses
over the beam axis 'as shown in the right of Fig. I-la. In the
remainder of this dissertation, quasi-elastic scattering and
deeply inelastic scattering have been associated loosely with
non-orbiting and orbiting trajectories respectively. In both
cases, energy, charge and mass are exchanged between the
projectile and target.

Recent experiments which measured the gamma-ray circular
polarization have confirmed the orbiting phenomenon in some heavy

27 16

ion systems (Tr 77) including the “"Al + ~"0 system at 100 MeV

(Ha 78).
2. Sequential Process :

A large amount of mass and charge isr transferred in a
deeply inelastic reaction. The charge distribution of the
reaction products peaks quite strongly around the charge of the
projectile (We 77). This feature suggests that both the target
and projectile substantially retain their identities 1in the
reaction with emission of 1light particles. If the alpha particle
is emitted after the two fragments are separated, one then can ask

the question : Is the alpha particle emitted from a target-like
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decay models. a.) Piston model, b.) Hot spot model.
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or projectile-like fragment ? This’ question can be answered
provided the reaction proceeds sequentially as follows :

Ter o> x4y I-1

Y*->cx+2 I-2

where T and P are target and projectile respectively; X and Y are
the reaction products from a two body reaction. v* is excited and
it subsequently decays into an alpha particle and Z. Formulation
into sequential process has the advantage that the kinematics can
be easily calculated once X and Y* can be identified. If Y is a
target-like fragment, then the alpha particles will be eipected to
be emitted in or near the recoil direction of Y. On ’the other
hand, if Y is the projectile-like fragments, the alpha particles
will be detected mainly in a cone around the direction of Y and
the heavy ion detector.
3. Pre-equilibrium alpha decay models:

The exact nature of pre—-equilibrium alpha decay is not
completely understood. Only a few models have been proposed to
explain the mechanism for pre-equilibrium alpha emission. The two
models which have received quite a lot of attention in the recent
literature are the "piston” model and the "hot spot™ model.

a. Piston Model : First proposed by Gross and ﬁilczynski
(Gr 77), this process is depicted in Fig. I-la. Alpha particles
induced by the radial component of the dissipative force are
emitted in the early stage of collision. The alpha particles go
through the nucleus and come out or knock out another alpha

particle from the other side from the point of impact. This



mechanism is analogous to the shooting of a BB-gun, hence the name

"piston model”. When the projectile orbits around the target as

shown in the right side of Fig. I-la, the area of contact between

the target and projectile 1is large. In principle, the alpha
particle can originate from any contact point and propagates
through the target nucleus. For simplicity only two alpha
trajectories are shown. This piston model predicts different
projectile~like fragment, alpha particle angular correlations for
quasi elastic scattering and deeply inelastic scattering.

b. Hot Spot Model : The model was first proposed by
Gottschalk and Westrom (Go 78) in connection with the experiment
3841(160,12¢cx) at 92 MeV by Ho et al. (Ho 77). The 1incident
particle excites a localized part of the target nucleus and causes
that part to de-excite by alpha emission as shown in Fig. I-1b.
The calculation for this model will be discussed in more detail in
Chapter VI. A calculation by Gottschalk and Westrom using this
concept predicts that the prompt alpha emission will peak on
either side of the direction of the heavy ion detector with a deep
valley around it. This valley where the alpha yield is very low
is termed the "shadow region”. This "shadow tegion“ cannot be
seen easily from the pictorial diagram of Fig I-lb. Rather, the
existence of the "shadow region” can be understood quite easily in
the calculation since the alpha particle is assumed to be absorbed
if it comes within the distance of nuclear density'of either one
of the remaining residual fragments.

In addition to these “pictorial” models, three-body



calculations involving the alpha particle and two residual
fragments have been carried out by various groups (Go 78, Ga 78,
Ha 78). A nmore detailed discussion of this type of calculation

will be presented in Chapter VI.

c. Experimental Situation

All the pre-equilibrium alpha emission experiments have
been performed in the following manner. Coincidence techniques
involving two particle identifying detectors were used to obtain
angular correlations of the fragments. One of these two detectors
is used to identify the heavy fragment X in Equation I-1. This
detector is fixed at an angle close to the grazing angle while the
other detector detects the alpha particle in coincidence with X.
The alpha particle detector normally 1is moved in the reaction
plane defined by the heavy ion detector and the beam direction.
In some studies, the alpha detector is also moved in the plane
which is perpendicular to the reaction plane. A summary of
coincidence experiments in the literature is listed in Table I-1

The angular correlations observed in these experiments do
not follow any systematic trend. In one case, 19754 + 325 at 373
MeV (Ga 78). the angular correlation is observed to be on the same
side of the beam as the heavy ion detector. In another case,
58y1 + 113, the angular correlation is observed to peak on the
opposite side of the beam as the heavy ion detector (Bh 78). In

58 16

the case of Ni + 0, the angular correlation function

monotonously increases towards the beam direction. Furthermore,
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Table 1.1

List of Coincidence Reactions

Reaction E&gﬁ Egg E/A Reference
2751 + 169 65 40.8 4 Present Work
2751 + 16g 65 40.8 4 Ha 77a
2751 + 169 88 55.3 5.5 Sa 79
2751 + 169 100 62.8 6.3 Ha 77b
2751 + Y4y 70 46.1 5 Bi 79
271 + L4y 100 65.9 7.1 Bi 79
38ni + 169 92 72.1 5.9 Ho 77
58y; + 199 96 75.2 6 Ho 77
b + Loy 90 78.2 7 Sh 77
Bnn + L4y 110 95.6 8 Sh 77
12¢ 4 11y 116 60.5 10.6 Bh 7R
ni + g 116 97.5 10.6 Bh 78
208py, 4 169 140 130 9 : Ge 77
208py, 4 16g 310 287.9 20 Ge 77
19754 + 169 310 286.7 20 Ge 77
19754 + 325 373 320.9 11.4 Ga 77




the origin of the alpha particle for these types of reactions is
also not clear and actually may differ from .experiment to
experiment. Fer example, the experimental result for 27A1 + 169
at 88 MeV (Sa 79) suggests that fragmentation of the projectile is
the dominant process while at 65 MeV on the same system, the work
of Harris et al. (Ha 77a) suggests that pre-equilibrium alpha
decay proceeds sequentially through the break-up of the
target-like fragment. In still another experiment, 38y1 + 169 by
Ho et al. (Ho 77), a "hot spot” model is suggested to explain the
mechanism of pre-equilibrium alpha emission.

An understanding of the 1limitations of all these
coincidence experiments is necessary before any conclusion can be
drawn from them.

1. The cross-section for the coincidence experiment is
very small, thus the statistics are not very good for most
measurements. In mo;t experiments, the peak position’ is deduced
from a few points. This is especially true when the peak lies
near the beam direction. Elastic scattering of beam particles in
the target puts a practical limit as to how close the detector can
be placed to the beam. Without data at the forward angles qlose
to the beam direction, any statement about the exact peak position
of the angular correlation is only speculative- One exception 1is

197Au + 328. However in this case,

the coincidence experiment of
a stopper foil was placed in front of the alpha telescope to stop
elastically scattered beam particles in the forward angles. Ome

disadvantage of using an absorber foil is the fact that it also
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absorbs some of the alpha particles. This presents a problem

since an extrapolation of the shape of the alpha energy spectrum

is required to account for the absorbed alpha particles. Another

27

exception is the “'Al + 160 reaction at 65 MeV studied by Harris

et al. (Ha 77a). Results from that experiment show that the C-ux
angular correlation peaks along the recoil direction of 31P*, away
from the beam direction. This experiment will be discussed in
more detail later. The present work contradicts the results of
Harris et al.

2. The angular correlation from most coincidence
experiments plotted in the center of mass system of Y in Equation
I-1 exhibits a strong forward and backward asymmetry. All the
results obtained do not rule out a contribution coming from
statistical evaporation from the intermediate nucleus Y. In order
to understand the contribution of statistical evaporation from the
intermediate nucleus Y, backward angle data as well as data from
the out-of-plane angular correlation are very important. The data
at these angles should reveal the nature of the evaporative
component. However, kinematically, the alpha particles that are
detected at the backward angles have much 1lower 1laboratory
energies. Therefore expetiméﬁts at these backward angles will be
affected by the cutoff of 1low energy alpha particles in the
experimental set up. Most of the experiments listed in Table I-1
. suffer this problem at backward angles.

3. It was briefly mentioned in Section B-4 of this

chapter and later in more detail in Chapter V-B-1 that if the

Samt

e
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alpha particles originate from the break up of a projectile-like
compound nucleus, the alpha particles are expected to peak in a
cone very close to the heavy ion detector. In this case, there is

the physical limitation of apparatus setup as to how close one can

put the two detectors together.

In conclusion, the results obtained in any coincidence
experiments should be viewed with caution. One common feature of
the angular correlations of alpha particles and heavy fragments in
all the systems studied is that they all tend to peak towards the
beam in the laboratory system. The .width of the angular
correlation 1is narrow, indicating that the reaction time scale is
0-22

in the order of 1 sec, one order of magnitude shorter than the

time scale needed for the system to equilibrate.

D. Motivation for the Present Work

The pioneering work of Harris et al. (Ha 77a) on the system
of 27Al + 160 at 65 MeV suggested that sequential pre-equilibrium
alpha emission from 31p* (Ex-14.5 MeV) is the dominant mechanism.
The angular correlation data of Harris et al. is plotted in the
center of mass system of 31P* in Fig. I-2. Very 1little alpha
particles were observed past 90° in the center of mass system
indicating the absence of an evaporative component. The result of
Harris et al was very surprising and interesting at the time when
the work was first published. If the observation were true, the
properties of and mechanisms in prodhcing pre-equilibrium alphas

could be studied with a relatively simple system at low energies.
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Furthermore, the peaking of the C-x angular correlation on the
other side of the beam from the carbon detector suggested orbiting
of the carbon ﬁatticle around the 2’Al nucleus. The role of
evaporation was neglected for most systems studied at that time.
It 1is very 1important to know how to extract the evaporation
contribution and to compare the pre-equilibrium contribution
obtained with the evaporative component. The present work was
originally designed to explore the region at backward angles, to
better determine the contribution of the evaporation component

31P* and to study the dependence of pre-equilibrium alpha

from
decay as a function of the heavy ion detector angle

This work was carried out with 65 MeV 160 which corresponds
to about 4 MeV per nucleon. The bombarding energy is lower than
the energies used in most experiments 1listed in Table I-1.
However, all available evidence indicates that measurements of the
pre-equilibrium alpha decay process at low energy is qualitatively
quite similar to measurements at higher energy. One advantage the
low energy experiment should have over the higher energy
experiments is the hope that with 1less excitation ehergy
available, the reaction mechanism can be understood better without
interference from other complicated processes.

65 MeV 160 is well within the operating range of the FN
tandem 1linear accelerator in the Nuclear Physics Laboratory of
University of Washington. The availability of beam time allows

careful and in depth study of the present system. This is

especially important since the cross—section for the coincident
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experiment of this type is very small, about 100 pb/srz-

In Chapter II, the experimental methods used.in the present
work are desqriséd» On line data acquisition and off line data
analysis are discussed in Chapter III. Different schemes of
presenting the data are discussed in Chapter IV. In Chapter V
experimental results from the present work are presented and
contributions to the data from different reaction mechanisms are
sorted out. A dynamical three-body trajectory program has been
written to wunderstand pre—-equilibrium alpha emission and is
discussed in Chapter VI. Finally a few suggestions to further
improve this system is given in Chapter VII. This last chapter
also contains conclusions about this work as well as about this

type of coincidence experiment in general.




CHAPTER II

EXPERIMENTAL PROCEDURE AND APPARATUS

A. Experimental Approaches

. Two different experimental methods were used in the present
work. The first system involved two traditional DE-E telescopes
detecting carbon and alpha particles in coincidence. The second
system used an array of single detectors to detect alpha particles
in coincidence with a DE-E telescope that identifies c;rbon
particles. These two methods are described in detail below.
1 Two-Telescopes Method:

Both carbon and alpha particles are detected in coincidence
using two telescope counters. This is a standard technique. (Ha
77a, Ge 77, Ho 77, Sh 78, Ga 78 Bi 79). Extensive discussion of
particle identification with telescope counters can be found in
various articles (Go 75, En 74). Basically, this method utilizes
the fact that particles with a given energy but with different
masses and charges lose different amounts of energy passing
through a thin detector (DE) The particles eventually stop in
another detector (E) mounted directly behind the DE counter.
Thus, total energy of the particle is given by the sum of energy
deposited in DE and E detectors. Empirically, over a limited
range of energies, the relation between range (R) and energy of a

particular particle (E) is given by a simple power law.
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R = aEp .
a = k(Maggp)
I1-1
where R is the total thickness of detectors needed to stop the
particle Etot is the total energy of particle : n is an
empirical parameter ; q.¢f is the effective charge ; M 1is the
mass of the particles and k is a constant.

This method of identification can be understood more

clearly by looking at the following diagram.

DE E

R=a(E+DE)"
E tot > = “‘l R-DX=aE"

DX=a[ (E+DE)"-E"]

DX/a=[ (E+DE)"-E"]

Fig 1II-1 Schematic diagram showing the
mathematical relationship used to obtain the

particle identification iIn a DE-E counter
telescope.
DX in the diagram is the thickness of the DE counter and
DX/a 18 defined as the particle identification (PID) function.
For fixed DX, the PID function is proportional to the product
M x q_ge. Ideally it should be independent of the particle

energy. In all the experimental runs, n is found empirically to

[
Sl
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be 173 for alpha particles. For carbon particles,
(E+1.7DE)1°69-F.1'69 gives the best PID function.

This two-telescopes system suffers the following
disadvantages:

i. Kinematically, the alpha particles detected in the
forward angles have much higher energy than those detected in the
backward angles. Typically, the alpha particles detected vary in
energy between O to 25 MeV. In thé particle identification
method, a fixed DE only gives optimum PID resolution over a
limited range of energy. An 8'7P DE counter was used with a 300p
E detector to detect alpha particles in the forward angles. Alpha
particles with 2 MeV or less energy will be stopped in the 8’7P DE
counter. In order to increase the efficiencies of collecting low
energy alpha particles at backward angles, the thinnest DE counter
available (5p) was used. Even so, the finite thickness of the DE
detector stops very low energy alpha particles at and below .5
MeV  Experimentally, due to detector noise and discriminator
level of the electronic system, the lowest alpha energy detected
was higher than that dictated by the thickness of the alpha DE
detector.

ii. The multipatametef on-line data acquisition program
RALPH (Chapter 1I1I-B) only accommodates four parameters in
coincidence. However the two-telescopes systems require five
parameters, namely carbon DE input (DEC), carbon E input (EC)
alpha DE input (DEx), alpha E input (Ex) and the time difference

(TAC) between events in the two telescope counters. The TAC
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spectrum is needed to subtract the contribution of random
coincidence events from the data. Ideally all these five
parameters should be stored in the computer. In order to meet the
limitations of RALPH, the electronic system was designed so that
the TAC spectrum was recorded off 1line and two hardware gates
corresponding to the peak region and a flat region of the TAC
spectrum were used to separate "real” coincidence events ffom
"random” coincidence events before they were recorded by the
computer. A more detailed description is given in Chapter
ITI-A-1.
2 Time-of~Flight (TOF) Method:

The above shortcomings were eliminated by taking data using
a single counter instead of a telescope to detect alpha particles.
A very simple relationship E=-.5mv2 relates the velocity of a
particle to its mass and energy. Rearranging the terms and

dimensions gives the following formula relating the flight time of

the particle and its mass

T = (p?/28)}/2
I1-2
where T is the time of flight in ns ; D is the distance (flight
path) in cm ; E is the energy in MeV and M is the mass in amu.
Equation II-2 can also be rearranged to yield M in terms of

E and T for D fixed. In that case, M is proportional to ET2

Experimentally, D is given by the detector distance to the target.
Energy is detected in the detector. T, however, is not directly

measurable. What is measured is the time difference (Tdiff)
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between arrival of a carbon particle in the carbon telescope (Tc)

and the arrival of a coincident event in the alpha detector (T")

Tagge=Te~T"
I1-3
Ideally if the carbon particles can be detected right after
the reaction in the target i.e. Tc=0, this would give a measure
of the starting time for the alpha particles flight time. To
simplify the following arguments, the energy of the carbon
particles , hence T_, is assumed to be fixed. From Equations II-2
and II-3, at a constant energy, the timing resolution (DT)
required to separate an alpha particle from another particle X is

given by the following equation :

Thare are two cases needed to be considered :

i. X is heavier than alpha : Experimentally, the
majority of the heavy 1ions detected in the alpha detectors in
coincidence with carbon particles detected in the carbon telescopsz
have energies less than 12 MeV. Furthermore, the mass of these
heavy ions is greater than 10. . As the minimum DT is given by the
maximum E, the worst case would be when E=12 MeV, stio. Equation
I1-3 gives DT to be 4.7 ns.

ii. X is lighter than alpha : Experimentally, protons
are tha only particles detected 1in coincidence with carbon
particles that are lighter than alphas. The alpha particles of

interest have energy less than 25 MeV. With this knowledge, the
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alpha detectors were chosen to be 300p thick so that protons with

more than 6 WMeV of energy will pass through and the energy

deposited in the detector will be less than 6 MeV. These high-

energy protons cannot be confused with alphas or other particles
as seen in Fig. II-2. For 6 MeV alphas and protoms, DT computed
from Equation II-3 is greater than 5.7 ns. A two dimensional plot
of E vs. T for protons, alphas and 160 s shown in Fig. II-2.

