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LIGHT PARTICLE EMISSION AS A PROBE OF THE ROTATIONAL 
DEGREES OF FREEDOM IN DEEP-INELASTIC REACTIONS 

Lee Gordon Sobotka 
Nuclear Science Division 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, CA 94720 
Abstract 

The emission of alpha particles in coincidence with the most 
181 deeply inelastic^ heavy-ion reactions has been studied for Ta + 

I 6 5 H o at 1354 MeV laboratory energy and n a t A g + 8 4 K r at 664 MeV. Alpha 
particle energy spectra and angular distributions, in coincidence with 
a projectile-like fragment, were acquired both in the reaction plane 
and out of the reaction plane at a fixed in-plane anqle. 

The in-plane data for both systems are employed to show that the 
bulk of the alpha particles in coincidence with the deep-inelastic exit 
channel can be explained by evaporation from the fully accelerated 
fragments. Average velocity diagrams, a-particle energy spectra as a 
function of angle in several rest frames, and a-particle angular dis
tributions are presented. 

The out-of-plane alpha particle angular distributions and the 
gamma-ray multiplicities are used to study the transfer and partition
ing of angular momentum between the two fragments. For the n a Ag + 
84 Kr system, individual fragment spins are extracted from the alpha 
particle angular distributions as a function of mass asymmetry while 
the sum of the fragment spins is derived from the gamma-ray 
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multiplicities. These data, together with the fragment kinetic ener
gies, are consistent with rigid rotation of an intermediate complex 
consisting of two substantially deformed spheroids in near proximity. 
These data also indicate that some anguTar momentum fractionation 
exists at the largest asymmetries examined. Out-of-plane alpha par
ticle distributions, gamma-ray multiplicities, fragment spins as well 
as the formalism for the spin evaluation at various levels of sophis
tication are presented. 
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I. INTRODUCTION 
A. Background 

Shortly after the advent of heavy-ion accelerators deeply in
elastic reactions between heavy ions were discovered. These reactions 
have properties intermediate between the well-studied limits of direct 
reactions, which involve only a few nucleons and thus relatively few 
single particle degrees of freedom, and compound nucleus reactions, 
which result in the involvement of all the nucleons and their associ
ated degrees of freedom. The exit charfnel of this new reaction mech
anism is binary with the masses of the two fragments reminiscent of 
the entrance channei masses. There is, however, substantial transfer 
of energy, mass, and angular momentum between.the two heavy ions. In 
contrast with compound nucleus reactions, the degrees of freedom asso
ciated with these transfers are not always totally equilibrated. In 
fact, the degree of equilibration can to some extent be controlled by 
the reaction parameters (such as the bombarding energy and entrance 
channel mass asymmetry). Thus, these reactions provide a vehicle for 
studying the relaxation processes. The study of these processes 
provides information on the relevant degrees of freedom, which can in
clude, in addition to nucleonic degrees of freedom, collective effects 
such as nuclear shape changes. The brightest light at the end of the 
tunnel of "deep inelastic studies" is then an improved understanding 
of collective effects in nuclei. It is my hope and intent that this 
thesis provides a small step in this direction. 
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B. Deep Inelastic Reactions 
To provide a background for this thesis a short summary of some 

of the experimental results concerning the relaxation of the collec
tive degrees of freedom is presented here. (For a comprehensive 
report, several excellent reviews are available [Mo 76, Sc 77, Le 78, 
Mo 81c].) These degrees of freedom do not lend themselves to simple 
and differentiable definitions, but they can be grossly labeled as 1) 
the relative motion between the two heavy ions, 2) the fragment 
neutron-to-proton ratio, 3) angular momentum degrees of freedom, and 
4) the mass asymmetry. 

The relaxation of the first of these modes is quite obvious when 
studying HI reactions because the manifestation of this relaxation is 
a dramatic reduction in the relative velocity of the fragments. The 
reactions that lead to this dramatic reduction of relative velocity 
are now commonly called deep inelastic (DI) reactions and are typified 
by fragment kinetic energies close to the values expected from the 
repulsion of two charged spheroids, as is the case in fission. In 
truth, the asymptotic kinetic energies are influenced by several 
degrees of freedom, such as the fragment separation distance, angular 

momentum, neck, and fragment deformation degrees of freedom. To date, 
no clear picture of the behavior of these individual modes has been 
developed. 