From the above analysis, the timing resolution needed to
distinguish alpha particles from all other particles is of the
order of 5 ns and can be achieved easily. One other complication
comes from the fact that the carbon energy is not fixed. Thus the
simplification that Tc is constant which was introduced earlier is
not valid. The carbon particles of interest typically have
energies between 30 to 60 MeV. As the carbon telescope is placed
~ 7.6 cm from the target during the experiment, it takes from 3.4
to 2.4 ns for the carbon particles to reach the carbon telescope
counter. This uncertainty of 1 ns is negligible when compared to
the 5 ns timing resolution required to separate alpha nparticles
from other particles. The only effect it introduces is to broaden
out the TAC peak.

With this method, up to. four single detectors 1located at
four different alpha laboratory angles can be used in coincidence

with one carbon telescope. This arrangement allows more than one

alpha angle to be measured at once. This 1is of tremendous

advantage to this type of coincidence experiment since the cross

sections are very small and it takes a long time to collect

A
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statistically significant data.

B. Accelerator And Ion Sources

The two-stage Tandem in the Nuclear Physics Laboratory of
University of Washington is equipped with a Direct Extraction Ion
Source (DEIS) and a sputter source (UNIS) to produce various heavy
ions. The accelerator and beam transport system have been
described in detail by Weitkamp (We 74). The 65 MeV 60 beam used
throughout the experiment was produced by extracting OH ions from
the DEIS after water vapor was bled into the duoplasmatron.
Production and acceleration of the oxygen beam has been discussed
by Webb (We 77). The 12 peam used to calibrate the carbon
telescope 1s produced by sputtering Cs onto a carbon cone. The.
operation and modification of the sputter source has Dbeen

"discussed by Roth (Ro 75,76).

c. Detector Array

All the detectors used were commercially available totally
depleted transmission and partially depleted surface barrier
detectors. Throughout the experiment, three DE counters (14'7P’
17.3p, and 20p) were usedtbduring different runs in the carbon
telescope. The carbon E detector was a partially depleted 300P
detector. The carbon telescope counter typically had a solid
angle of 5 to 10 msr. In the two-telescopes method, due to
different alpha energies in the forward and backward angles, two

telescope counters were used: an 8'7P-300p (DE-E) for the forward
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angles and a 5p-300p for the backward angles. The alpha telescope
at the forward angle subtended a solid angle of abo?t 1.3 msr. At
backward angles; without large number of elastic scattered
particles, the solid angle for the alpha telescope was as large as
5 msr. All the alpha detectors were transmission surface barrier
detectors, 250p to 300 thick. In order to provide a sufficient
flight path for the alpha particles to be identified, the alpha
detectors were placed ~20 cm from the target. Thus, to compensate
for the loss of solid angles, the detector areas had to be as big
as possible, typically 300 to 450 mm>. The aperture sizes varied
from 10 mm in diameter for the forward angle detectors to 22 mm in
diameter for the alpha detectors at back; angles. All the
detectors were thermo-electrically cooled to 0°C to suppress noise
and leakage current of the counters. When the detectors were
cooled, they also gave better timing signals. Area defining
circular tantalum apertures, mounted directly in front of the
detectors, were covered with 98 Pg/cmz Ni foils to avoid
condensation of pump oil onto the detector surface. These foils
plus small magnets placed in front of the detectors protected the
detectors from low energy electrons produced by the beam on the

target.

D. Calibration of Detectors

As most of the carbon particles detected have energies

between 30 and 60 MeV the carbon telescope was calibrated with

30, 44, and 60 MeV 12C beams produced by the sputter source
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scattered off a 180 Pg/cmz Au target. The alpha telescope and the
single detectors array were calibrated with an 281pn gource which
produces 5.5 MeV alpha particles and a 212p5 source which produces

8.78 MeV alpha particles.

E. Targets
1. Preparation:

The targets used in most of the experimental runs were
prepared by evaporating 99.999% pure 2751 wire from a special
intermetallic boat (resistivity: 1000-2000 PO) onto a glass slide
coated with teepol as parting agent. As oxygen reacts with
aluminum readily to form an oxide layer, special care had to be
taken 1in reducing the amount of oxygen contaminant present in the
target. The evaporation took place in a high vacuum (5:{10-7
torr). Also, during the evaporation, the glass slides rested on a
copper plate which was continuously cooled by water. Afterwards,
the slides were stored in Ar gas until ready to use. Even with
these precautions, formation of a thin layer of Al,03 on the
surface of the 27Al target cannot be avoided (Ma 63).

2. Contaminants and Carbon Build-up :

The oxygen and carbon contents in these targets were
determined by backward angle scattering of 3 MeV protons (Sh 51,
Re 56). The oxygen contaminant was assumed to be in the form of
A1203. These contaminants (carbon and oxygen) were shown to be

present originally in 1less than 12 atomic abundance.

Back-streaming of mechanical pump oil into the scattering chamber
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during the experiment caused a layer of carbon to be formed on the
part of the target hit by the beam The C(160.0!) events are
kinematically separated from the 2751(160,0x) events with Q=-7.16
MeV at the angles measured in this experiment. The effect of
carbon build-up was studied by bombarding a 370P8/°m2 carbon
target.‘ The total energy spectrum for events from both the
natC(160,Gx) and 27Al(160,0|x) reactions at ec--3o° are shown in
Fig 1I-3 While only an upper limit of carbon buildup could be
measured by determining the amount of carbon in the target at the
end of the experiment, neverthéless it was determined that in the
region of the peak corresponding to the 27A1(160»01) reaction
leaving 12¢ 4n 1t ground state, the contribution from carbon build
up contamination was negligible. The carbon build-up was greatly
reduced by improving the pumping system in the scattering chamber

described in the next section.

F. Scattering Chamber Set Up

All measurements were done in the 61 cm chamber in Cave II.
This chamber is electfically insulated from local ground. All the
power supplies and cables are grounded in the counting room area
thus reducing ground loops. The chamber 1is equipped with a
mechanical pump fbt roughing the chamber and a diffusion pump for
high vacuum. A liquid nitrogen cold trap separates the diffusion
punp from the chamber. In an effort to feduce carbon build-up on
the target due to back streaming of pump oil from the mechanical

pump, a VEECO coaxial trap which traps oil without collecting
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spectrum is also normalized to the maximum amount of C build-up on

the target determined at the end of the experiment.
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water vapor was installed between the mechanical pump and the
chamber.- In addition, a small liquid nitrogen cold trap with a
copper tubing attachment surrounding the target was also used
during the exﬁeriment. An integral collimator box 1s located
directly upstream from the chamber. Tantalum apertures, 5.6 mm
and 4 O mm in diameter were placed in the box 40.6 mm and 55.9 mm
from. the target respectively. The faraday cup is located about 1
meter downstream from the beam exit port of the chamber.

1. In-Plane Set up :

The chamber set up for the in-plane C-x angular correlation
measurement is shown in Fig. II-4. The scattering chamber is
equipped with two movable arms that can be rotated 360° by a
remote control device and positioned to an accuracy of .1°. The
carbon telescope was mounted on the upper arm fixed at ec(ec--30°
or -40°) while the alpha telescope or detector array was mounted
on the lower arm. A target ladder with four target positions was
mounted from the top of the chamber 1id. The beam is focused
through an aperture of 3.2mm diameter mounted in one of the target
positions.

2. Out-of-Plane Set Up :

The scattering chamber does not have a movable out-of-plane
arm. A simple modification of the in-plane array was used to
measure the out-of-plane C-x angular correlation. Instead of
being mounted parallel to the chamber floor, the alpha-detector
array was mounted on the lower arm perpendicular to the chamber

floor. However, due to the size of the chamber the array could
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Fig. II-4 Top view of the in-plane experimental set-up
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only span 60° out of plane. Three alpha detectors were fixed at
#x.o°, 30°, and 60°. The fourth detector was'mounted in the
center of the qhaﬂﬁer top. The whole arrangement is 4illustrated
in Fig II-5. An 27A1 target was clamped down by the target
holder in the target position. The target can be rotated 360° in
plane by a remotely controlled device and was manually rotated to
30° out of plane. |

Both the in-plane and out-of-plane set up also included a

monitor counter situated ont of plane at a polar angle of 30°.
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CHAPTER I1I

ELECTRONICS AND COMPUTER PROGRAMS

A. Electronics

Most of the electronic modules including the power supply
bins were commercially bought. The particle identification system
used conventional coincidence circuits. In order to minimize high
frequency pickup on the fast timing signalsAfrom the detector
preamps, all the fast electronics were placed with the preamps
next to the scattering chamber. The other electronics were
located in the counting room area.

1. Two-Telescopes Method:

The electronic system used in the two-telescopes method 1is
shown in Fig-. I1I-1. The following considerations were taken into
account in designing the electronic system.

i Two types of events were collected during the
experiment, namely the single events detected by both the carbon
DE and E counters (2-fold coincidence events) and the events that
were detected by both the carbon and alpha telescopes (4-fold
coincidence events). The mechanism by which the computer
processes an event is illustrated on the right side of the dashed
line in Fig. III-1. A bit is set in the format register of the
interface for each analog to digital converter (ADC) for which a
gate signal is received. The event occur interrupt signals the

computer to process an incoming coincidence event. The computer
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then interrogates the format registers. If all the ADC format
registers are set, the event will be treated as a 4-fold
coincidence events. If only the carbon DE and E ADC"s receive the
gate signals, the event will be treated as a 2-fold coincidence
events. If neither conditions is satisfied, it will be counted as
a non-valid event. After each event is processed, all the format
registers and the event—occur interrupt will be cleared until the
next event comes.

ii. There were many more 2-fold coincidence events than
4-fold coincidence events. As the computer processes the
coincidence event relatively slowly, in order to reduce dead time
of the carbon DE and E ADC”s, a prescaler was introduced to cut
down the counting rate of the carbon telescope single events by a
factor of 100.

iii. A time-to-amplitude converter (TAC) was used to
measure the time difference between the arrival of an event in the
carbon telescope and the arrival of a coincidence event in the
alpha telescope. In all the experimental runs, the TAC had a time
range of 400 ns i.e. any events that came within 400 ns after the
TAC registered a start signal would be considered as coincidence
events. Depending on the counting rate of the alpha telescope in
forward or backward angles, signals from the alpha telescope can
be used either as the stop or start pulse for the TAC. The data
collected consisted of both real as well as random events. The
TAC spectrum is needed to subtract the contribution of random

coincidence events from the data. Due to 1limitation of the
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on-line data taking program RALPH, the TAC spectrum had to be

recorded off line with a multichannel analyser (ND2400). The TAC

output was sent through two single channel analysers (SCA) in

parallel. The upper and lower level of one SCA corresponds to the
peak region of the TAC spectrum (“"real” window) and the other SCA
has an upper and lower window corresponding to the flat region of
the TAC spectrum ("random” window). The “"random” window is
typically five times 1longer than the "real” window. These SCA
outputs generated the routing signals for the computer so that
each alpha DE and E spectrum contained two energy spectra
corresponding to the "real” and "random” parts of the TAC.

Signéls from each of the detector were amplified with a
preamp and a standard linear amplifier. The prompt bipolar signal
from each of the amplifiers was then sent to a single channel
analyser which gave a 10 volt high, .5 psec wide output pulse.
These output logic signals were then used in the coincidence units
(COIN2 and COIN4) and for timing and gating purposes. The delayed
unipolar pulse from the each of the amplifier passed through a
linear gate stretcher before entering the ADC
2. Time-of-flight Method :

Fig 1III-2 shows the schematic electronic diagram used in
the time of flight method. This electronic system was similar to
the system used in the two-telescopes method with the exception
that the alpha depector array replaced both the alpha DE and E
needed for the telescope. As the TAC spectrum was recorded on

line, all the electronics needed to generate the "real” and
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"random” routers were eliminated. Since all four alpha detectors
in the array were routed into one ADC and one TAC the electronics
were more complicated and are described in the following
paragraph.

Signals from any of the four alpha detectors were first
amplified by a preamp. The timing output from the preamp was
subsequently amplified by a quad amplifier and a filter amplifier.
The amplified output was then sent to a constant fraction
discriminator (CFD). The sharp negative pulse from the CFD was
sent to a regenerative majority coincidence box (RMC) which was
ad justed to accept single events and thus functioned as an OR
unit. The output signal of the RMC was very much reduced and had
to be amplified by a quad amp stage before it could be sent
through a delay 1line to the stop input for the TAC. The energy
output signal of the preamp was sent to a standard 1linear
amplifier. In order to handle high counting rates, especially at
forward angles, all the alpha amplifiers operated with a time
constant of .25 psec. The bipolar outputs of the amplifiers were
sent to SCA”s to generate logic pulse for timing and gating
purposes. The delayed unipolar output of the amplifier went to a
linear gate stretcher. The linear output was then sent to a dual
sum and invert (DSI) module which is a linear pulse adder. There
was always a possibility that undesired outputs of the DSI came
from addition of accidental coincidence pulses from different
detectors in the DSI. These outputs were eliminated by requiring

that a logic output from the SCA of each alpha detector go through

RN
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a common exclusive or (EOR) unit. The gating signal for the alpha
ADC was generated in the 4-fold coincidence unit (C?INA) requiring
simultaneous presénce of the EOR output , TAC signal and output
from the coincidence of carbon DE and E SCA“s. The router signal
for each detector was generated by requiring coincidence between
the logic signal from the corresponding SCA and the COIN4 oﬁtputs.
Since the time of flight system had no DE detector to range out
those low energy heavy ions at forward angles, many more signals
were generated in the alpha system. In order to further eliminate
pileup at the alpha ADC, the linear outputs from the DSI were
gated by the COIN4 output before they were sent to the ADC. All
these complicated systems for gating out undesired signals were
necessary to reduce the dead time in the electronic system, the

ADC”s, and the computer.

B. On-line Data Acquisition Program

All the data collec;ion was done with the SDS 930 computer
using the program RALPH (Sa 77) RALPH is a four parameter,
multi-coincidence program. In the two-telescopes method, the four
parameters are carbon DE (CDE), carbon E (CE), alpha DE (xDE) and
alpha E (xE). In the case of ‘time of flight system, the oDE
parameter was replaced by the TAC. Two types of events were
collected, the 4-fold and 2-fold (carbon singles) coincidence
events. Section A~l of this chapter explains how the an incoming
event is distinguished to be a 4-fold coincidence, a 2-fold

coincidence or a non-valid event.
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Aside from the four original parameters which correspond to

the data collected by the four ADC”s, RALPH allows creation of

pseudo parameters or functions. Each pseudo parameter is actually

an algebraic function of one or more of the original parameters or
previously defined functions. The following functions were
created during this experiment : total energy of the carbon
éelescope (CTOT) and the PID function of the carbon telescope
(CPID).

. CTOT = CE + CDE/DIV
where CE is the carbon E; CDE is the carbon DE and DIV is the an
input constant that accounts for the difference in the carbon DE
and E detector amplifiers gains.

CPID = (CTOT" - CE")/MUL

where n is the empirical exponent of the PID function defined in
Equation II-1 and MUL is the compression factor.

Both CTOT and CPID functions were built into the RALPH
program.' The program user has to specify the parameters used
e.g. CDE, CE and input the constants DIV n, and MUL when setting
up RALPH for data collection. Since all these functions have to
be computed for each event during data collection, all
multiplication and division are accomplished by binary bit
shifting in order to speed up the computation. Thus, the input
constants DIV and MUL have to be integral powers of 2. A table of
the form Igh where I, corresponds to channel number was created
ahead of time and stored in the upper 16K memory of the computer.

The CPID is calculated with the aid of this table.

N
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Spectra corresponding to data collected by each of the
ADC"s are called raw spectra. In addition to these, RALPH also
allows additiopal‘spectra called gated spectra to be created.
These gated spectra can be one or two dimensional plots whose axes
are the original parameters or previously defined pseudo
parameters. One 1important feature of the gated spectra is that
conditions i.e. digital windows corresponding to a certain part of
a raw spectrum or another previously defined function, can be used
to establish the gating conditions. Only events that satisfy the
conditions will be accumulated in the corresponding gated
spectrum.

Before the actual data collection took place, the functions
CPID and CTOT were created. A gated spectrum with no conditions
was defined to be the CPID function and displayed. A typical CPID
spectrum produced by RALPH is shown in Fig. II1-3. Based on the
information from the CPID spectrum, a pair of digital windows
corresponding to the carbon particles detected by the carbon
telescope is obtained.

For the two-telescopes system, a second two-dimensional
(2D) array was defined with horizontal and vertical axes to be DE
and E parameters of the alpha telescope respectively. A
constraint corresponding to the digital windows obtained from the
CPID function was placed on all the events that would be
accumulated in this 2D array. Thus, this spectrum only contained
events that were coincidence with the carbon events detected in

the carbon telescope. Due to limitation of storage space, the 2D
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arrays produced by RALPH are limited to 32X32 and only provided
some glimpses of the data being collected. é more detafled
analysis of the d;ta had to be done off-line. A 2D array that
accompanies the CPID spectra of Fig. III-3 is shown in Fig. III-4.
In the time of flight system «xE vs. TAC for a particular alpha
detector was plotted as shown in Fig. III-5.

RALPH has another completely independent parameter which
collected the monitor spectrum. During data collection, only the
2-fold and 4-fold coincidence data were accumulated event by event
in a buffer. When the buffer was full, the data were dumped onto
a magnetic tape for off-line analysis at a later time All the
accumulated raw and gated spectra were displayed "live” on a
cathode ray tube (CRT) display. These spectra were dumped

periodically onto the magnetic tape.

C. Off-Line Data Analysis Program

1. EDNA :

Most of the off-line data analysis was done with a twin SDS
930 computer. This computer is very similar to the on-line SDS
computer except it does not have the CRT display nor an upper 16K
memory. However, a disk with 512K words storage space is attached
to it. The program EDNA (Sa 77) was written specifically to
analyse the data produced by RALPH.

During each experimental run, an enormous amount of data
was collected. However, only a tiny fraction of these data

consisted of the carbon alpha coincidence events with the
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appropriate Q values of the reaction 2751 + 16p 3 12¢ 4 & +
27A1. One function of EDNA was to sort through the raw data with
various condiqioné i.e. digital windows as used in kALPH, in order
vto extract the events of interest. In the process of sorting, the
disk 1is of great advantage since it allows a rapid access time to
the stored data versus sorting from magnetic tapes. Up to two
different disk files can reside on the disk at the same time-

Six different pseudo parameters or functions can be created
in EDNA. By inputting the appropriate constants and parameters,
the following functions were generated at different times during
the data analysis : (i) energy of the carbon telescope (Ec);

(1) energy of the alpha telescope (Em); (iii) PID function of

the carbon telescope; (iv) PID function of the alpha telescope:

and (v) total energy of the coincidence events (Ec+gx). In the
case of time of flight method, instead of defining an alpha PID
function, an ET2 function where E is the alpha energy and T is
given by the TAC, of the alpha detector was defined. These
functions are more sophisticated than the CPID or CTOT functions
used in RALPH. EDNA can generate one dimensional spectra or 64X64
two dimensional arrays of the data with up to eight gating
conditions.

The procedure used to analyse the data 1is >111ustrated in
Fig. III-6. 4-fold coincidence events written on tape by RALPH
were read into the disk with appropriate sorting conditions. A
PID function for the carbon telescope was defined from which the

carbon PID gates were extracted. The 4-fold coincidence events in

S
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Fig III-6 Schematic illustration of data analysis wusing the

computer program EDNA.
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the disk were further sorted using the carbon PID gates obtained.
The resultant garbon coincidence events were stored. in a second
disk file and ;ere used to generate a PID function of the alpha
telescope- These data were again sorted using the real or random
alpﬁa PID gates. A total energy spectrum Ec+qx, which corresponds
to the Q spectrum of the reaction 27p1 + 160 -y 12¢ 4+ « +27A1,
wags obtained. The final carbon energy (Ec) and alpha energy (Qx)
spectra were created by putting a Q window of -7.16+1 13 MeV on
the carbon alpha coincidence events using the total energy
function Ec+qx. The width of the Q window was chosen to ensure
that events from contaminants in the target would not be included
in the Q window. Data from the time of flight method were treated
in a very similar way. The alpha particles were identified by
defining an ET2 function .

EDNA uses floating point arithmetic to compute the exponent
E**n in the PID function. This method is relatively slow when
handling large amounts of data. In order to facilitate
manipulation of data at a later time the sorted data e.g. &4-fold
coincidence events and carbon coincidence events were written onto
a magnetic tape from the disk. When needed, all these data can be
retrieved using EDNA.
2. RSORT :

Towards the end of this project, the disk of the off-line
SDS computer brokg down and never did recover. Another program
RSORT (Fr 79) was used to do the off-line analysis on the new

VAX/VMS computer. RSORT was written with a different sorting
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structure than EDNA. Instead of defining PID and ET2 functions to
obtain the appropriate carbon and alpha gates. RSORT allows a
polygon composed &ﬁ to ten pairs of points to be drawn around the
events of interest in a 2D plot. This feature allows the "gates”
to be computed much faster since no exponential functions are
required. This is especially important as it allows all carbon
single events (carbon particles detected by the carbon telescope)
to be sorted-out in a resonable amount of time. These events were
used to normalize data from different runs. With the new gating
feature 1in RSORT, the Q window consists of a polygon on the Ec

vs. %x 2D plots. This way of gating greatly facilitates

extracting events of interest at backward angles.



CHAPTER IV

REDUCTION OF DATA

Before presenting the experimental data from this work in
the next chapter, general background information which is needed
to understand the data analysis are described here. Section A
briefly explains the assumptions used in the data analysis. The
off-line analysis using computer programs EDNA and RSORT have been
discussed in detail in Chapter 1III. The method wused for
subtraction of random events and problems associated with it are
discussed in Section B. In Section C through E, different
formalisms and quantities used in presenting the data are

explained. Errors are discussed in Section F.

A. Data Analysis

A three-body final state of 2751 + 169 -3 12¢ +x + 27a1 +
Q 1is assumed in the data analysis. For most of the angles
measured, two major groups of events with Q=-7.16 and Q=-11.59 MeV
are observed. The former group with Q=-7.16 MeV corresponds to
events with all three final products 12C, ® and 27A1 in their
ground states. The 1latter group of events, Q=-11.59 MeV can be
either events with 12C in its first excited state (2+) or 27Al in
one of its excited states. Attention has been mainly focused on
the first group with Q=-7.16 MeV.

The relationship between Q, Ec and E, 1is derived in

p——
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Appendix A. Using that relationship, the location of events with

a certain O value in a E, vs. E, plot can be predicted. Such a
plot for ec._3o°,. qx=3o°, and Q=-7.16 + 1.13 MéV is shown on

Fig. IV-1.

Examples of energy spectra obtained in this experiment will

be presented and discussed in the next chapter.

B. Subtraction gﬁ_Random Events

For the data obtained with the two-telescopes method, the
random events (C-x coincidence events in the random part of the
TAC spectrum) were analysed in parallel with the real events with
the same carhon PID gates, alpha PID gates and Q windows. A
corresponding number of random events was subtracted channel by
channel to obtain the final carbon and alpha energy spectra. For
the case of the time-of-flight method, the alpha PID gate for the
accidental events consisted of a polygon with ten times the area
of the polygon used to obtain the real events. The random
polygonal gate is 1located in a region of the Ex vs. TAC 2D plot
well away from the "real” coincidence events. For the forward
angles with 6c=30°, the random events were only a small percentage
of the total events, < 5%. However, the percentage of the random
events is much higher, up to 15% at backward angles and at angles
on the same side as‘the carbon telescope. The random rate 1is a
factor of two worse at all alpha angles when the carbon detector
is placed at -40°. When the random rate is high, random

subtraction is especially important in order to obtain the correct
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Fig. IV-1 E. vs. E; two dimensional plot for ec-—30°, Qx-30°.
ﬁmaoo and Q=-7.16+1.13 MeV The crosses in the plot mark the same

points as the crosses in Fig V-3,
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shape of the alpha energy spectra.

C. Presentation of Data in the Laboratory Frame

.

The following formula is wused to extract the double
differential cross-section (dzo/dﬂtdgx)lab in the laboratory

system.

- . (a2 lab Aq .

Ueex = Npeam Negt (d%0/d0,40y) AL NYATN
Iv-1
where NCﬂx is the total number of C-x coincidence events ; Nbeam
is the total number of beam particles ; tht is the total number
of target atoms per unit area ; A;% is the solid angle of the
carbon telescope and £“%x is the solid angle of the alpha detector.
For the C~x correlation at fixed ©,, the carbon singles
events served as a monitor providing relative normalizations from

rua to run. The total number of carbon particles detected by the

carbon telescope, N.. can be expressed as

- . . lab,
Ne = Npeam tht (da/dﬂc) Apc
Iv-2

Combining Equation IV-1 and IV-2

(a%0/d0,40,)12 = k- (N _ /N ) /NG,
Iv-3
where k=-(dor/dQ,c)lab is a constant at fixed ec. Thus, the relative
double differential cross-section was obtained very accurately
independent of beaim current determination, target uniformity, and

solid angle of the carbon telescope which may vary from run to
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run.

x .
D.  Presentation of Data in the 31p% Center of Mass Frame

In the earlier work of Harris et al (Ha 77a), a
pre-equilibrium sequential break-up process was proposed as the
ma jor reaction mechanism for the 27Al(160,12C(x)27A1 reaction.

Such a mechanism can be represented as follows:

271 + 169 -5 12¢ 4 31p*

3p* 5 x + 271

The carbon singles energy  spectra obtained were

approximately gaussian in shape with a peak at about 44 MeV for

6c=-30° and at ahout 38 MeV for 9c=-400. If two body kinematics

31

*
is assumed, P~ has an excitation energy of about 14.5 MeV. 1In

order to compare with the earlier work and to further understand

*
this mechanism, all the data taken have been plotted in the 31P

center-of-mass system. The formula for transforming from the

31p%

laboratory frame to the center-of-mass frame is derived in

Appendix B, and can be written as

2 2 lab
(4074 "0 MM = J (0, )-J.(8,) " (d°0/dn do )12
. IV-4a

where (dzo/dngmdg;m)cm is the differential cross-section in the

*
31p center of mass frame and Jc and J, are the Jacobians that

transforms the C and o detector solid angles from the laboratory

to the 3lp* center-of-mass system. Note that J. is independent of

alpha angle.
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Experimentally, the differential cross-section in the 31p*
center of mass frame is a little more complicated than equation
IV-4a 1indicates. * One reason 4is due to the fact that the _
coincident caébon energy spectrum has a finite width. The full
width at half maxiomum is about 7.5 MeV. The excitation energy and
the 1lab velocity of the recoiling 31p* depends on the energy of
the carbon particles. Events at a fixed qm‘and fixed e, but with
different energies would correspond to different G;P and J,. As

. m
a consequence there is no single Jacobian or ec for

o

*
transformation to the 31P center of mass frame. One can at bhest
choose an average center of mass frame and transform all events to

this frame. With this choice of frame, J_. and %m become functions

c

of E.. Equation IV-4a may be written

(a%0/q0SPa0™) ™ = R(dE, [J (Eq g (gD /AQ, 11dN, o /dE, ]
IV-4b

However, the Jacobians Qx(Ei) and Jc(Ei) do not change very
much over the carbon energy range of the coincidence events. The
value of Jc(Ei) changes by about 107% over a 10 MeV range. The
data are plotted in the center of mass frame of 3p* Gith 14.5 Mev
excitation energy. This is justified since the most probhable
excitation energy of the 31p* remains constant at about 14.5 MeV
over most of the alpha lab angles measured.

Data from the present experiment has been analysed with
both Equation IV-4a and IV-4bv‘ They agree within experimental
uncertainties for most of the angles, especially at the forward

angles. Data presented in this dissertation are analysed with
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Equation IV-4b.

E. Presentation of Data in Velocity Space

Presenting the C-x correlation function in a certain
center-of-mass frame implicitly assumes the reaction proceeds
through a particular sequential process. For a truly sequential
process, the proper choice of fréme for plotting the angular
correlation can simplify considerably the understanding of the
data. An improper choice of frame, however, can introduce
systematic effects that can confuse the interpretation of the
data. In order to eliminate this type of model dependence, the
data have also been plotted in the Galilean invariant velocity
space. This form of data presentation has the advantage that all
frames in which the correlation may be plotted are ‘treated in a
balanced way. As' a result the data may themselves suggest a
suitable frame for plotting.

Consider the alpha particles moving with velocity Wi in
the X center-of-mass frame which itself is moviné at a constant
velocity V, with respect to the laboratory. Since the carbon
telescope is fixed at 8, for the C-x correlation, (da/dﬂ.c)lab is a
constant quantity regardless of the frame in which the alpha

particles are emitted. By definition :

(do/an,)!2P = §§14%0/a0, a3vE]- (vX)2-aviaaX
| V-5
(do/d0,)!?® = §§14%0/a0l2Pa0X 4gX | agX a®

IV-6




55

where Y;, q;, E; are the alpha velocity, solid angle and energy
relative to frame X. Using the identity dE = mVdV and combining

Equations IV-5.and IV-6

4 3yx X .03 lab,aX ,oX
d c/dQCd ch = (mo;Nb( )+ (d a/dQc dedEo()

Iv-7
(do/dg)lab is a conserved quantity i.e. independent of the choice
of frame X, thus the 1left hand side of IV-7 is independent of

choice of frame also. The laboratory frame is chosen to evaluate

the quantity daaldﬂtd3%x. From equation IV-3

d*o/an a® = (k- /viEP-an___ se 221 (17 (v A0 22D
Iv-8
where k™ = m, x k.

The cross-seption at different qx but at fixed 8, can he
presented in a velocity plot as contours corresponding to the
quantity dao'/dﬂ.cd3V|x at various 6, and “m' Examples of velocity
contour plots aré shown in next chapter. In a velocity contour
plot, the beam is defined to be 0° and the origin of the nlot is
arbitrarily chosen to be the velocity of the lab frame which is

zero. If the plot were to be viewed from a different frame X, the

origin of the plot would be moved to Ve but the contours would

remain the same.

F. DISCUSSION OF ERRORS

1. Error in Determining the Relative Double Differential

Cross-Section Wre1(0):
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Using the carbon singles events detected by the carbon
telescope as relative normalization for C-x angular correlation
data, the dependence of W.e1(8) on target thickness, beam current

and the carbon detector solid angle was eliminated. From Equation

Iv-3

Wre1(8) = (1/k)-(a%0/d0 a0, )12
(No /N ) /N0y

1v-9

Swrel(e)/wrel(e) = F(SNCﬂx/NCﬂm)2+(8Nc/Nc)2+(&AQXAQQx)2]1/2
1v-10
where W, ., () is the error in W_,,(6).

During the analysis both the carbon and alpha PID gates
could be clearly defined without any ambiguity. Nc could be
determined fairly accurately and since Nc > N..x»> the error
introduced by N, is negligible compared to No—x® On the other
hand, Q windows on the total energy plot or two dimensional Ec
vs. %m plots could nhot be determined with such accuracy. This was
a major problem, especially at angles where the accidental rate is
high and the peak-to-valley ratio of the Q-value spectrum is poor.
Whenever such doubts arose, the sensitivity of Nc_‘x to the Q gate
in the Ec vs. E, plot was determined by varying the Q gate. From
this sensitivity the error introduced by the Q gate was estimated

and folded into the total experimental error. Where the Q-value

peak-to-valley ratio was poor, these errors were on the order of

10% -
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The target (1 mg/cm2 27Al) will range out alpha particles
with energies less than 1 MeV. 1In addition, the ele?tronic system
used in the expgri&ent has a threshold of .5 MeV. Cutoff of 1low
energy alpha particles becomes an important source of error at
very backward angles. The low energy portion of the alpha energy
spectra rise very rapidly to a peak and then falls off
exponentially. If the cutoff occurs at an energy lower than the
pesak energy, the alpha energy spectrum was assumed to have a
similar shape as one at a slightly more forward angle. The error

introduced in estimating Nc at these angles is of the order of

e 4
20%. When the cutoff is very severe, the peak of the alpha energy
is not recognizable. There is no acceptable way to estimate Nt_‘:x
at these angles. These data were not included in computing the
double differential‘cross-sections.

Another problem arose from the cutoff of low energy carbon
particles in the 'carbon telescope. This occured when a "new”
group of events with lower carbon energy and higher alpha energy
appeared at qx=-17°,-63°, 6c=-30°, i.e. when the alpha detector is
n2ar the carbon telescope. During the experiment the
discriminator on the SCA of the carbon DE detector electronic
system is set to exclude elastically scattered oxygen from the
carbon telescope system in order to cut down the computer dead
time. In so doing, a cutoff of low energy carbon particles 1is

also introduced. The carbon particle cutoff limit is 14 MeV.

Generally, this is mnear the energy that carbon particles would

range out in the carbon DE detectors (14.3, 17.3 and 20 B) used in
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the experiment. Such low energy carhon particles are not observed

at other angles. The error associated with the cutoff of these

low energy carbon ;articles cannot be estimated and the double
differential cross-section obtained at these angles represent an
lower limit.

. Data taken in the-forward angles at positive qx are free of
the uncertainties discussed above. The error associated in
determining AQ will be discussed in the next section and was much

smaller than the uncertainties in Nc In conclusion, except for

-
a couple of points at the most bhackward angles, the error in the

relative double differential cross section mainly came from the

statistical error in Nc . This fractional statistical error

-

8Nc1x/Nc1x is derived below. as follows. The number of true

coincidence events Ncﬂx is given by

_ yreal rand
New = Neex = Nex * f
Iv-11
real 2 rand 2 41/2
&/ _[(Nc_m)+(Nc_mxf)]
e~/ Ve [ yreal _ yrand o £]
cx c—x
IvV-12
where Ngiil is the number  of real including random C—x

coincidence events which are in coincidence with the "real” TAC
. rand

paak; Ncqx is the number of random C-x coincidence events

and f is the ratio of the area of "real” TAC window to the area of

the random TAC window.

-,
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2. Error in Det@rmining the Absolute Double Differential
Cross-Section wabs(ge)

From Equa&ﬂon Iv-1. Wips(®) can  bhe writtem as
3 labpnladb
XCﬂx/(NbeamthdﬁQc Agm )

wabs(e)

Iv-13

_ 2 2
Babs (9)/Uaps (M) = [(BNe/Ne )" + (BN /Nepe)
2 2,1/2
+ (5A0 /A0 )7 + (BAO /A0 )7)
IV-14
The uncertainty in N._x Wwas discussed in the previous

section. For the forward angles, Qx < 90° SNCﬂX/N is purely

c~x
statistical. The solid angle AQ is calculated with the following

formula

AQ = area/(disﬁance)2 = NrZ/d2

IV-15

SAQ/AQ = 2[(8r/r)2 + (84/4)2)1/2
1v-16
where r is the radiﬁs of the detector aperture and d is the
distance of the detector to the center of the target. Al) the

apertures were machined very accurately. Or is about .0025 cm, d
is generally measured to an accuracy of .08 cm. In general, d is
greater than 7.5 cm%and r is greater than .6 cm. Consequently
6r/r and 6§d/d are both less than 2.5 %. The above discussion is

correct only when the aperture”s area is much smaller than the

active area of the detector- In some of the experimental rumns
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which were not used to determine the absolute value of the double

differential cross section, the aperture sizes were about as big

as the active area of the detectors. The alignment of the

detector mouné will affect the accuracy in determining the active
area of the detector being exposed. An uncertainty of 5% {s
assigned to 6r/r in these cases. The error contributed by the
solid angles of the detectors is negligible at most angles
compared to other sources of experimental errors.