The relaxation time of the neutron-to-proton ratio is perhaps the 
shortest of the collective degrees of freedom mentioned above. 
Beautiful experimental studies [Ga 75, Ga 76, Le 78, Kr 80] have shown 
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that the N/Z ratio equilibrates during the very early stages of energy 
dissipation, perhaps even before any net mass transfer has occurred 
between the fragments. 

The relaxation time of the angular momentum degrees of freedom is 
also relatively short, as compared to that of the mass asymmetry mode, 
and probably quite similar to the relaxation time of the relative 
motion. Similar relaxation times are expected since the angular 
momentum relaxation time depends upon the loss of tangential velocity 
(and thus upon the tangential component of the frictional fores) while 
the relaxation time of the relative motion degree of freedom depends 
upon the loss of both the tangential and radial velocities (thus upon 
both components of the frictional force). However, it is not clear 
whether this relaxation time is always shorter than the interaction 
time in a DI reaction. Gamma-ray multiplicity (M ) studies of 
reactions induced by light heavy ions (A < 40) indicate that the 
equilibrium limit of rigid rotation of the dinuclear system ha-, been 
reached [Gl 77, Na 79]. For heavier projectiles, such as Kr, M 
data do not provide direct evidence for rigid rotation [Al 78]. It 
has been suggested that rigid rotation is achieved but that the 
expected trend of M with mass asymmetry is masked by an 8,-wave 
fractionation with exit channel mass asymmetry [Al 78, Re 78]. 

The mass asymmetry degree of freedom has a relaxation time longer 
than the other modes mentioned above, as well as the interaction time 
for a 01 reaction. The exit channel mass distributions are generally 
peaked around the entrance channel values [for example, Sc 77] rather 
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than the equilibrium values (which depend upon X-wave and the total 
mass of the system but are generally at symmetry). 
C. The Use of Light Particles 

At energies of only a few MeV/nucleon above the interaction 
barrier, evaporation is the dominant mechanism for the production of 
light particles (LPs are commonly n, p, t, or a-particles). The ener
gy spectra and angular distributions of these LPs contain information 
on the temperature (T) and spin (I) of the emitting nucleus. Thus 
insight into the thermal properties and angular momentum degrees of 
freedom can, and has been, obtained by studying the light particle 
emission associated with DI reactions. 

Two excellent examples of the use of LPs for these purposes are 
the studies of Eyal et al. [Ey 78] and Babinet et al. [Ba 80]. In the 
former study [Ey 78] neutron emission in the reaction Er + Kr 
at 7.0 MeV/nucleon was measured for the DI component of the reaction. 
This study concludes that the equilibration of the excitation energy 
between the two exit channel nuclei occurs during the lifetime of the 
intermediate complex. This conclusion is supported by two experimental 
observations. The first of these is that the mean number of evaporated 
particles from the two reaction products indicates that the partition 
of the total dissipated energy between the t»/o fragments is in propor
tion to their masses. Such a partition is required by the thermal 
equilibrium condition [Mo 81b]. The second experimental observation 
is that the temperatures of the two fragments (deduced from the neutron 
energy spectra) are the same, within the experimental uncertainties. 
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Oetailed studies of the neutron emission from the systems Ho + Fe 
at 8.5 MeV/amu [Hi 73] and 1 9 7 A u + 6 3 C u at 5.8 MeV/anu [Pe 77] 
reached the same conclusion. 

In the second example [Ba 80], in- and out-of-plane a-particle 
angular distributions were measured.for the DI component of the 
reaction 5 8Ni + 4 0Ar at 7.0 MeV/amu. m this study the out-of-plane 
a-particle emission from the target-like recoil nucleus was isolated 
by careful selection of the angle of the HI detector as well as the 
in-plane angle for the out-of-plane a-particle detectors. Individual 
fragment spins were extracted from the out-of-plane distributions as a 
function of mass asymmetry. The trend of these spins with mass asym
metry agreed with the rigid rotation predictions. This confirmed the 
conclusion of earlier M work [Gl 77, Na 79] on similar systems that 
the rotational degrees of freedom equilibrate during the lifetime of 
the DI complex. 