The following formulae are used to compute the number of

particles in the target per unit area :

Nigt

t x AO/Mtgt

Iv-17

§ N X Gt/t

tht/tht = Ytgt
IV-18

where t is the target thickness in mg/cm2 Ao is Avogradro”s
number and Mtgt is the atomic mass of target in mg. The thickness
of the target t can be determined to wiﬁhin 15%Z by measuring
energy loss of 5.48 MeV alpha particles from an 2481pn source. The
target uniformity is harder to determine. In general, Ot/t is
taken to be about 207%.

The number of beam particles is computed by integrating the

beam current on the Faraday cup.

Npoam = Pe/(1.6 x 10717 x 2)

IV-19

[
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SNbeam/Nbeam = GPC/PC

Iv-20

where pc is the total micro-coulomb of charge collected which is
accurate to 1% and Z is the éverage charge state of the heam

particles after passing through the target. The distribution of

charge states of O16 after passing through an Al foil has bheen

measured by Martin (Ma 69) at 67 MeV. The value of 7 is tabulated
in Atomic Data Tables (Wit 73) and is equal to 7.6.

The dependence of W (8) on N could have been

gt
. . 16 27
eliminated by monitoring the elastic cross—section of 0 on Al

and Nt

abs beam

at a forward angle. K Then

1ab
Wans(8) = (Moee/No) % (Ao /NOND,) % (ddbﬁgmon)oa

Iv-21

where No is the total number of elastically scattered oxvgen
detected and (da/dﬂmon)iab is the elastic scattering differential

cross-section for oxygen on 27p1. Unfortunately when the forward
angle data were being taken, it was physically impossible to place
the monitor detector at forward angles without the monitor
detector being blocked by either the carbon or the alpha
detectors. Thus the monitor was usually located out-of-pvlane at
ahout 30°. It was wused mainly as an indicator for systematic
error for a particular run. During one of the runs, however, the
monitor was placed at 12° in-plane. Using ontical model
parameters (V=15 MeV ; W=9 33 MeV ; r°=1.263 fm a=.64 fm)

given by Dauk et al (Da 75) which fit the 65 MeV data of Back et

al. (Ba 77), the differential cross—-section of 160 on 27A1 can be
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calculated. W, , (8) obtained in this way agrees with Waps(©)
determined from target thickness to within the experimental
uncertainties. .

In conciusion, the error associated with the abhsolute
differential cross-section is about 20%. This error comes mainly
from the tarset nonuniformity and the target thickness
determination.

3. Error in Detefmining the Contours in the Velocity Space:

In constructing the velocity contour plot, the quantity
ch_m/dEi is needed in Equation IV-8. Due to the low coincidence
cross—sections, chﬂx has very poor statistics even at forward
angles. Each alpha energy channel dE; corresponds to .5 MeV.
Even so, a three channel averaging is necessary to smooth the
alpha energy spectrum of Nc#x' In view of the amount of time
iavolved, it is impbssible to measure C-x coincidence events at
smaller qx steps. Furthermore, the high counting rate from
elastic scattering of 169 on 27a1 eliminates the possibility of
taking data at the very forward angles close to the beam with a
reasonable beaﬁ current. The finite size of the carbon telescope
oaly permits data to be taken at angles 13° on either side of the

carbon telescope. With all these constraints the contours on the

velocity plots are only qualitative indications of the general.

features.

[,




CHAPTER V

PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS

-

A. Experimental Results

Fig. V-1 shows a schematic view of the experimental set-up.
The reaction plane is defined hy the beam and the carbon
telesconre. The bean direction is defined to be 0° in the
laboratory. Angles on the same side as the carbon telescope are
defined to he negative. The coordinates used in the center of
31p*

nasse frane of are described in Apnendix B. Out of plane

angles are in the plane containing the recoil direction of 3lp*,
Both in-plane and out-of-plane C-x angular correlation have been
taken at ec=-3o° and ec=-ao°. Since the scattering chamher is not
equipped with an out-of-plane movable arm, data were taken at 300
intervals for the out-of-plane angular correlation function.

1. In-Plane Data, ec=-3o°:

The‘procedure for extracting events of interest has heen
explained in detail in Chapter III~-C-2.3 and Chapter IV-A.
Examples of different spectra obtained will be illustrated in this
section.

The total energy spectrum (EC+QX) obtained i{is shown in
Fig. v-2. Accidental events have not been subtracted. The two
dominant peaks observed kinematically correspond to the ground

state of carbon with Q=-7.16 MeV and the 4.43 MeV (2+) state of

carbon with Q=-11.59 MeV. The valley between these peaks is
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probably filled with events that correspond to excited states of
2751  and contributions from 12C(160 120x) and 160(160,1203:)
events. Counts with higher carbon and alpha énergy than the
events with Q=;7.16 MeV mainly come from accidental coincidences.
Due to lack of statistics, channel by channel subtraction is
impractical. However, at angles where the accidental rate is
high, channel by channel subtraction is feasible for the total
energy plot. Fig. V-3 is a corresponding 2D »plot, E, vs. Ex
Similar features as those discussed ahove are observed.

Figs. V-2 and V-3 are a typical total energy spectrum and a

2D plot for forward angles, 9% < 90° At more backward angles,

due to the straggling of low energy alpha particles and hicher
accidental counting rate, the peak with Q=-7.16 MeV tends to smear
out and the peak to valley ratio is not as good as those obtained
at the forward angles. Another deviation from the general
characteristics mentioned above is the appearance of another group
of events with low‘carbon energy and high alpha energy at 9‘x=-170
and -43°. The E_ vs. E, 2D plot for §,=-17° is shown in Fig. V-4.
The second group of events was not observed at other angles.
Fig V-5 shows the C—x angular correlation in the lab frame

lab

(dzc/dncdgx) of Equation IV-1. It peaks towards the beam to

the smallest angle measured. Such strong peaking towards the beam

persists even when the data is plotted in the center of mass frame

of the recoiling 31p* hucleus in Fig. V-6. Note that the recoil

direction of 31p* is defined to be zero degree in the center of

31

%*
mass system of P . The C-x angular correlation reaches a

3
!
}
i
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Fig V-3 Corresponding E, vs. E, two dimensional plot for

Fig. V-2 obtained off-line using the program RSORT for ec--30°.
o
8,=30
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Fig V-6 In—pléne C«x angular correlation function in the

center of mass system of 31p* (Ex=14.5 MeV), 8,=-300. See
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solid triangle 1s obtained when the contribution due to break-up
of 160* is subtracted. the solid curve is the best fit of
Equation V-7. The dashed curves indicates the upper and lower
limit by adjusting the normalization constant Y, of Equation v-3.
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ninimum about 90° and rises at backward angles. Two main features
observed, the forward angle peaking and a backward angle rise are
in disagreement with the results of Harris et al. kﬂa 77a). The
earlier results indicated that the C-x angular correlation was
31p*

peaked along the recoil direction of and continued to

decrease at backward anglés past 90° in the center of mass systen
of 31P*. For comparison, results from this work and from that of
Harris et al. (Ha 77a) are plotted in Fig. V-7. The discrepancy
at the backward angles may in part be exnlained by the fact that
the DE detector of the alpha telescope used by Harris et al. was
12p thick. A 12p thick DE detector will range out alpha particles
with energy less than 3 MeV. The time of flight method wused in
this work has no such cutoff problem. No satisfactory answer
secems to explain the discrepancy which exists at the forward
angles. During the course of this work, measurements at these
forward angles have been repeated several times with both the
two-telescopes method and TOF method with reproducible results.
The discrepancy with the earlier work of Harris et al. persists.
The in-plane correlation data have also been plotted in the
velocity épace~ Fig. V-8 1is such a plot. The origin O
corresponds to the‘velocity of . the 1laboratory system which is
zero. The shaded‘circle indicates the low alpha energy threshold
of the experimental set-up. As will be discussed in more detail
later, the most probable excitation energy of 31p* 15 found to be
constant at aboqt 14.5 MeV for all the angles measured. From

*
two-body kinematics, the velocity of 31p* with 14.5 MeV excitation
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8, =-30 | | cm/ns

IN-PLANE DATA

CIRCLE

O
Cxe— C TELESCOPE
COUNTER

Fig V-8 Velocity contour plot for the in-plane data 8,=-30°.
0 is the velocity of the lab system which is at rest. The shaded

circle represents the x threghold of the experiment. v is the
velocity of the recoiling 3lp* (Ex=14.5 MeV). The dasﬁéd circle
(circle E) is centered at V, with radius equal to the center of
mass velocity of the alpha particle, 31p* (14.5 MeV) = ox + 2751.
One unit of the contour represents approximately 10

ub/sr(cm/ns)'3.

O~NO W~
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energy can be determined and is shown hy the arrow labelled VP in

the velocity plot. Circle E is centered at the recoiling velocity

31p*

of The radius of the circle corresponds to the center of

mass velocity. of the alpha particle if 3p*(14.5 MeV) ->  +
27Al(g s.) is assumed.

As explained in Chapter IV-F-4, the statistical and angular
interval limitations of the data set result in considerable
uncertainties in the construction of the contour nlot. Therefore
the velocity plot gives only qualitative information.
Nevertheless, the peak cross-section at all angles lies very close
to circle E and can be attributed to alpha particles emitted from
the recoiling 31p*  nucleus. It can be clearly seen on the
velocity plot that‘another distinctive group of events appears at
angles around the carbon telescope. This group of events has high
alpha energy and correspondingly 1low carbon energy. Pa?tial
experimental cutoff of low energy carbon particles occurred for
these group§ of events.

THe contours at forward angles on the opposite side of the
beam from the carbon telescope are more spread out than at
backward angles. in order to explore this effect quantitatively,
the second moment <c§> of the velocity plot are plotted in
Fig- V-9 as a function of alpha angles. <o%> qualitatively
corresponds to the width of the ridge in the velocity plot at a
particular alpha lab angle. As can be seen in Fig. V-9, <o%> is
fairly 1large at the forward anglgs and drops by an order of

magnitude at the backward angles.

UGHS—
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Fig V-9 The second moment of the velocity plot plotted as a

function of the alpha lab angle for the in-plane data, 6c=-30°°

See Fig- V-4 for explénation of symbols.
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The first moment which would corre#pond to the mean
velocity is mnot plotted. The mean energy as a function of alpha
lab angles will Pe discussed later. A corresponding &uantity, the
most probable carbon energy is plotted in Fig.V-10 as a function
of alpha angle. At most angles this plot agrees with the

observation by Harris el al. (Ha 77a) that the most probable

*
excitation energy of 31p remains fairly constant at 14.5 MeV over

all of the angles measured.
2. Out-of-Plane Data, 6C=—3001

The total energy spectra and Ec vS. %x 2N plots resemble
those of the in-plane data. The data obtained are only reliable
for Qm< 120° because of the 1low alpha energy cut—off in the
experimental system. As shown in Figs. V-11 and V-12, the C-x

angular correlation function peaks strongly in the reaction plane

(Qx=0°) in either the lab or 31P* center of mass system. In the
31P* center of mass frame, the C-x correlation drops to a minimum
at about 90°, lowgr than the minimum of the in-plane C—
correlation in Fig. V-6. Past ¢m=90°- the C-«x angular correlation
rises up again. The contour plot shown in Fig. V-13 is very
qualitative. The peak of the contours seems to lie close to the

circle E which has the same diameter as the corresponding circle

in Fig V-8 . Note that the 31P* velocity vector lies along £x=00
in this plot.
3. In-Plane Data, Gc=-40°:

The energy spectra and 2D plots obtained from off-line

analysis for this group of data are very similar to those at
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line is the hest fit of Equation V-7.
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the out-of-plane data,

Fig V-13 Velocity contour plot for

ec=-30°- See Fig V-8 for explanation of symbols.
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9c=_3o°. Two groﬁps of events corrésponding to the Q=-7.16 MeV
and Q=-11.59 MeV could be distinguished in an E. vs. Ey plot. The
most probable c?rbdn:energy for the Cx coincidence' events with
Q=-7.16 MeV remains constant at about 38 MeV for all of the angles

31p* excitation energy is about 14.5

m2asured. The correéponding
MeV. Figs. V-14 and V—ls show the C-x angular correlation for the
in-plane data at 9c=-40°. The C—ox anéular correlation functions
are very different. from the ones obtained at 9C=-30° shown in
Fig. V-5 and Fig. V-6. The cross—section is a factor of two
lower. The striking forward peaking towards the beam is absent.
Instead, the C—x éngular correlation exhibits only a slight
peaking along the fecoil direction of 315 The most surprising
feature in the C-x angular correlation plot in the center of mass
system of 31P* is thé strong rise at the backward angles on either
sides of 0° The Jacobian as a function of alpha laboratory
angles as shown in Fig. B.6 in Appgndix B rises very steeply at
angles greater than 120°. The strong backward angle rise of the
correlation function in the center of mass system of 31P* may have
been caused artificfally by the Jacobian. However, the velocity
contour plot shown on Fig. V-16 shows similar features with two
strong peaks at the backward angles and at angles on the same side
as the carbon telescope. The small peak in the recoil direction
of 31P* remains.
4. Out-of-Plane data, 6c=—40°7

The out-of-plane data at 6c=—40° are plagued by the alpha

particle 1low energy cutoff of the éxperimental system and the
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apparently very low cross-section away from the reaction plane.
Reliable data were obtained only for four angles. Nevertheless,
the C-ox angular correlation hoth in the lab and in c;nter of mass
system peaks ‘strongly towards the reaction plane as shéwn in
Figs V-17 and V-18. Fig V-19 is thé velocity contour plot.

Aside from the cutoff, the general features of the velocity

contour plot resemble those for the out~of-plane data at 9c=-30°-

B. Discussion

One of the goals of this dissertation is to understand the
nature of the pre-equilihrium alpha emission process. In order to
extract the pre-equilibrium component, all other processes that
contribute to the alpha emission should bhe identified and
subtracted.

1. Break Up Events from 16%:

The in-plane velocity contour plots of ec=-30° data shown
in Fig.- V-8 suggests that there are at least two groups of events,
one that lies near the circle E which is centered on the velocity
of the recoiling ‘nﬁcleus 31P* and another group with high alpha
energy and low carbon energy. This latter group is observed only
at qx=-17° and ~43°. Since the second group of events seem to
occur only around the carbon detector, this leads to the
conclusion that these events probably arise from the break up of

*
the inelastic scattered 160 . Such a mechanism can be represented

as follows :
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16 + 2741 -3 27p1 + 160* v-1
160* > & + 12 V-2

The 16O break up process has been ohserved by'Ho et al (Ho
77) and more recently by Sasagase et al. (Sa 79).

If 160* break up is an important process, two eroups of C«
coincidence events will be detected at alpha angles close to the
carbon detector. This can mostly easily be understood in the
simple way described below. Suppose 160 particles with a fixed
excitation energy Eo are scattered to lab angle eo=-30°- Supvoose
that both the carbon and alpha particles are detected at the same

16o*

angle -30°- In the center of mass frame, the carbon

narticles can be emitted either in the forward or backward

16

direction along the 0 trajectory. By conservation of energy and
momentum. the ﬁarbon particles that are emitted forward which have
high carbon energy (Ec) will be accompanied by alpha particles
that are scattered in the backward direction with low alpha energy
(Qx). Similarly, the other group will have low E, and high Eg .
When the carbon and the alpha particles are detected at
differeﬁt angles, the situation is much mofe complicated. The two
different kinematic groups discussed earlier correspond to break

*
up of 164

scattered at two different but unique angles. The
o o 16
velocity diagram for ,=-30 and 8 =-17 with a fixed
excitation energy E_, is shown in Fig. V-20- B is the origin of
the lab frame The heam direction is defined to be O degree. The

two dashed lines at Oc and 8, correspond to the directions where

the carbon and the alpha particles are detected respectively. The
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160 npuclei with fixed excitation energy Eo must be scattered
either to 8, or to 90' determined from kinematics so that the
carbon and a%pha‘ particles coming from the breag up of the 160 _
nuclei are detected at 8, and 6. The kinematic group with high
%m and low E_ is represented by the unprimed system while the
other group with low Qx and high E, 1is given hy the primed system.
The velocity diagram for the unprimed group includes the two
concentric circles D, and Dy and the lines BO. OC and OA. These
are drawn in light solid lines and circles. BO corresponds to the
velocity of the oxygen scattered to the angle 90. 0 is the origin
for the concentric circles D, and Qx. The radii of Dc and qx
correspond to the center of mass velocity of the carhon and alpha
respectively. By counservation of momentum, the carbon and alpha
particles are emitted in opposite directions in the center of mass
] 16*

system of the This is indicated by the vectors OC and OA.

In the lab system, the velocities of carhon and alpha are given by
the vectors BC and BA.

1f the 160 is emitted at the other countributing angle 90’
instead of 90, an exact analogue to the velocity diagram discussed
in the preceeding paragraph can be applied with the center O
displaced to 0°. The circlesﬂDc’ and qx’ and the velocity vectors
of 12C and « in the 160 center of mass system are shown as heavy
circles and lines in Fig. V-20. The corresponding carbon and
alpha velocities in the lab frame are given by the vectors BC” and
BA~. From this analysis, if 160 break up is a dominant oprocess,

then at a fixed oxygen excitation energy Eo and fixed Bc and qx,



96
Y(W)=Yoexp(x*sin2$)
v-3
where Yo 55 the normalization factor and X is the ratio of
rotational kinetic energy to the thermal nuclear energy:
X = .SPRZnF/(ZT)
v-4
yahd T is

educed mass; w is the angular velocit

where p is the T
and R is the

radius of the rotating

the nuclear temnerature

nucleus.

= 1/3 1/3

where Ay {s the mass number for particle i.
X can also be expressed in terms of the spin (J) of the

rotating nucleus.

X = .5(J+1/2)2/(21T)

2 345 the noment of i{nertia.

where I=pR
estimate the

From the excitation energy of one camn
temperature with an empirical formula (Ro 67).