The studies mentioned above rely on the identification of the 
source of the LPs. Most studies, including the ones mentioned above, 
have concluded that the fully accelerated fragments are the sources of 
the LPs. This agrees with statistical model calculations that predict 
that the LP evaporation times are substantially longer than the 
heavy-ion interaction time, [Hi 79]. However, recent data on Ar 
and 5 6Fe induced reactions [Lo 80a, Lo 80b, Gu 81] indicate that 
under certain conditions, LP evaporation prior to scission of the 
intermediate complex can be substantial. The prescission LP emission 
process not only presents the tantalizing possibility of studying the 
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intermediate complex during its very short lifetime, but also prrvidei 
information on the conditions required for prescission emission. This 
information could be used to test, and perhaps improve, statistical 
model calculations. 
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II. SCOPE OF THE PRESE'IT STUDY 
A. 18lTa + 165 H o 

While no HI inclusive work for this system has been reported in 
the literature, the systematics of DI HI reactions are sufficiently 
well mapped out by previous inclusive work so t'.iat reliable predic
tions can be made for the Ta + Ho system. The parameters that are 
useful to compare this system to those previously studied are given in 
Table 1. 

The small value of the ratio E •'" i (*V- m i s t n e bombarding 
energy in the center of mass system and B , is the Coulomb barrier) 
indicates that the interaction is strongly influenced by the Coulomb 
potential and thus is peripheral and gentle. For such heavy systems 
(total charge l t •-= 138) the evaporation residue cross section (o C R) is 
expected to be zero and the fusion fission component is expected to be 
small due to the gentle nature of tne collision. (For such gentle 
collisions one does not expect this intermediate complex to reach the 
compact saddle shape of the compound nucleus.) 

Other than the work reported in this thesis no LP studies on 
systems ai heavy as Ta + Ho have been done. However, such work 
is interesting for several reasons. This system is heavier, has more 
angular momentum, and probably has a larger intermediate complex than 
any of the systems previously studied by LP techniques. ' :rthermore, 
the reaction is simple because it is dominated by a single process 
(DI). Because of these qualities the Ta + Ho system has the potential 
tor providing important information on the conditions needed for 



pr^scission emission. The data relevant to the question of the emis
sion source(s) is presented in Chapter V and discussed in Chapter VIII, 

The a-particle data from the Ta + Ho system are used in 
this thesis to confirm results concerning the angular momentum degrees 
of freedom obtained from previous M and y-ray anisotropy work. A 
detaiic-d study [McD 82] of Y-rays emitted in the DI reaction 1 6 5 H o + 

Ho at 8.5 tfev/amu provided evidence that the angular momentum 
degrees of f-eedom were equilibrated. Since the systems are similar, 
the out-of-plane a-particle data should be consistent with the results 
of the M study. The measured a-particle out-of-plane distribution 
is presented in Chapter VI, and its consistency with the results of 
the Y-ray study is discussed in Chapter VIII. 
B. nat A g + 8 4 K r 

Inclusive studies of the Ag + Kr system have been performed 
at several bombarding energies by Schmitt et al. [Sc 78a, Sc 78b]. 
These studies found a pronounced relaxed component for all charge 
asymmetries. The charge distribution for the most relaxed events was 
very broad and appeared to peak at symmetry rather than at the en
trance channel asymmetry. This slight drift toward symmetry (the en
trance channel is near symmetry, see Table 2) can be interpreted as 
*.he 01 complex diffusing along the mass asymmetry coordinate rather 
than evidence for a strong fusion-fission component. This interpreta
tion is supported by the fact that the angular distributions for all 
asymmetries were forward peaked in excess of 1/sino (which would not 
be the case if the binary exit channel was the result of ordinary 
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fission.) Although no clear evidence for the relaxation of the mass 
asymmetry degree of freedom can be obtained for a system where the 
entrance channel is so close to symmetry, the inclusive Ag + Kr 
studies provide evidence for the relaxation of the relative motion 
degree of freedom. 

As mentioned earlier, M data for the n a Ag + Kr system does 
not provide direct eviaenca for the relaxation of the angular momentum 
degrees of freedom. The explanation for this most likely rests on the 
fact that both the rolling limit and the rigid rotation limit (even 
with a constant l-window) predict a weak dependence of the sum of the 
fragment spins on mass asymmetry near symmetry. Therefore, H , which 
measures the sum of the spins, is a poor technique to address the 
question of whether rigid rotation is reached for systems where the 
experimentally accessible exit channels are near symmetry. In addi
tion, the small difference between the predictions of the sum of the 
spins with mass asymmetry of rolling and rigid rotation, can be reduced 
by the 2-wave fractionation effect mentioned in Chapter I. Fortunate
ly, the a-particle technique measures the spin of an individual frag
ment. For this quantity the rigid rotation limit, unlike rolling, 
predicts a strong dependence on mass asymmetry even at symmetry. 

After demonstrating that ce-particles emitted from the target-like 
fragment have been isolated (Chapter V), the out-of-plane distributions 
and spins extracted from these distributions as a function of mass 
asymmetry are presented in Chapter VI. Chapter VII compares these 
spins to various calculations and Chapter VIII contains a discussion 
concerning the relaxation of the angular momentum degrees of freedom. 



-lO-

II I. EXPERIMENTAL 

A. Design Goals 

In order to accomplish the objectives outlined in the previous 

chapter, the two body kinematics must be determined for the deep-

inelastic events. The experiments themselves were not kinematically 

complete; however, with the aid of assumptions that have been verified 

in previous experiments, the kinematics was reconstructed. (A detailed 

description of these assumptions will be jresented in the next 

chapter.) 

One of the heavy ion reaction products was detected near the 

classical grazing angle. This angle was chosen to maximize the ratio 

of the DI yield to the total reaction cross section, under the con

straint of retaining a counting rate sufficient to perform the desi-ed 

coincidence measurements. The beam direction and the direction of the 

detected heavy ion served to define a reaction plane for the two body 

kinematics. 

The choice of o-particles as the light particle to be detected 

was motivated by two reasons. First, the amount of spin removed and 

spin information carried by the evaporated particle increases with its 

mass. Thus a-particles are substantially better than protons or neu

trons in this regard. Evaporation of heavier particles is strongly 

suppressed due to the large Coulomb barriers for emission. For 

example, lithium ions were found to be suppressed by over a factor of 

-400 relative to helium ions in the Ta + 1 6 5 H o experiment. The 

second reason is simply that the detection and identification of 

a-particles in the experimental energy range is an easy task usin-j 
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AE-E solid state telescopes. The dimensions of the elements of these 
telescopes are such that the detectors are readily availeble and quite 
reliable. 

If ths only requirement of the experiment was to determine the 
ipin of one fragment, then the tool with the greatest sensitivity 
would be sequential fission. This method of spin determination has 
been employed quite successfully by several groups [Wo 78, Ba 78, 
Pu 79, Dy 79, Ha 79, Ra 79, Le 81, Mo 82]. However, if information 
concerning the partitioning of angular momentum between the two exit 
channel nuclei is desired, then sequential fission is no longer the 
preferred probe. The reason for this is as follows. In order to 
determine the spin partition one needs the direct determination of 
either both of the spins or one of the spins and the sum of the spins. 
The former possibility presents a host of experimental complications, 
and though this method has been attempted, no results have appeared in 
the literature. The latter method can be accomplished by obtaining 
the sum of the spins f>-om v-ray multiplicity data, as is frequently 
done [Al 75, Le 79, Gl 77, Al 78, 01 78, Ge 79, Na 79]. Unfortunately, 
if sequential fission occurs with a sufficiently high probability to 
make extraction of an individual spin experimentally feasible, then 
the relation between M and the sum of the spins of the primary 
fragments is greatly obscured by the substantial amount of the 
intrinsic spin of the fissioning nucleus which is converted into 
orbital angular momentum of the fission fragments. This difficulty 
can be substantially reduced by employing the sequential emission of 
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l ight . pa r t i c les as the probe of the spin of one o f the DI fragments. 

Light p a r t i c l e emission general ly converts a much smaller f r a c t i o n of 

the fragment's i n t r i n s i c spin in to o r b i t a l angular momentum than does 

sequential f i s s i o n and thus the d i f f i c u l t i e s of r e l a t i ng y-ray m u l t i 

p l i c i t y data t o the t o ta l spin are s i m i l a r l y reduced. 

Before such spin studies can be undertaken, the emission source 

of the a-par t i c les must be determined by studying the co r re la t i on be

tween heavy ions and a -par t i c les in the react ion plane, see F ig . I I I . 1. 