E = A12/11 -7 +»(A2,3T7/3)/8
V-6

31p* of 14.5 MeV, the

For the most probable excitation enerfy of
is found to be 1.9 MeV.

ding temperature
axis is Aefined t

correspon
o be normal to the reaction

Suppose the 2

o
.
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plane. Perfect alignment of the rotational axis along the z axis

is expected only if the 160 projectile and 2751 target are point
objects. 1In this dase, the alpha particle that waé transferred
fronm 16¢ ¢, 27Ai is in the equatorial plane. Since bot:h'i?cx and E&
lie in the equatorial plane, then the angular momentum transferred
‘Lx=;x X ;& is normal to the reaction plane.

In reality, the oxygen and aluminum nuclei have finite
sizes, thus the alpha particle can be transferred slightly above
and below the equatorial plane. However the average momentum
transferred by the alpha particle is expected to lie in the
reaction plane near the recoil direction of the composite nucleus
31P*. The angular momentum of the 31P* then lies in the plane
perpendicular to the momentum transfer direction. The angle
hetween the rotational axis and the z axis is defined to be J.
The coordinate system used is shown in Fig- V-23. It is chosen to
simplify the evaporation analysis and differs from that often
used.

From the argument described above, the recoil direction is
taken to be the momentum transfer direction. Experimentally, for
sequential decay the momentum transfer direction has been found to
lie very close to the recoil d;pection of the intermediate nucleus
(Ei 73). Furthermore, the peak of the angular correlation cannot
be determined go an accuracy of better than 30° from the present
data. Thus the above assumption would not greatly affect the
contribution from equilibrium evaporation obtained using the

formalism described.
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In order to estimate the contribution of evaporation
component in a simple way, } is assumed to _be gaussian
distributed. A,similar formalism has been employed by Dyer et
al. to describe the in-plane and out-of-plane angu’ar correlation
of fission fragments from heavy product nuclei (Dy 79).

From Equation V-3, the angular distribution is

w(e,4) = Sadexpl-32/2821¥(H)
V-7

where ¥ is related to the angles J, €, and ¢ as shown in Fig V-22
by the cosine law:

cosP = cos)ccs¢ + sin )sin¢sin9 V-7b
The angular distribution W(9,¢) used in Equation V-7 is the same
as the experimental quantity (dzﬂldﬂbdgm)cm of Equation IV-4a In
order to emphasize the 8 and ¢ dependence of this quantity, the
more convenient notation W(é,¢) is adopted.

Both the out-of-plane data and the in-plane data are used
to fit the two parameters ’o and X. The dependence of Yo’ the
normalization constant of Equation V-3 1is eliminated by actually

fitting the calculated ratio

2
W(o,$) So d)exp[-)Z/ZJi]exp[X*sinZW]

= < 2
H(o,90) exp(X)$, dlexpl-3/2)2]
V-8
to the same ratio obtained experimentally.

Thus Yo is an arbitrary normalization constant and cannot

be obtained from the model described here. 1In this work, Yo is

L
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explanation.
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obtained by adjusting W(8,$) of Equation V-7 to the C-ox angular
correlation function plotted in the 31p* center-of-mass frame.
Since the data has an uncertainty of 10% thus the calculated
angular correlation function can lie between the two dashed curves
shown in Fig. V-6. 1In Pig. V-6, Yo\for the solid curve is 110
pb/srz- Note that the quantity exp(Xsin2W) of equation V-3 is
dimensionless.

The solid lines in Fig. V-15 and V-18 are the best fit of
the in-plane and out-of-plane data for 6c=—40°- Best X2 values
for )o and X are found to be 28° and 3.1 respectively The
in-plane data is relatively featureless and would have been
consistent with an evaporative origin if not for the rise at
backward angles. The Jacobian at these angles rises very sharply
as shown in Fig. B.2 in Appendix B. It 1is believed that the
upward rise in yield at the backward angle may have been caused
partly by this. It is unfortunate that more data is not available
at these angles.

The solid lines in Figs. V-6 and V-12 are the best fit for
the in-plane and out-of-plane data at 6c=-300- The best fit was
obtained by using only backward angles (Q;? > 90°) in-plane data
along with the out-of-plane data since the evaporative component
is expected to dominate at backward angles. The lo and X values
obtained are very close to those obtained for 9c=-40° data,'}°=28°
and X=2.6 Only the in-plane data from -30° < q;m < 0° are not

fitted by this vpurely evaporative model. all other angles are

seen to be fitted very well by the simple evaporative angular

e

%
[
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correlation.

Since ’o is a measure of dealignment of the rotational axis
along the 2z axis normal to the reaction plane, thus }°=23° means

that the dealignment is small. The rotational axis 1lies very

close to the =z axis. Following the argument on the angular

momentum transfer by the alpha particle described above, -one can

obtain a very rough estimate of the maximum value of ;o by taking

the inverse tangent of the ratio R, /R._p7.

,max is found to. be

around 36°. Thus the value of J, obtained from fitting the
experimental data closely resembles what one expects from a simple
geometric argument. It is also interesting to mnote that ’o
obtained in the present work is very close in value to the
dealignment factor  obtained by Dyer et al. (Dy 79) in describing

the fission fragments from heavy product nuclei.

From the value obtained for X, one can estimate the mean

spin of the rotating nucleus to be <J> ~ 7h using Equations V-5
and V-6. The <J> value is large enough that one should be able to

describe this system classically. However, since the measured

alpha decay from the 31p* nucleus leaves the 27

state, the final 27Al level density is too 1low for strict

Al in the ground

application of the statistical model. One should be cautioned

against taking these statistical parameters <J> and T too

seriously.

In addition, the equilibrium differential cross-section can

be calculated with following equation :
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Sn $2n
(do/dD ) gq = os1n¢d¢ o dew(e,d)
- V-9

, +125
(dor/dQ.c)eq is found to be 790 _35~ ub/sr. From Equation IV-3,
one can compute (da/dﬂt) from the experimental data. This is
found to be 6.5 mh/sr. Thus the ratio (da/dQc)eq/(dc/dQ) is about
.012 . If one makes a comparison of this measured branching ratio

to a crude statistical calculation, the results agree to within a

factor of three.

3. Pre-equilibrium Contribution

Since the in-plane and out-of-plane C—x angular correlation
at 6C=—40° are consistent with evaporation, it can be assumed that
the data discussed in this section was taken at 9c=-30o unless
otherwise specified.

As explained in the last section, the evaporative component
was extracted by fitting Equation V-5 to the back angle data. The
best fit is shown as a solid line in Fig. V-6. The dotted 1lines
above and below the solid line represent upper and lower limits
for the evaporative component by adjusting the normalization

factor Y  in Equation V-3. The pre-equilibrium alpha emission

contribution is operationally defined here to be the experimental:

16,*

yield minus the yield from evaporation and the break up of 0.
*

It is plotted in the center of mass frame of 31p* in Fig. V-23.

The corresponding lab angles are given on tﬁe fop axis. Since the

value of the Jacobian does not change very much over this range,

the pre-equilibrium component would show very similar features in

}
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the lab frame.

a. Differential Cross—-Section:

The pre-gquiiibrium différential cross-section can be
obtained by integrating the in-plane and out-of-plane angular
correlation of the pre-equilibrium component. However, only one
set of out-of-plane angular correlation was measured. This set of
data indicatés that the total alpha emission cfoss-section
concentrate in the reaction plane. There 1is no gquantitative
out—-of-plane information for the pre—equilibrium  component.
Nevertheless, one can make a rough estimate of pre-equilibrium
component contribution to C-x coincident events with the available
experimental information. The following assumption is made - The
¢ i.e. out-of-plane dependence of the pre-equilibriun angular
distribution is the sane as the ) dependence of the equilibrium

angular distribution. ‘

Hore(@:4) = [Wre (8,90°)/954(8,90,)] Weq(8,4)
v-10

where wpre(e,90) is the extracted in-plane correlation function
for the pre-equilibrium component as shown in Fig. V-23 and
Weq(6,90) is given by the best-f?t solid curve shown in Fig. V;6.
The assumption used probably errestimates the contribution of the.
pre—equilibrium differential cross-section. Experimentally, the
average alpha energy for the pre-equilibrium component is higher
than the equilibrium component. Thus one would expect the angular

momentum for pre-equilibrium alphas to be higher than the
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equilibrium alphas and the ) dependence of the pre-equilibrium
angular distribution might be steeper than that of the equilibrium
component . ,

With the above assumption, one then obtains the ratio of
pre-equilibrium contribution to the equilibrium contribution from

the in-plane angular distribution.

pre

(46/40,) Sdﬁmpré(e,é) N

.

(do/dnyeq 40w, (0,4)
v-11

The exact value of (dc/dDC) depends on the exact ¢

pre

dependence of W (G,#) and the exact shape of the dashed line

pre
shown in Fig. V-23 where no experimental data is availabhle. The
exact value of (do/dﬂ.c)pre is not important. It is used

qualitatively to show that the pre-equilibrium component is small
compared to the equilibrium one.

160*-contributes a very small fraction to

The break-up of
the total C-x coincidence events detected experimentally and can
be neglected. Froﬁ the above analysis, the pre-equilibrium

component contributes about 10% of the total C-x coincidence

164

27
events detected experimentally. For the system of Al + at

65 MeV pre-equilibrium alpha emission is not the dominant
~mechanism for producing C-coincidence alpha particles as suggested
by Harris et al. (Ha 77a).

b. Mean Alpha Energy:

*
The mean alpha energy in the center of mass frame of 31? :
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<%;m> is plotted as a function of alpha angle in Fig. V-24.
The data points ?t the most backward alpha angles were excluded
since they suffer from the low alpha energy cutoff problem as
discussed in Chapter IV-F. Over most angles, <E;?> is constant

as expected if the alpha particles come from the evaporation of

*
31P . For the forward angles where the pre-equilibrium alpha

enission is important, <E;é> is much higher at these angles than

the <E;?> obtained at the back angles. The mean alpha energy of

the pre-equilibrium component for each alpha angle can be

estimated in the follbwing way
cm cm cnm
<qx > =1 x <Em >pre + (1-f) x <§x >eq
vV-12

where f 1is the fraction of pre-equilibrium alpha particles

cnm

emitted. <§x > is the average energy for the equilibrium

eq
conponent and can be determined from Fig. V=24 to be 5.2 + .5 MeV.

This value can be compared to the calculated alpha energy of 4.2

MeV in the center of mass system if the alpha particle is emitted

from 31p* nucleus with 14.5 MeV excitation energy. <E;P>pre is

the average energy for the pre-equilibrium alpha and can be
determined from Equation’ V-9 and is found to be 8 + 2 MeV.
<E;?>pre is found within the uncertainties to be angle
independent at all alpha angles (9;?= 15°, 20°, 25°, 30°) where

the pre-equilibrium component is present. The large error in

<Q;?>pre is mainly due to the uncertainty in determining f.
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c. Alpha Energy Spectrum:

Another way to extract the equilibrium componeﬂt is shown
below. Since the data at forward angles consists of events from
pre—equilibrium alpha emission as well as events from evaporation
of 31P*, the properties of the pre—equilibrium component can be
examined if the equilibrium component can be sugtracted using the
evanoration model developed in Section B of this chapter. In this
model, the recoil direction of the 31p* is assumed to be the
symmetry axis of the evaporative angular distribution. Both the
yield and the energy spectra of the evaporated alpha particles
should be symmetric with respect to the recoil direction of the
31P*. This symmetry property can be used to subtract the
evaporative component from the spectra at 90(=15o 200, 25% where
the pre—-equilibrium component is laree. The alpha energy spectra
shown in Fig. V-25a b c are plotted in the center of mass frame of
31P*- The histograms composed of heavy solid 1lines are the
measured alpha energy spectrum at alpha lab angles, 15°%, 20°, 25°
(e;?=_42°ﬁ -359, -27°). The energy spectra for the evaporative
component are assumed to be the same as those measured at qx=70°
65° and 60° (9;? = 420, 340, 26°) respectively. These are
plotted as light solid curve. Due to the poor statistics, all the
alpha energy spectra are averaged over three channels. The error
bars shown are purely statistical.

The dashed-dot curves are the »nre-equilibrium energy

spectra extracted by subtracting the equilibrium component from

the total energy spectra. There is no a priori reason to plot the

e rtimaed
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Fig. Vv-25 The raw alpha energy spectrum at forward angle
denoted by the histogram its corresponding equilibrium x energy
spectrum given by the thin curve and the extracted pre-equilibrium
x energy spectrum indicated by the dashed curve. The
corresponding error bhars for each of the alpha energy spectrun 1is
denoted by the vertical bars. a.) 65x=15%, b.) 64=20° and c.)
0x=25°.
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enercy spectra of the pre-equilibrium events in the center of mass
system of 31p*, Thgy have been transformed back to the lab system
in Fig. V-26a,b,c. The statistical error bars are very large,
about 50% as a result of subtraction. Thus, one cannot sav
whether the structures these energy spectra exhibit is
significant. The average alpha lab energy for the pre~equilibrium
component 1is estimated to he 15 + 3 MeV. Thus the corresponding
velocity of tﬂe pre-equilibrium alpha particles is comparable to
the beam velocity. However, it is much higher than the average
alpha energy obtained from a three-body trajectory calculation
described in Chapter VI. The calculated average alpha energy is
found to be about 11 MeV.

The pre-equilibrium alpoha energy for these forward angles
are broadly distributed from 7 to 24 MeV in the lab reflecting the
broadening of the velocity contour plots at the forward angles as
shown in Fig. V-8. 1In Section A.l1 of this chapter, it was shown
that the most probable excitation energy of 31p* remained constant
for most angles measured. This merely reflects the fact that the
contribution from the evaporation of 31p* (Ex=14.5 MeV) is very
important even at forward angles. There is no strong experimental
evidence to support the assﬁﬁption that the pre-equilibrium
component comes from sequential decay of 31p* 4 suggested by

Marris et al. (Ha 77a).

c. Comparison with Theoretical Models:

It is interesting to note that the . pre-equilibrium
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component 1is concentrated on the opnosite side of the beam
direction from the heavy ion detector. This qualitative feature
of the experiméntal data can be compared to the "piston” or "hot
spot” model briefly discussed in Chapter I-B-3.

In the “"piston” model, the radial component plays an
important role and the alpha particle is emitted from the opposite
side from the point of impact. Thus, for quasi-elastic scattering
i.e. when the heavy fragment particle follows a non-orbiting
trajectory, the angular correlation of alpha particles and heavy
fragment should peak on opposite sides of the heam as shown in
Fig. I-la. Up till now, this model still remains as a "theorist’s
speculation” and no careful calculation has been carried out. In
the present experiment, if the carbon particles are assumed to be
guasi-elastically scattered, then the experimental result seems to
agree with the "piston” model. However, such identification of
120 as quasi-elastically scattered is quite tentative and may
easily be wrong.

Similarly the present experiment is not able to seriously
test the “hot spot” model as described in Chapter I. Due to the
low beam energy, nearly all events have either Q=-7.16 MeV or

58 16

Q=-11.56 MeV. Contrary to the ~ Ni + "0 experiment (Ho 77) which

has a sizable cross-sections for events with large continuous
negative Q values, very few events with Q < -11.6 MeV are observed
in the present system- It is doubtful that any meaningful nuclear

31p*

temperature of the intermediate component can be obtained

from the alpha energy spectrum.

[

[ —
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A trajectory calculation based on the "hot spot” model will
be discussed in more detail in the next chapter. The model
predicts that the projectile~like fragment will cast a shadow in
the path of the alpha particles enitted from the "hot spot” formed
in the target-lite fragment. Thus, differential crosé-sections
for the alpha particles emitted are enhanced on either side of the
direction of the projectile-like fragment with a deep valley,
called the shadow region, around the projectile-like fragment.
Ironically, this shadow region was not verified in the original

58 160

experimental Ni + since no data was taken in the shadow

region. For the present experiment, enhancement of cross-section

o)
on one side of the carbon detector i.e. =17

< Qx< 43° has been
established. A few data points are also available on the other
side of the carbon detector with 8,.< -43°. The differential
cross-sections at qm=-43° and -50° agree with those predicted by
equilibrium evaporation within experimental uncertainties. Data
were also taken at more baclward angles, 9‘m=-—65Q and =-70°.
However, at these two angles, the group of events with 0=-7.16 MeV
cannot be resolved from the group of events with Q=-11.59 MeV in a
Ec vs %m 2D plot. This problem is unique to these two angles and
they are not included in the déga presented in this dissertation
since the events with Q=-7.16 MeV cannot be extracted
unambiguously.

Even though the original "hot spot” calculation was done
based on the assumption of a sequential process with the "hot

spot” on the target like fragment, there is no a priori reason for
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this assumption. A "hot spot” can be formed on the projectile
just as well. The corresponding shadow region will bg around the
reéoiling targqt—like fragment. Available experimental data only
shows that the pre-equilibrium data are detected at forward 1lah
angles 152 < Qx < 40°. The assumption that the correlation
angular distribution should bhe symmetric about the shadow region
would rule out a "hot spot” on the projectile since no
)

pre—equilibrium alphas were ohserved for 56° < 9;? < 70°-

However, if one relaxes this requirement, the "hot spot” model

cannot be ruled out.

D. Summary

The result from the present work can be summarized as

follow :

1. Very few if any pre-equilibrium alphé particles are
detected in coincidence with carbon detected at 9c=—400- The Cw«

angular correlation function is consistent with that of alpha

*
evaporation from 31P .

2. At ec=—30°, majority of C—-x coincidence events come

*

from evaporation of 31p*,
16

A small amount of alpha particles from
the break up of O* are detected at angles a;ound the carbhon
detector. Less than 10% of the alpha particles detected are of
pre~equilibrium origin.

3. The pre-equilibrium alpha particle distribution

extracted 1is forward-peaked on the opposite side of the beam

1
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direction as the carbon detector.