For each o f the systems coincidence a -pa r t i c le energy spectra were 

obtained over a broad range o f angles. 

The measured in-plane a -pa r t i c le co r re la t i on can be used to locate 

a region where the a -pa r t i c les are predominantly due -o evaporation 

from a s ing le source. The coincident out-of -p lane a -pa r t i c l e d i s t r i 

butions were obtained at an in-plane angle in t h i s reg ion. From these 

d i s t r i bu t i ons the spin of the emi t t ing nucleus was determined. In 

choosing the in-plane angle fo r the out-of -p lane measurements one must 

take in to account the transformation from the lab system (see F ig . 

I I I . 2 ) in to the rest frame of the emit ter (which f o r our studies was 

the ta rget r e c o i l ) . 

In F ig . I I I . 3 contours of equal i n - and out -of -p lane angles in the 

rest frame of the emit ter ( respect ive ly , 0 R [ r and s R . ) are p lo t ted 

as a funct ion of the i n - and out-of-p lane lab angles ( respect ive ly , 

$. and e . ) . This p lo t shows tha t a f i xed in-plane angle o f , say, 

0. = 60°, corresponds to an in-plane angle of about 90° from the 

reco i l i n the rest frame. However, as one moves to an out-of-p lane 
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lab angle of o. = 60°, at the same in-plane angle (0. = 60°), the 
in-plane angle in the recoil frame becomes if„c ~ 130°. Also, obser
vation of out-of-plane angles greater than 60° in the frame of the 
recoil are kinematically forbidden at an in-plane lab angle of 60°. 
If the in-plane distribution of alpha particles has a dependence on 
<JR(r> then the out-of-plane distributions at fixed 4. (when $. is not 
equal to the recoil direction) could be quite complicated due to the 
mixture of many ^ R F angles. On the other hand, if there is no depend
ence on 0 Rp, then all out-of-plane distributions would be identical 
except that the maximum accessible out-of-plane angle in the rest frame 
(©np) measurable at fixed 0. decreases as 0. increases. 

As will be shown in Chapter V, the a-particle spectra at angles 
equal to or larger than the target recoil direction showed no features 
that could not be attributed to evaporation from the target-like frag
ment. This fact, along with the considerations stated above, led us 
to choose the target recoil direction as the in-plane angle at which 
to obtain the out-of-plane a-particle distributions. 
B. Beam, Target, and Detection Hardware 

The Ho and Kr beams were obtained from the Lawrence 
Berkeley Laboratory SuperHILAC. Both in- and out-of-plane measure
ments were completed in one experimental run for the Ho + Ta sys
tem. However, the Kr + Ag study required two runs, one for the 
in-plane and the other for the out-of-plane measurements. 

1R1 2 
The Ta target was rolled to a thickness of 1.4 mg/cm , as 

determined by weight. The n a Ag targets were produced by evaporation 
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with thicknesses of 0.97 mg/cm and 0.59 rag/cm for the in- and out-
of-plane runs, respectively. These targets were positioned by a holder 
that could rotate about two perpendicular axes, thus allowing a choice 
of target angle and tilt to minimize the energy loss of a-particles 
and heavy ions in the target. 

The detection apparatus is schematically depicted in Fig. III.4. 
The three major components are the heavy ion detector(s), the 
a-particle telescopes, and the array of Nal scintillators used for the 
M determination. For the r!o + Ta system, the projectile-like 
fragment was detected at 29" in a partially depleted 300 ym detector 
(Ortec, type A-023-150-300). This detector provides the angle ($•,) 

and energy of one of the two major fragments. The charge or mass of 
this fragment was not determined. A gas ionization AE-E telescope 
[Fo 74], for the in-plane run, and a solid state telescope (11.7 pm, 
300 ym), for the out-of-plane run, were used in the Kr + Ag 
experiments to detect the projectile-like fragment. These telescopes, 
placed at 26°, provided the angle ( O , energy, and charge (Z) of 
the projectile-like fragment. Though the gas telescope provided 
superior Z resolution, a price was paid in reduced solid angle. These 
angles were 4.8 msr and 6.8 msr (corresponding to acceptance angles of 
±2.2° and ±2.7°) for the gas and solid state telescopes, respectively. 

On the opposite side of the beam (see Fig. III.4), an arc with 
both in- and out-of-plane arms was used to mount up to five liyht 
particle (LP) solid state AE-E telescopes (40 ym-5mm). Tho arc was 



-15-

attached to a thin-walled domed lid, which, when placed on the 
scattering chamber, seated the foot of the arc into a cradle on an 
externally movable arm. 

The arc was positioned with a transit and the error in the angle 
of any LP telescope was estimated to be no more than 0.5°. These 
telescopes provided the angles (d. ,9. ), energy, and the atomic 
number of the light particles. The angles at which concidance data 
were obtained are listed in Tables 3 and 4 for the 1 8 1 T a + 1 6 5 H o 
and Ag + Kr experiments, respectively. 

Outside of the scattering chamber, an array consisting or seven 
or eight 7.6 x 7.6 cm Nal detectors was utilized to measure the r-ray 
multiplicity. These detectors were positioned above the reaction 
plane at an out-of-plane angle of 45° and at a distance of 23 cm from 
the target. This distance was sufficient to separate neutrons from Y 

rays by their time of flight [Ri 80]. These detectors were collimated 
down to a front face diameter of 5.0 cm with lead shielding. In the 
out-of-plane Kr run, an additional Nal with a reduced solid angle 
was used to obtain the Y- r ay energy spectrum. 
C. Calibration 

The beam energy was measured at regular time intervals during all 
the experiments. These measurements were made either with a 
calibrated solid-state detector and then applying a pulse height 
defect (PHD) correction [Mo 78b] or by use of a phase probe, which 
measures the beam velocity. The beam energies, were 664 ± 8 MeV for 
the 8 4 K r beam and 1387 ± 15 MeV for the 1 6 5 H o beam. The mean 
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interaction energies, calculated at the center of the target, are 650 

MeV and 1354 MeV for the 8 4 K r and 1 6 5 H o beams, respectively. 

All stopping E detectors and the associated electronics were 

calibrated with a tail pulser, which had been absolutely calibrated 
212 with a Pb a-particle source. These calibrations were in close 

ier 
agreement with elastic scattering measurements. For the Ho run 

elastic scattering measurements were performed at four bombarding 

energies on a thin (0.525 mg) Au target. By successively drop

ping accelerating tanks, etastic scattering measurements at each ener

gy yielded four energy calibration points, (beam energies of 8.5, 7.2, 

5.9 and 4.6 HeV/amV corresponding to 8, 7, 6, and 5 tanks, respective

ly) over a range of several hundred MeV. 

For the Kr runs the HI AE detectors and electronics were 

calibrated by determining the energy lost in these detectors by 

elastically scattered heavy ions. This was -"one by measuring the 

energy deposited in the E detector with and without the AE detector 

present. The calibration for the solid state AE used for the out-

of-plane Kr run was checked with a calibrated pulser. 

The energy calibration for both elements of all the LP detectors 

were obtained by use of a calibrated tail pulser. The solid angles of 
241 these telescopes were measured with a Am source of known activity 

212 and the relative efficiencies were checked with a Pb source. The 

measured solid angles agreed to within ±3$ of the geometric solid 

angle. These solid angles are reported in Tables 3 and 4. 
2 2 

Absorbers ranging from 10.1 mg/cm Ta to 1 mg/cm Au were 
placad in front of the LP telescopes to reduce the rates of heavy 
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ions, X rays, and low energy electrons striking these counters (see 
Tables 3 and 4). The absorber thicknesses were determined either by 
a-particle energy loss measurements or by weight. The detection 
threshold for o-particles was approximately 10 MeV, primarily due to 
the thickness of the first element of the telescope rather than to the 
absorbers. 

The detection efficiency of each of the 7.6 cm x 7.6 cm Nal 
detectors was determined by T - Y techniques. The efficiency at 570 keV 
was determined using the decay of 2 0 7 B i (EC > 1063 KeV v > 570 keV y 

» G.S. Pb) while the decay of Co was used to determine the 
efficiency at 1173 keV (B- » 1173 keV y > 1332 keV y > G.S. 5 0 N i ) . 