4. The average velocity of the pre-equilibrium alpha
particles is abqut the same as the beam velocity and the energy is

much higher than the equilibrium alpha energy.

5. The present work does not give enough information to

establish the mechanism for producing pre-equilibrium alphas.



CHAPTER VI

THREE-BODY TRAJECTORY CALCULATION

A. Introduction

The exit channel for coincidence experiments 1like the
present work consists of an alpha particle and two other heavier
residual fragments. The dynamics for these thrée particles in the
combined Coulomb and nuclear field will be important to verify
various alpha production mechanisms proposed. Thus simple
classical three-body trajectory calculations have been performed
by various groups (Go 78, Ga 78, Ha 78).

In general, the calculation is divided into three parts:

i. At t=0, i.e. when the calculation starts, two heavy
fragments are assumed to interact in a pure two-body force field.

ii. At t=t_, an alpha particle with kinetic energy R is

xX

emitted at some angle O

iii. For t > to» the trajectories of all three particles
are calculated by numerically integrating Newton”s equations of
motions.

This type of calculation has had varying degrees of success
in accounting for the data and three examples will be discussed
below :

1. Hot Spot Model Calculation:

Gottschalk and Westrom proposed the "hot spot"” model in

connection with the coincidence experiment 58Ni + 160 at 96 MeV

L&
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(Go 78, Ho 78). 1In their calculation, the following sequential
process 1is assuﬁed. A hot spot is created on the surface of the
target-like fragmegt which 1lies in the combined nuclear and
Coulomb field of the target and projectile during the interaction.
This hot ;pot can either decay by internal diffusion or by
pre~equilibrium alpha emission with a certain probability
P(Qx,qx,t) where Ey is the kinetic energy of the alpha particle
and Oy 1is the emitted angle. After the emission, the trajectories
of the three particles are calculated by treating them as point
charges. The presence of the nuclei is taken into account by
assuming that the alpha particle is absorbed if it passes through
the central density region of either one of the residual nuclei.
The alpha particle emission probability P(Qx,Qm,t) is

related to the surface temperature (T) of the excited target.

P(Ey,64,t) = Eyexp[(-E, + Ey)/T)
VI-1
where Ey is the binding energy of the emitted particle. The
éifference in surface temperature between the initial localized
hot spot and the rest of the target nucleus leads to two modes of
alpha enission, the "fast" and "slow” mode. This agrees with
experimental ohservation if one identifies the slow mode with the
equilibrium evaporation from the target-like fragment and the fast
mode with the pre-equilibrium alpha emission. The calculated
angular distribution of the fast mode exhibits strong peaking on
both sides of the heavy ion detector. The valley between these

two peaks is termed the "shadow region”. It arises from the fact
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that the alpha particle is absorbed whenever it comes close to the
heavy ion. Another way to understand the origin of the "shadow
region” is that,the.heavy ion casts a "shadow” in its path.

2. Pure Coulomb Three-Body Trajectory Calculation:

Gamp et al. performed a three-body model calculation to
understand the origin of the pre-equilibrium alpha emission from
the systen 197Au + 328 at 373 MeV (Ga 78). The 328 particle is
assumed to move along the Rutherford trajectory until the distance
of closest approach is reached. At this point, an alpha particle
is supposed to be emitted from the 325 nucleus at an emission
angle O, in the center of mass system of 325 with kinetic energy
Ey - The final trajectories of the three bodies, «, 2851 and 1974y
are computed for all possible in-plane emission angle by taking
into account of Coulomb forces only. The impact parameter was
chosen such that the heavy fragment (2831) is scattered to 35°
(experimental heavy jon lab angle). An initial kinetic energy Qx
of 0 MeV gave the best final results. By calculating trajectories
with various ecm, the alpha particles were found to peak at labdb
angles qm=15° and 60°; i.e. on either side of the heavy ion
detector due to Coulomb focusing. Experimentally, only the more
forward peak‘(qm=15°) close to the beam is observed. This leads
to the conclusion that the pre-equilibrium alpha particles
originate in the region of the projectile which is> facing the
target nucleus during the collision.

3. Three-Body Classical Friction Model:

In his thesis (Ha 78), Harris developed a two-body

Y
!
i
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classical friction model to fit the inelastic data in various

light heavy ion systems such as 2751 + 169 at 100 MeV and °5Ni +
164 at 92 MeV. This model was exténded to perfor; a three-body
calculation in ;he reaction 27A1(160,1201)27A1 at 65 and 100 MeV
(Ha 78). In the two-body classical friction model, in addition to
the Cqulomb and nuclear forces, a frictional force is also
present. The frictional force takes into account the energy loss

observed in deeply inelastic scattering and is assumed to be

proportional to the instantaneous relative velocity (r%

Feriee(T) = KSPl(t)Pz(t—r);'d3f
Vi-2
where 91 and 92 are the densities of the target and projectile. K
is a friction coefficient and is obtained by fitting inelastic
scattering data.

In the three-body trajectory calculation, the target and
projectile are first assumed to move along the trajectory
prescribed by the classical friction model until the two nuclei
reach the distance of closest approach. Then the alpha particle
is emitted from the overlapping region of the two fragments with a
velocity equal to the fragment veldcity. The two heavier residual
fragments follow trajectories ﬁfescribed by the friction model and
are assumed not to be disturbed by the existence of the alpha
particle. On the other hand, the alpha particles moves in the
nuclear and Coulomb force field of the remaining fragments. The

results of the calculation is very sensitive to the choice of the

initial conditionms.
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This calculation has been performed on various systems. An
impact parameter is chosen so that the heavy ion is scattered to

the experimental heavy ion angle dictated by the two-body friction

model. Various values of Qm and qx are used as input conditions.

For a few systems especially the heavy systems, this model
reproduces the most likely angle and energy of the alpha particles
observed experimentally for some input values of %x and O+

In these three previous calculations, simplifications have
bzen introduced which 1lead to serious gaps in an overall
explanation of the pre-equilibrium alpha decay mechanism. Except
for the "hot spot” model, they all fail to explain the origin of
alpha particle. In the case of the hot spot model, no attempt is
made to understand the exact mechanism of the formation of the hot
spot in the target. Only the Coulomb force is considered in most
cases. In the case of the classical friction model, only the
alpha particle experiences three-body forces. The trajectories of
the other fragments are calculated using the two-body friction
model ignoring the presence of the alpha particle. In order to
reproduce the heavy ion detection angle, the presence of the alpha

particle is ignored in most of the calculations so that an impact

parameter can be obtained by considering the two-body force only.

The initial alpha energy and emitted angle are artificially input
into the calculation at t=t, when the alpha particle is created.
The results obtained cannot be taken too seriously since not all
possible initial conditions are taken into account. The nuclear

force may not be very important for very heavy systems 1like
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19750 + 325, However, for the lighter systems, 2751 + 16 and

58Ni + 160, the nuclear force will play an important role in

determining the final results.

In the present experiment; only the alpha particles
associated with a total 3-body reaction with 0=-7.16 MeV are
considered: i.e. the final reaction products 2751, 12¢, and « are
in their ground states. To simplify the calculation, the
following assumption is made: The reaction is assumed to proceed
without any internal excitation of the fragments at any stage of
- the reaction. This has a very nice feature that no residual
excitation or other energy loss mechanism has to be explained by
inclusion of a frictional force as in the case of the classical
friction model. In addition, the most probable velocities of both
the carbon and a}pha particles for the non-evaporative coﬁponent
are very close to the projectile velocity. This leads to the
assumption that the alpha particle originates in the projectile

and thus the oxygen is represented as a classical bound system of

a 12¢ and an alpha particle. Even though the 16 is known to have

120 40 the 2% (4.43

16 .
MeV) excited state (De 73b), this configuration of 0 is

a high parentage of its configuration with

naglected for the present calculation. Both Woods~Saxon and
proximity potentials have been used as nuclear potentials in the
calculation. The impact parameter for the oxygen projectile and
parameters describing the relative orientation of the C-ot bound
systen are chosen by a Monte Carlo routine. Within the

constraints of the previous assumptions, the present calculation
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is thus a complete and consistent classical description of the
break up process. In the next two sections, the program that

performs the presen& calculation will be described in detail.

B. Description of the Present Three Body calculation

In this calculation, it is assumed that before the nuclear
collision the 16 projectile moves along the Rutherford trajectory

until a relative distance between and 2741 of 15 fm is

reached. At 15 fm the three body calculation is started with the

165 nucleus described as a bound system consisting a 12¢ and an

12

alpha particle. The motion for the three nuclei ~“C, x and 27p1

under the influence of both Coulomb and nuclear two-body forces is
calculated numerically. The three-body calculation is terminated
when the carbon particle has moved more than 100 fm from the point
where the 16O was first described as a 12C, & bound systen.

Newton”s Equations of motions are :

dxij/dt =V

VIi-3

midVij/dt = Fij

VI-4

h

where the subscript i denotes the 1" particle and the subscript j

‘is the jth coordinate. Xij’ Vij’ and Fij denote the jth component

of position, velocity and force vector for the ith

particle with
mass my and t is the time.

The force field F between two particles i and k includes

nr

i em

[F

i
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both the Coulomb and nuclear force which are central forces. For

convenience in the discussion, the force term will be expressed in

terms of polar coordinates.

F(r) = —d/dr[US(r) + UMUCl(ry]

vVI-5
Fiy= ViR U (T = T D)

Vi-6

where r=|r|=|ri-rkl is the relative distance between two
particles. u® is the Coulomb potential and UnUC1 is the nuclear

potential.
If n denotes the nth time interval in the calculation, the

position and velocity for the particles at the (n+1)th time

interval can be computed by the Newtonian law of motion.

X3 = KT A + FR a0/ 2m

vi-7
ntl _ yn
VL = VR 4 By A0 /2my

VI-8

where t ., =t + At

The Coulomb potential used has the following form

2 R
Zizke /r r >
U;k(r) =
Zizkez[(Rz-rz)/2R3 + 1/R] r <R
VI-9

where Z; and Z), are charges of the nuclei i and k respectively; R
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denotes the the radius before the two nuclei just touch.

Two different forms of nuclear potential have been wused :

.

the Woods-Saxon potential and the proximity potential.

1. Woods-Saxon Potential :

The Woods-Saxon Potential has the following form

U?ECl(r) = -Us /1 + exp((r-Rg)/aqp)]

VIi-10
where Uik’ Riw» and ag) are the real potential depth, radius and
diffuseness respectively for the nuclear potential between
particles i and k. Three different sets of parameters of Uik’ Rix

and Ak have been tried. They are described below and tabulated
in Table VI-1.

1/3
i. For the C-ox nuclear potential, chx=1'25*(121/3+4 / ),

acﬁm=.65 are used as the Woods-Saxon radius and diffuseness. This

same set of parameters has been used by DeVries to describe

16,

"pre-formed” alpha cluster states in ( ’12C) alpha transfer

reactions (Pe 73a). The remaining parameter, U is obtained by

c-o’
setting the calculated root mean square radius for C—x,

2

r
<C-O!

1/2 2 V.2 2 1/2
> , with <rc~x>=~ r“dt/dt to be the same as <rc~x>
12
obtained from the experimental charge radii of 160: C and x.
The formalism is derived in Appendix C.

ii. Ryy_ (¢, ap1.c and Uy are obtained from Da Silverira

et al. (Ds 75) by fitting the elastic and inelastic scattering
data of 27A1 + 12¢ at 46.5 Mev.
iii. For the case of Al-x, various different sets of

optical potential parameters all of which fit the experimental
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scattering data at different incident energies can be found in the
Atomic Data and Nuclear Data Table (Pe 76). Three different

parameter sets with very different Rl ap1- and Upj—x Vvalues .

were used (Br 67, Ke 72).

These three sets of Woods-Saxon potential parameters are

oaly three of many sets of Woods-Saxon parameters that fit some

elastic data and could be used in the three-body calculation.
This is an undesirable feature since the results of the
calculation will be seen to be very sensitive to the choice of
Rik’ a;, and Uik’ Thus it is advantageous to use a universal
potential with a minimum of ad justable parameters, an example of
which is the proximity potential discussed below.

2. The Proximity Potential

The proximity potential has been used successfully to
describe heavy ion elastic scattering. Only a brief description
and the recipé for obtaining this potential is given below. A
detailed discussion of the proximity potential and references for
the semi-empirical formulae used to obtain different variahles
(Egs. VI-12 to VI-15) can be found in an article by Blocki et
al. (B1 77).

For systems with large mass and thin skin region the
proximity force theorem derived by Blocki et al. states that the
force between two rigid gently-curved surfaces separated at a
distance s is proportional to the interaction energy per unit area

e(s) between two parallel surfaces. The proximity force is given

by
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Fie(8) = 2n[C4C,/(Ci4C) ) e(s)
" VI-11
where C

i 1s the ‘central radius of particle i and is given by the

following equation :

2
Ci = RyI1 = (b/Ry)" + «..]
VI-12
where Ri is the equivalent sharp radii and is related to the mass

number A; by the following expression

Ry = 1.28A1/3 - 0.76 + O.8A1/3

VIi-13
b is the skin width and is related to the "10-90" fall-off

distance by:

b = [n/2(3)1/21n9]t10_90 fm
VI-14

For most cases, b is very close to unity and is set to be 1 fm in

the present calculation. e(s) is dependent on the surface energy

coefficient J and the degree of diffuseness of the surface. The

seni-empirical formula for the surface energy coefficient } is

given by:

J = 0.9517[1 - 1.78261%] MeV/fn
VI-15
where I=(N-Z)/A ; N, Z and A are the neutron, proton and mass
nﬁmbers for the combined system of the two interacting nuclei.

One may get some insight into the proximity potential from

i

id

73
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the properties of e(s). For large value of s, e(s) goes rapidly

to zero. When the two bodies are in contact, s=0, the surfaces

disappear and the gain in energy is about twice the surface energy
e(0)=-2). For negative s, e(s) increases and become positive.

The latter reflects the fact that compression takes place when

rigid bodies overlap. One may view the repulsive part of the
proximity potential at small distance as arising from the Pauli
exclusive principle.
From Equation VI-11, the interactive potential U(s) is
given by :
®
Usp(s) = Zn[CiCk/(Ci+Ck)]S e(s”)ds”
° VI-16
The proximity potential can be expressed in terms of a

dimensionless quantity q=s/b and a dimensionless proximity

function W(q)

Ug () = 4F[C4C, /(Cy+C ) 1bU(R)

vVIi-17

V() = §é(n")dn~
VI-18
The value of ¥ as a function of'q for -3.5 < 1 < 3.5 has been
tabulated by Blocki et al. (Bl 77)
The proximity potential was originally derived to describe
nuclei with thin skin width (leptodermous), large mass and large

radius of curvature. These assumptions are not valid for light

ions such as p, d, t, and o. In order to use the proximity
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potential to describe light ion system, the c¢entral radius has
been adjusted to fit the experimental data (Ta 78). For alpha
particles, the central radius, qx is found to be 1.35 fn.

Both linear and angular momentum are conserved in the
calculation independent of integration step size. However, total
energy conservation is strongly dependent on the integration step
size. Energy conservation is very important in this type of
calculation since energy non-conservation often leads to

dissociation of the alpha particles from the original bound C—x

cluster of the 16O or any Al-x bound system produce& during the
calculation. Thus optimizing the iﬁtegration step size is a
necessity in this type of calculation. If At is too large, the
numerical calculation of the trajectory is not accurate.
Furthermore, energy 1is not conserved and Bound states can
dissociate. If At is too small, the amount of computer time
nzeded to complete one trajectory calculation will be too long.

The following feature is incorporated into the program in
order to speed up the computation. Before the computation for the
motion of three particles starts, a potential table is created as
a function of distance r for each pair of nuclei in the region
where the nuclear potential is important. This table is
constructed in such a way that the step size Ar is small when the
nuclear force changes rapidly. In the case of the Woods~-Saxon
potential, no computation of exponentials are needed in the
calculation during the trajectory calculation.

At any distance Tik within the range of table, the force
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term Fy) can be computed by the following equation:

Fi(r) = =[Uge(ntl) = Ugp(n)]/[ryp(n¥l) = 1y (m)]

Vi-19
where i and k denote particles i and k, n is the index of the
table and rik(n+1) S_rik's'rik(n)

Computing the force term with the procedure described above
is analogous to representing the force function with a step-like
function. If At can be so chosen such that the trajectory is
always computed from rik(n) to rik(n+1) then energy would be
conserved rigorously. However, this requirement cannot be
satisfied. When three particles are involved, the exact value of
Amik for any two particles i and k such that the trajectory is
computed from rik(n) to rik(n+1) in a three body problem cannot be
computed easily. Instead the program estimates A“ik by the

following fornula

Argye = Updegy + Fdtgi/mg,
VIi-20
At any instant, three different A‘ik are derived. Since
each of the Axik is computed approximately, there is no guarantee
that the trajectory is computed within one step, r; (n) to
rik(n+1). Whenever a step is skipped, slight energy
non-conservation is introduced. In order to minimize energy
non—-conservation and at the same time keep the integration step at
a reasonable size, At is always chosen to be the minimum of the

three A&k’s and that no more than one step is skipped at any given
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time i.e. rik(n-l) < rik’ < rik(n) or rik(n+1) < rik' < rik(“+2)
where ryi~ is the new position computed from the At obtained. For

the region wheré¢ the nuclear force is important, At is of the

24

order of 10~%% to 10726 gec.

When the force considered is outside the range of the
table, only the Coulomb fgrce contributes. In this region, a
different criterion is used to determine At used in the
calculation. Since the Coulomb force F. is inversely proportional
to r2, At can bhe chosen to be proportional to r, the relative
distance between the two interacting nuclei. Thus, once the
nuclei are far apart so that nuclear potential is no longer

important, the calculation for the asymptotic trajectories is

accomplished very rapidly.

c. Simulation using Monte Carlo Method

To completely specify the initial conditions of the 160

nucleus in any trajectory, it is necessary to know both the impact

160 and 27Al system and the dinternal

parameter b for the
coordinates of C-ox bound states. These internal coordinates can

be described by the sign of relative velocity and by three spatial

parameters; foe? the relative distance between carbon and alpha-

particles, the angular orientation of the C-x with respect to the
lab, specified by the polar angle and the axial angle.

The Monte Carlo method is used to generate an ensemble of N
‘trajectories. This ensemble samples all allowed initial

conditions with corresponding probabilities. Initial values are

.
¥

secacniy

Py
e .
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assigned to each of the input parameters using the random number
generator such that the probahility distribution for each of these
parameters with a ' large sample size (N) is the same as expected

within statistical errors. The probability density function for

each of the parameters will be discussed helow.
1. The impact parameter b :

One way of describing the initial condition of the 160 and
27A1 system is to specify the impact parameter b. b is defined to
be the perpendicular distance from the target to the bean
direction as shown in the Fig. VI-1.

Classically, if there is a process such that all impact

parameters less than or equal to a maximun impact parameter bmax
contribute to that process, then the cross-section for that

process is related to the maximum impact parameter bmax by

max
Vi-21
The probability of finding a trajectory at a distance
between b and b+db, f£f(b)db, is pfoportional to the area of the
annulus, 2wbdbf Thus the probability density functién £f(b)
increases linearly with b. Since 2w is a constant, it is

incorporated into the normalization constant Nb

f(b) = Nb*b
VI-22
The significance of the normalization constant N will  be

discussed in Appendix D.



Fig VI-1

Definition of impact parameter b
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f(b) increases linearly with b, bfu < bK< bmax‘ bfu and
boax are the lower and upper limits of the impact parameters used

in the Monte Car}o calculation. The values of bfu and bmax can be

estimated in the following way.

Fig. VI-2 shows a highly pictorial diagram of three main
types of nuclear reactions. For very smali impact parameters, the
head on collision leads to fusion. For large impact parameters,
the nuclear force is not important. The projectile only
experiences the Coulomb force and suffers elastic scattering
without 1loss of energy. In the intermediate range of impact
parameters, the projectile approaches within the range of the
nuclear force between the target and projectile. This may cause
inelastic excitation of one or hoth of the nuclei. Mass and
energy transfer may occur. This type of collision is known as a
grazing collision. Pre-equilibrium alpha emissions are expected
to occur in this 1last region. The contribution to the
cross-sections by the various types of reactions as a function of
impact parameter b is shown in Fig. VI-3. With a sﬁarp cut-off
model and the unitarity of cross-section, both bmax and be can be
obtained from Equation VI-21.

Using the optical model parameters which fit the 27A1 + 160
elastic scattering data as described in Chapter IV-F, the total
reaction cross-section is found to be 1426 mb giving b__ =6.7 fm.

max

To obtain b , the experimental value for the fusion cross-section

is used (Ba 77) O¢y =1185 mb thus bfu=6.1 fm. The values of b

that lead to non-fusion, mnon-elastic reactions occur in a very
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DISTANT COLLISION

Fig VI-2 Schematic diagram of three main types of reaction a.)

close collision, b.) grazing collision and c.) distant collision ?}
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f(b)=2wb

b(fm)

Fig VI-3 Schematic diagram showing three main types of
reaction, fusion, quasi-elastic and deeply inelastic and elastic

reaction, plotted as a function of impact parameter b.
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small range , 6.1 fm < b < 6.7 fm. Since the sharp cut-off model
was used and no knowledge of the exact shape of the distribution
of partial waveg c;ntributing to a given process are known the
values obtained above only provide a rough guideline. As a matter
of fact, when the calculation is scanned through 4 fm < b < 7 fnm
most of the events of interest generally occur between 5.0 and 6.5
fm. Thus in the present calculation, the value of b is chosen to
b2 4.5 < b < 7.0 fm.

2. The relative distance between carbon and alpha particles in

the center of mass system of 164 .

The probability of finding the C-xx system at r f(r

c~x’ Cﬂx)’

is proportional to the time that the C-x particles spend at that

relative distance, Tox® Thus f(rcﬂx) is inversely proportional

to the C-x velocity at L

f(roo) = N /v(r )

VI-23
Ve (To) = 2[E - U(ro o) /p
VIi-24
where Nr is normalization constant and rl < L S < r2. where ri

are the turning points for the C-x system when the kinetic energy
is zero and the total potential energy of C-x equals to the
binding energy, Eb' For the Woods-Saxon.potential, there is only
one turning point and rl=0.

At any given Tog? the C-x particles can be travelling

either towards or away from each other i.e. Vo Ca8D be positive

T




137

or negative. To take care of this, the sign of Voo is wvaried

from trajectory to trajectory.

-

The previously mentioned assumption that the 160 is

represented by a bound state consisting of a 12¢ and an alpha
particle leads to the requirement that the alpha and 12¢ are in a

relative S state. Then the only remaining unspecified parameters

describe the orientation of T with respect to the 1laboratory

frame.

3. Relative C-ox angle in the 16 center of mass system :

The relative spatial orientation of C-x in the center

of mass system is completely specified by the relative distance

T. » the polar and axial angles, 0 The probability

X and 4>c--o('

distribution functions for these angles are

£(8,_o) = sin(8,_y) 0< 0, o <
VI-25

f(d. ) = 1/2n 0< o <21
VI-26

The calculation using Woods-Saxon potentials was carried

out by sampling through all possible r o and ¢Cﬂm in

c—x? c—x

describing the 16 as the composite nucleus of 12¢ ang o. These
two variables were reduced to one in the calculation using the
proximity potentials.

As described in Chapter V-B-3, the pre-equilibrium alpha
emission data from the present work is extracted in the reaction

plane defined by the beam and the carbon detector. In order to
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compare with the available experimental data, only trajectories
that lead to scattering of both carbon and alpha particles in the
reaction plane,are‘of interest. 1In the calculation, the reaction
plane is defined to be the plane that contains all three particles
120, o and 27Al and the heam direction. Both the 12¢ and alpha
particles must lie in the plane defined by the 160 and 27a1 if
they are to be scattered into this plane due to conservation of
momentum. With this restriction on the trajectories, only one
angle, ‘c#x’ is needed to describe the relative C-ox orientation in
the reaction plane. The probability density function of ¢c~x is
constant as given by Equation VI-26 i.e. the alpha particle can
lie in any angle with respect to the carbon particle, there is no
preferred direction.

Random numbers are obtained from the DEC Subroutine RAN
which generates uniformly distributed random numbers in the
interval [0,1}, 0 < r < 1. in order to generate the correct
ensemble of trajectories, the random numbers generated by RAN are
manipulated to create initial trajectory parameters which follow
the probability density functions discussed above. The formalism
used to create these parameters is derived in Appendix D.

A modern éomputer VAX/VMS was used in this calculation.
Even with this high speed digital computer and modification in
computing the force term, it takes one and a half minutes of
computer CPU time to process one trajectory. It therefore takes

about one day of CPU time to perform 1000 trajectories!

1
¥
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Table VI-1 Three woods-Saxon Potential Parameter Sets used in the
3-Body Trajectory Calculation

C-a A1-C Al-a

U(MeV) a(fm) R(fm) U(MeV) a(fm) R(fm) U(MeV) a(fm) R(fm)

I 24.9 0.65 4.85% 35 0.55 6.08%% 80 0.31 7.5°
11 24.9 0.65 4.85 35 0.55 6.08 34 0.31 7.5°
II1 24.9 0.65 4.85 35 0.55 6.08 218 0.68 4.72%¢
*  See text

** Da 75
@ Ba 67

B0 Ke 72
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D. Results 2£ Calculations

1. Woods—-Saxon Potential :

Three diﬁfer;nt sets of Woods-Saxon parameters listed in
Table VI-1 were used in the calculation. The results from
paraméter set T will be discussed Ffirst. In this calculation,
both in-plane and out-of-plane C-x angles were varied to get all
possible C-x orientations in 16O. 198 out of 5000 trajectories

27A1, 12C and x at the

processed yielded three final particles,
end of the three-body calculation. The remainder of the
trajectories are events that yield Al-C, C-~x or Al-x bound states
as final products. Of these 198 trajectories, 41 trajectories
have the asymptotic outgoing angle of the 12¢ particle between 25°
to 35°. Fig. VI-4 shows the in-plane alpha angular correlation in
the laboratory system of the events with the }2C angle between 25°
to 350. This figure can be compared to the pre-equilibrium
angular correlation plotted in the lab frame obtained
experimentally as shown in Fig. V-23. The angle convention used
in Fig. VI.4 1is the same as that used previously with angles on
the same side of the beam as the !2C detector defined to be
negative. The angular correlation is broken up into bins of 10
degree width. Each event in the histogram is indicated by a +
sign for positive angle (non-orbiting) scattering and a - sign for
negative angle (orbiting) scattering of the carbon particle.
About twice as many events are scattered to the opposite side of
the beam axis from the carbon detector. Most of the trajectories

with the alpha particles scattered to the same side of the beam as

-

oo
[ -
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Fig. VI-4 C—x angular distribution at 6c=—300 using the

Woods-Saxon potential parameter set I as listed in Tahle VI-1
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the carbon particles correspond to events where the C particles
orbit around the 2751 nucleus. The angular correlation peaks
around 70° on e{the; side of the beam. It is interesting to see
that a "shadow region” similar to the one obtained in the "hot ' 3

spot” model calculation is obtained along the beam axis.

The average energies of the alpha particles of interests is

about 11 MeV, much less than the energy of the pre-equilibrium

R :w-«;
o

alpha particles observed experimentally.

In order to gain insight into the results of the trajectory v

Vs st

calculation, a program called 3BODYPLT was written to plot out the
projections onto the reaction plane of the positions of the three
particles as a function of time. Fig. VI~5 is an example of such
a plot. In this plot, the positions of the three particles are
plotted once about every 200 integration steps. > , @ and 3
-« are the symbols for 27A1, x and l%c respectively. The 160 beam
moves from left to right in the plot. The XY plane is the

reaction plane containing the beam axis and the carbon detector.

v,

The time interval on the figure is the elapsed time between the

first and last plotted positions. For this particular trajectory,

R
[

the C-ox bound system oscillates until the alpha particle feels the
nuclear potential of the Al nucleus. The circle 1is centered
approximately at the initial position of the Al nucleus. The
radius of the circle equals Rpt—o” When the alpha particle
reaches the edge of the Al-x nuclear potential, its direction
changes and it is scattered to a more backward angle. The alpha <

particle then moves in the combined potential fields of Al-x and
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8 =5.197  im @
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THETA =163.920 Deg. —+-10 : ®
PS1  =3.550 Des. ®
Each Division = 5 m
Time Interval =98.376 E~25 Sec. &

{ X

20fm

20 fm

Fig. VI-5- The trajectories of the three particles 27Al,(x, and

12¢ projected onto

the

reaction plane as a function of time.

Parameter set I listed in Table VI-1 was used.
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C-x along a fairly straight 1line. The alpha vparticle suffers
another more abrupt backward angle scattering when it leaves the
nuclear field of Aiﬂx. At this point, the carbon and alpha
particles are so far apart that the carbon‘particle exerts little
influence on the alpha trajectory. This is analogous to an object
that moves in a medium and suffers deflection when it crosses from
one medium to another one with a different index of refraction.
The trajectory shown is a typical one using parameter set I.

From the above observation, it becomes clear that the Al-x
potential is very important in determining the final results of
the three-body trajectory calculation. In order to study this,
parameter set II which fits the same 27p1 + « elastic scattering
data but with a smaller UAlﬂx was used. In 3000 trajectories,
however, no three body final states were observed i.e. all
trajectories ended up with two of the nuclei in a bound state.
This can be understood since the Al-x potential of set II is not
deep enough to break the alpha particle away from the carbon
particle in the oxygen nucleus.

Another completely different Woods-Saxon potential (set 11I
of Table VI-1) that fits high energy o + 2741 elastic scattering
data was also used. As was the case for set II, no three-body
final states were obtained after 3600 trajectories were processed.
In this case, the 27A1-<x potential is so deep that once the alpha
particle is attracted by the 27p1, the>27A1 and o form a bound
entity. From these calculations with Woods-Saxon potentials, it

is very clear that the results of these calculations are certainly

[

e
[I——"

i
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very sensitive to the Al-ot potential. Since no single unambiguous
Woods—-Saxon potentials can be obtained from the experimental data
on elastic scattering of alpha particles on 2751, a different form
of nuclear po;ential, the proximity potential, with minimun
ad justable parameters is used.

2. Proximity Potential:

In the case of the proximity potential, in order to
optimize the calculation as explained in Section C-3 of this
chapter, the initial positions and velocities of all three
particles lie in the reaction plane. 0f 3200 trajectories
processed, only two trajectories yielded a three-body final state
with the asymptotic carbon angle between 25° to 35°. One
trajectory with an asymptotic alpha angle of 90° is shown in
Fig. Vi-6. The other trajectory yields a more forward alpha
scattering angle of 25°. One common feature of trajectories
calculated wusing the proximity potential is that the carbon and
alpha particle cannot pass through each other due to the . presence
of the repulsive core. This repulsive core can be seen in
Fig. VI-7 where the C-x proximity potential together with the
three Al-x Woods-Saxon parameter sets listed in Table VI-1 are
plotted. The shape of all these potentials are very &ifferent.
The internal shape of the proximity potential is responsible in
generating the more complicated trajectory as seen in Fig. VI-6.
E. Conclusion

None of the four different potentials used in the

three-body trajectory calculation reproduce the experimental
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Fig. VI-7 Different 27Al-tx potentials plotted as a function of

distance. I, II and III refer to the Woods-Saxon potentials

- listed in Table VI-1.
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results. Furthermore, the results of the calculation are very
sensitive to the detailed internal structure of the potentials.
The slope of the Wo;ds-Saxon Al-x potential causes deflection of
the «x particles to the more backward angles. It is not clear that
other choices of Woods-Saxon potentials would cause the deflectioﬁ
to be in the forward direction. In light of this fact, it is not
surprising that the calculation of Gamp et al. gives forward
peaking since no nuclear potentials were included in that
caiculation. On the other hand, it is very interesting that the
celebrated “"shadow region” of the “hot spot” model ‘is also
reproduced without inclusion of absorption.

The particle trajectories from the proximity potentials are

very complicated and <cannot be understood in a simple way. In

addition, too few trajectories break up into 12¢, o and 27a1 with
the asympfotic 12¢ scattered to the desired angle. This prohibits
collection of a statistically significant sample to examine the
angular distribution of the alpha particles.

The main disadvantage of the calculation described in this
chapter is the amount of computer time needed to éample through a
large number of trajectories. This greatly restricts the freedom
of testing different potential parameters. None of the four
potentials used reproduces the experimental angular correlation
function as shown in Fig. V-23. This may be attributed to the
wrong choice of potentials. It can also be that the assumptions

used in the calculation as described in Section A of this chapter

may not be right. For example, the 12(3(2-‘-)"x contribution to the

)
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164 configuration may be important or some form of energy

dissipation mechanism may need to be incorporated into the

calculation to account for core excitation.
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CHAPTER VII

CONCLUDING REMARKS

A. Sumnary of Present work and comparison with other work

The results obtained from the present experiment and the
earlier  results obtained by FHarris et al. (Ha 77a) differ
significantly. lThe earlier result supported the hypothesis that
pre-equilibrium vsequential alpha decay from an intermediate
nucleus 31P*(Ex=1&.5 MeV) was the dominant mode 6f alpha emission.
" The result from the present work, especially the experimental
evidence from the out-of-plane angular correlation and in-plane
back angle data, indicate that the C-ox coincident events observed
mainly come from equilibrium alpha evaporation from the
intermediate nucleus 31P*(Ex=14.5 Me&). More recent results from
other systems (Na 80, Bh 78) also indicate that contributions due
to alpha evaporation, either from the projectile-like or
target-like particles, are very important and 4in most cases
account for nearly all of the heavy-ion, alpha coincidence events
bbserved. The presence of these equilibrium components renders

difficult the extraction of the small»pre—equilibrium component

ohserved.
Another interesting result from this work is the strong
dependence of pre-equilibrium alpha emission as a function of the

carbon detector angle. At ec--40°, the C-x angular correlation

\ : *
function 1is consistent with that of evaporation from 31P . At
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ec=_3o°, the pre-equilibrium alpha emission constitutes about 10%

of the total C-x yield. Owing to the high counting rate coming

from elastic scattered 16O particles, it is very difficult to
obtain an angular correlation data at 6. more forward than 3n° in
the present system even though such information would be desirable
for comparison with results obtained up to date. Thus the result
obtained in coincidence experiments is very sensitive to the
choice of the heavy ion detector angle. This fact was probably
not recognized when particle-particle coincidence experiments were
first employed as a tool to study heavy ion reaction mechanisms.
The current approach of particle-particle coincidence
experiments on various different systems to look for systematics
in the experimental data is probably not the best way to
understand the nature of pre-equilibrium alpha emission. Instead,
a very careful and in-depth study shogld be conducted on a few
selected systems. These systems should be completely understood
before broad scale investigations with many different projectiles
and targets should be carried out. For example, in order to
compare pre-equilibrium alpha emission with the “piston model”,
the angular correlations of three-body events as a function of the
two~body Q values of the reaction are needed. This requires a
system with higher bombarding energy where the deeply inelastic
cross—-section is more substantial than in the present work and
also data with good statistics. Another example where more data

would be valuable is the 58Ni + 160 system. 160ﬁx coincidence

data are needed at very forward angles close to the beam axis to
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identify the shadow region predicted by the original “hot spot”

calculation.
B. Future Experiments

Based on knowledge obtained from the present work, numerous
experiments can be designed to gain further understanding of the
nature of pre-equilibrium alpha emission. However, most of the
experiments will involve detecting the carbon or alpha particles
at forward angles. Unfortunately, elastic scattering
Cross-section increases as the inverse fourth power of the angle

(94) at small angles. Elastic Scattered projectile particles have
to be removed hefore coincidence data with small Cross-section can
be taken at these angles. The following techniques are usually
enployed to achieve this goal.

1. Mass Spectrometer

Spectrometers are often used té select out particles of the
desired mass to charge ratio e.g. x particles with charge state
2+, from the other reaction products such as elastically scattered
projectile particles. If a Spectrometer with a large solid angle
is available, this technique is very reliable and does not suffer
from the low alpha energy cutoff problem.

2. Stopring Foil:

A thick Au or Pt foil can be mounted in front of the alpha
detector at forward angles to range out the elastically scattered
beam particles. The thickness of the foil is so chosen that the
desired particle will be able to pass through the foil into the

detector behind it. This technique has been used by Gamp
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, , . 197
et. al. (Ga 78) in the Si-x coincidence measurement using Au +

328 reaction. One disadvantage of this method comes from the 1low

energy cutoff due to low energy alpha or carbon particles ranging
out in the foil. Assumptions on the low energy portion of the
alpha or carbon particle spectrum have to be made in the data
analysis to obtain total coincidence yield.

If a reliable technique can be developed to obtain data at
forward angles, three main types of experiments should be studied
systematically.

1. Data with alpha detector at angles less than 15° on
either side of the beam are certainly desirable as a direct
extension of the present work. Based on the forward angle data
now available from the present work, one may be able to obtain
these forward angle data using a Au cover foil. 1In this case, one
can assume that all the low ene}gy (less than 10 MeV) alpha
particles that will range out in the cover foil arise from the
equilibrium component. One can then investigate the presence or
absence of a "shadow region” and give the exact shape of the
pre-equilibrium C«x angular correlation function in this
interesting forward angle region.

2. An Out-of-plane C-x angular correlation function at
forward angles where the pre-equilibrium component is large is
nacessary to better determine the nature of the pre-equilibrium
alpha contribution.

3. A C—x angular correlation should be determined with

o
the carbon detector fixed at an angle more forward than 30
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studied in the present work. Results from the present work
indicates that the cross section for the pre-equilibrium alpha
particles may be much bigger when the carbon detector is at more
forward angles.

All these experiments will lead to further understanding of
the pre-equilibrium alpha emissions. Thus the present work is not
completed in the sense that the knowledge one gains from this work

provides a glimpse of the horizon beyond.
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Appendix A

KINEMATICS OF THREE-BODY FINAL STATES

The three-body reaction can be represented as

27p1 + 180 5 120 4 o 4 27,

By conservation of emergy

=E + +
E,=E +E +E, +Q

where Ei is the energy of particle i in the lab system.

By conservation of linear momentum

> - >
P,=F_+F +'§Al

>
where Pi is the momentum vector of particle i.
The coordinate system used is shown in Fig. A.l.

is defined to be along the Z axis, i.e., 8 =0°,

Fig. A.1. Coordinate system used in three-body kinematics

Decomposing the momentum into the X, Y, Z components A.3 becomes:

lPol = IPCICOSBC + IPa|cosea + IPAl[coseAl

ML Z> BEAM DRECT!

Al

A.3

The beam direction

(O

(VAN

A4
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.+ e
0= IPclsmeC cos$  + |Pa|sinea cos¢ + [PAllsineAl cos¢
A.5
-
- . . + in6 si + in6 .
0 IPc|81n6C sing IPa|31n ¢ Sino_ |PA1|s1n a1 S10%
A.6
Squaring and adding A.4, A.5, and A.6
2 2 2 2
[PAl[ = lPo| + [P |7+ 2 1" - 2|p_| [P, |cose_
- 2P | |P |cos8_ + 2|P | |P |cos® cosé
o c c c o c o
+ 2|P | |P |sin6 sing cos(¢ -4 ] A.7
c a c a c o
Substituting the identity |P|2 = 2mE into A.7
= -
mAlEAl moEo + mcEc + maEa 2¢moma EoEa cosea
~2/mm EE cos8 + 2/mm EE cos6 cosb
oc oc c . co ca c a
+2/mm EE sin® sinb cos(¢ - ]
ca ca c o c o
From A.2 Q = EO - EC - Ea - EAe
mO] [ m m
Q=1|l-—E - 1 +—S|g -1+
mygfo | Al Al
2 2
+—— vmm EE cos6 +—— vmm EE cosé
m,; Oa Oa @ my; oc oc c
2
-——Vnm EE (cose cos® + sin6 sin® cos($ —b )]
m, ca ca c o c a ca

A.8
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Equation A.8 relates the Q value of the reaction A.1 to Eo’ Ec’

s 0 s ea, ¢C’ and ¢0L-

a c



Appendix B

THREE-BODY KINEMATICS OF SEQUENTIAL
BREAK-UP PROCESS

The three-body reaction is assumed to go through the following

sequential break-up process.

27 16 12 31

Al + 770 > 77C + TTP* B.1

31P* > a + 27Al B.2

The formula that transforms energy and angles from the laboratory system
to the center-of-mass system of 31P* will be derived in this appendix.
In addition, the Jacobian that transforms cross sections in the labora-
tory system to the 31P* center-of-mass system will also be derived.

For simplicity, only two-dimensional space is considered in the
break-up of 31P*. The following derivation can be generalized to
three dimension. However by utilizing the symmetry of the Jacobian
and angle transform as explained later, formulae derived in the two-
dimensional space are sufficient to obtain the center-of-mass angle
and Jacobian transformation for the out-of-plane set up.

Equation B.1l represents a standard two-body reaction as shown in

Fig. B.1l. The beam direction 1is defined to be 0° and 8
c

is defined as negative.

By conservation of emnergy

= 2
E, = E +E +Q B.?2
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LAB

16
0
6

C

9&5 —————— 0° BEAM---->

DIRECTION

Fig. B.l. Two-body reaction 160 + 2741 - 31p + 12¢

where Ei is the energy of particle 1 in the lab and Q2 is the Q value

of reaction B.1l.

By conservation of momentum

+
where Pi is the momentum vector of particle 1i.

Decomposing B.4 into X and Y components:

lp | = |p |cos6 2® + [P | cos8 2P
[ c c ) P

1la
c

0= |P_ |sind bie |sinol3P
c P P

Squaring B.5 and B.6

‘Pp‘z = \Polz + \Pclz - Z‘Pol chlcose

Using the relationship between energy and momentum P2

mE =mE +mE - 2/mm E E_cosb
PP o0 cc oc OC c

B.4

B.5

B.6

B.7

= 2nE, B.7 becomes

B.8
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Rearranging Equation B.3

E,=E,-E -Q B.9

Substituting B.9 into B.8 and squaring gives

[m 4+ m ]2E2 + [2c(m +n } -4mm E cosze E + c2 =0
c P c o] P oc o cl ¢

E = -b +vbZ - 4ac B.10
c : 2a
where
a = [m + m ]2
c p
b = —[ZC(m +m ] - 4mm E cosze ]
o P oc o c
C=

(mo - mp]Eo + Q2
Ep is obtained from equation B.9 after Ec is calculated. From equation
B.6

m E 11/2
(o4

[od .

3 = - 8

sin®d — sinb, B.11
P P

Figure B.2 shows the velocity diagrams of Equations B.l and B.2.
The center-of-mass frame of 31P* will be centered at 0. Note that the
polar axis of the lab system is chosen to be the beam direction while
the polar axis of the 31P center-of-mass system is defined to be along
31

. . . 3 .
the “"P* recoil direction. In the rest frame of lP*, by conservation

of energy,

_ pCm cm
E = E, +Eg+0Q B.12
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>~ BEAM DIRECTION
\/

(=)

Fig B-2 Velocity diagram for the sequential process
2751 + 169 = 120 4 31p*,

31P* - x + 27Al
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*
where Q3 is the Q value of the break-up reaction B.2, Ep is the exci-

tation energy of 31P* and Eim is the energy of particle i in the 31P*

center-of-mass frame.

Conservation of linear momentum gives:

Zem _ _ 3em
Pa PAl B.13

>Ccm |, \ .o
where Pi is the momentum vector of particle i in the center-of-mass

system of 31P*. Then the energies of Al and ¢ can be related by

EAl =rEa B.14

From Fig. B.2

{ \
6o _ _(elab _ elabJ -8 B.15
o P o
. [.1ab lab)
51n[6p B ea J sinB
cm lab
v P
1/2
E m 3
sinB = —f;—EL si {Slab - eiabl B.16
E m
a P

In order to eliminate the ¢ dependence in £ in deriving the

Jacobian, the direction of the velocity of 31P* is temporarily used

as the polar axis
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-1
1ab) _ %ap [0y
Ja ea J = dq = dQ
cm “lab
-1
sin6® 46t | |
= ¢ ¢ B.17
Sin{elab _ elabJ d[elab _ elab}
P a P o
cm
ds i _(l .\ 4B
d[elab _ elab] d[elab _ elabJ
P a P a
\
{
1 By % H2 lab  ,lab
= - -2 - cos[e ab _ i@ ]
cosB | .cm P a
Ea m J
P B.18
.
cm
sin®
3 elab - X
al a , ( lab labJ
sin|b -8
a
b}
f 1
E 1/2 cos(elab _ eiab]
1+ [—B—= B.19
Ecm o cosB
\ a P )

3
J (6 ) can be found in a similar way as J [elabJ
c ¢ al a
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sinezm
J(8) = X
c in[@lab _ elabJ
P c
1/2 lab lab }—l
E m, cos |68 -6
1+ -2 E——= l B. 20
lE m Y
c p J
where y = - e°m - elab + elab .
c P c
The angle transformations from 6iab to ezm and the Jacobian
Ja[eiabJ for 6. = -30° and Gc = -40° have been plotted against eiab in

Figures B.3 and B.4.

As shown in Figure IV.2, the out-of-plane data was taken in a plane
perpendicular to the reaction plane and also contains the 31P* recoil
direction. For a fixed Q value, the Jacobian and the center-of-mass
angle between 31P* and alpha depend only on the relative laboratory

angle between the 31P* and alpha particle. This means that ¢a = 60°,

8

a 43° has the same Jacobian and relative center-of-mass angle as

8
o

< — °
103°, ¢a = 0°,
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180 T

- -180 +
lab
8, (DEG)
Fig. B-3 Alpha lab angle (qiab ) plotted as a function of
€M in the 1p*

8y (E.=14.5 MeV) center of mass system.
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JACOBIAN

— f=-30
= -40

¢
-180

Fig B-4

-1%0

-120 -90

-60

Jacobian plotted as a function of alpha lab angle.



Appendix C

Charge Radius of 160

As described in Chapter VI-b, the 160 is described as a bound
state of a 12C and an o particle. The 160 wave function (wo) can be
expressed as the product of the individual wave functions of carbon

A

(¢C) and alpha (¢a) and the wave function that describes the relative
3
.
)

motion of 120 and o, w(;c-¥a)

> > ~
= y(r -r c.1l
b, = W T )6, ¢

-> -> . R
where r, and r, are the position vectors for the carbon and alpha
particles respectively.

The mean square charge radius of a nucleus is defined to be
Z

L [f, ~ Ten
i=1 | P1

where 1] indicates individual proton in the nucleus with charge number

<r2> = l-<\p

Z y> C.2

Z, L is the center of mass position.

From C.2, the mean square charge radii for 160, 12C and a can be

written as

2 1 \2
<r > == <y 2 r -r v o> c.3
P, 8 7o i=1 ( Py oJ 0
)
<r 2> =-% <¢ z {; =32 ¢ > C.4
P C ¢ i=1 kpi ¢ ¢
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2¢> C.5

> > > . 1 12
where Ty T, and r, are the center of mass positions for 6O, C and

a respectively. To simplify the derivation, 160 is assumed to be at

the origin, ?o = 0. Then Egs. C.1 and C.3 can be written as

<r 2> = % b 2 r 2 wo> c.6
Po i=1 Py
> > > 7 >
b, = vw(r T )¢ (r-rc)¢a(r-ra) C.7
8 2 6
Ve 2=V ¢ 24§ ¢ 2 c.8
i=1 Pi i=1 Pi 4i=1 Pi

. 2 .
Equation C.8 expresses the sum of-rp operator into two groups,
i
the first one operates on the protons in the o particleand the second

one operates on the carbon particle. Then, with Eqs. C.7 and C.8,

Eq. C.6 can be expanded into 2 terms

2
2 1 5> > [ S -> - >
= — - - - >
<rpo > =3 <y(r, ra)¢a(r 1 Pi |¢a(r r )w(r T o
N RTRCE R I P WL RNCIE SR
8 v T, ra ¢ (T rc rp ¢c r rC /] rC o .

The first term in the right hand side of Eq. C.9 can be further

simplified if the identity ?p = (?p-?a) + ?a is used, yielding
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2

)

1 > > " 5
o <Wr -r )¢ (r-r ) r
8 c oo @"lis1 Py

27 >~ > >
‘¢a(r-ra)w(rc-ra)>

+ <w(¥c-¥a)

2 - >
ra IW(rc—ra)>J C.10

~ >
The cross term vanishes since <¢(r—ra)

> > l‘->->
(r-ra)|¢(r—ra)> = 0.

To simplify the notation, the right hand side of C.10 can be
written as 2[<rp2>a + <rOt >c—aJ' Similarly the second term in the right
hand side of equation C.9 becomes g[<r 2> + <r 2> J. Thus C.9 can

8" "p "¢ cC Cc-g

be written as 2[«<r 2> + <r 2> 1.
P a a Cc—q

bl
1 2

= = c.11
<r 7> 3 2<rp > + 6<rp >, + 2<ra >C_a + 6<rc >c-aJ

- -
Since 160 center of mass is defined as the origin, ra and rc are

related to the relative position of 120 and a,(rc_a) by the following

equation
m
r | == |r c.12
a m c-a
m
lr | = =2 ir Cc.13
c m c-a
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From Egqs. C.12 and C.13, Eq. C.11 can be written as

2 _ 2 2 2
<rp >o 0.25<rP >a + 0.75<rp >C + 0.1875<r > C.1l4

The root mean square charge radii for 160, 120 and o can be

obtained from electron scattering data and are listed in the Atomic

Data and Nuclear Data Table (De 74).

2 1/2
<r > = 2.73 fm
p o
p 1/2
<r > =1.71 fm
P o
9 1/2
<r "> = 2.45 fm
p ¢
2 1/2 .
Then from Eq. C.l4, <rc—a> = 3.43 fm.

In the three-body calculation, the l60 nucleus consists of a 12C

particle and alpha particle in a bound state. The Woods-Saxon potential
parameter Rc-a = 4,85, a4 = 0.65 are obtained from De Vries (De 73).

nucl . ;
The remaining parameter U is obtained by requiring the root mean

1/2
square radius <rc-a> defined as
2
_Jr- dt
<rc—a> Jdt

to be equal to the root mean square radius obtained earlier

<r2 >1/2 = 3.43 fm.
c-a



Appendix D

DISTRIBUTION SAMPLING USING THE MONTE CARLO METHOD

1f an input parameter x has a probability density function £(x)
over a range a £ x < b, then the corresponding probability distribution
function is defined to be

X
n = p(x) = ( f(x")dx' D.1
‘a

p(x) is set equal to the random number n, where n is uniformly
distributed in the range [0,1], 0= n < 1, f(x) must satisfy the

following constraints

a

p(a) = { f(x")dx' = 0 D.2
‘a
b

p(b) = J f(x")dx' =1 D.3
a

Thus Eq. D.1 relates a random number n with the parameter X.
Equation D.2 determines the integration constant which is always equal
to zero and D.3 determines the normalization constant for £f(x). The
Monte Carlo method developed here to obtain any parameter x with a given
probability density f(x) is very general. The procedure for obtaining
x using Eqs. D.1, D.2, and D.3 will be illustrated with the three

parameters b, ¢c-a and rc_a used to specify the initial conditions



in the three-body calculation discussed in Chapter VI-C.

175

Since the

subscript c-a is not relevant in the following discussion, it will be

dropped from the notation of ¢ and r.

1. Impact parameter

f(b) = Nb

where N

where kb

p(bfu) =0

p(bmax) =1

Substituting the values of kb and N

b

*b.

b2 -b
ne— 9
b2 - b2
max fu
_ 2 2
b = [n(bmax - bfu) +b

b is the normalization constant.

f(b')dp' = Nb(b2 -b

is the integration constant.

2
fu

b

<b<b
u ma

f X

From Eq. D.1

2
fu) + kb

From Egs. D.2 and D.2

p =0
_ 1
b2 _ 2
max u
into D.5,

1/2

D.4

D.5

D.6

D.8

D.9
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2. In-plane c-o angle, ¢

f(¢) = N¢ 0< ¢ < 2n D.10
¢
=N do' = * + k D.11
" ¢L¢ N "0ty

From Eqs. D.1l, D.2, and D.3

¢ = 2mn D.13
3. Relative distance of c-a, r
N,
f(r) = ﬁz;y rl <vr < r2 D.1l4

r,» I, are the turning points and v(r) is the velocity of the alpha

particle with respect to the carbon particle at the distance r.

v(r) = M D.15

where E is the binding energy; U(r) is the Coulomb and nuclear potential,

and y is the reduced mass. With Eqs. D.l and D.1l4

T
n= Nr J v (D) dr + kr D.16
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r is an implicit variable in Eq. D.16. There is no simple equation

relating r as a function of n.

k =0
r
_ 1
Nr - v(r,)
1n{——=—
Lv(rl)

D.17

The following method is used to determine r as a function of n.

The interval r; and r, is subdivided into 100 intervals,

such that

for any 1i.

D.18

The values of r, are first determined by numerically integrating

D.18 with the trapezoidal rule. All the r, are stored in a table.

For

any random number n, P; <D< Py, a corresponding r can be obtained

by interpolating r, and T
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