The time-to-amplitude converters (TACs) between the heavy ion and 
a-particle channels and the heavy ion and y-ray channels (see section 
0 of this chapter) were calibrated from the SuperHILAC beam micro-
structure (RF frequency 70 MHz) or by use of an Ortec 462 time 
calibrator. 
D. Electronics and Logic 

The logic necessary to select the desired information from the 
signals produced by the various elements (19 or 20 separate detectors 
are involved) is outlined in Figs. Ill 5, 6 and 7. The high level 
logic, which shows the relationships between the various sets of 
detectors (i.e., the HI, LP and Y-ray detectors), is shown in 
Fig. III.5. Lower level logic for the AE-E telescopes (for HI or LP 
detection) and the Nal Halo (for y-ray detection) are shown in 
Fig. III.5 and 6, respectively. All electronic modules required to 
execute this logic scheme were NIM standard. 
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As can be seen from Fig. III.5 double (Z, LP), triple, higher 
order (Z, LP, X-y) coincidence events, as well as scaled down Z and LP 
events created a Master Gate. This gate allowed the individual param
eters of the event, if they passed their respective gates (see Fig. 
III.5), to be digitized by a multiplexer, ADC system developed at 
LBL. These events were then recorded on magnetic tape in an event-by-
event format by a Modcomp IV computer. The off-line treatment of this 
data is the subject of the next chapter. 
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IV. DATA ANALYSIS 
A. General Method 

The earlier Kr experiments were analyzed on a PDP-15 computer, 
while the later Ho experiment was analyzed on a Modcomp IV computer. 
The codes required for the complete analysis of these data were 
developed on both machines; however, the logic and definition of each 
step in the analysis process reached a higher level in the later 
Modcomp scheme, which is shown in Fig. IV.1. The only substantive 
difference between the analyses of the Kr and Ho and experiments 
involved the identification of the atomic number of the detected HI for 
the former case. 

Figure IV.1 shows the logic employed in the analysis of both 
types of singles data as well as of the coincidence data. Each arrow 
corresponds to a program designed to take the data, in the form 
described in the box above the arrow, and maki an event-by-event 
transformation into the form given in the box beiow the arrow. As can 
be seen from this flow chart, the event-by-event nature of the data is 
retained throughout. This procedure allows one to ferret out failures 
in specific elements of our experimental apparatus that occurred in 
the course of the experiments and thus to eliminate the data or apply 
appropriate corrections. In addition, errors due to coding or logic 
can be easily found and corrected. 

B. Specifics 
I) Charge Identification 
Charge identification of the projectile-like fragment in the 

Kr + n a Ag experiment was accomplished by constructing large AE 
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versus E intensity plots (see Fig. IV.2). Construction of these plots 
with a low threshold permits the identification of the projectile Z 
from slit scattering from collimators in front of the detector and 
collimators upstream in the beam liue. The atomic numbers were then 
assigned to the resolved intensity bands fZ < 40) by counting up or 
down from Z = 36. The regions of AE-E space corresponding to heavier 
elements, where no bands were resolved, were obtained by extrapolating 
the trends seen for the resolved bands. The boundaries of the regions 
in the AE-E space corresponding to individual atomic numbers were 
described by fourth order polynomials. The coefficients of these 
polynomials were written on disk for use by subsequent programs. (An 
interactive program MARCM has been written for this purpose. Versions 
of this program exist on both the PDP-15 and the Modcomp IV computers.) 

In the Ag + Kr experiments o-particles were identified 
using a procedure identical to the one described above for selecting 
heavy ions. Delta E-E maps such as the one shown in Fig. IV.3 were 
used to define the two-dimensional a-particle region. Since the 
software for the heavy-ion Z gating was not required for the Ho + 
1R1 

Ta experiment, it was more expedient to employ a standard soft
ware particle identifier function (PI) to select a-particles. A PI 
spectrum is shown in Fig. IV.4. The presence of charge 3 particles 
suggests the intriguing possibility of using these particles for spin 
determination. However, from the relative probabilities shown in the 
PI spectrum, it is clear that such a project would be an ambitious 
undertaking. 
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2} Heavy Ion Mass Assumptions 
In the Kr experiments, the masses of both fragments are deter

mined from the charge of the projectile-like fragment by requiring 
charge and mass conservation and by assuring that the neutron-to-proton 
ratio is equilibrated. Thus, for a.given mass asymmetry, the charge 
asymmetry is that which minimizes the sum of the liquid drop energies. 
This procedure is suggested by a great number of studies [for example, 
Ga 75, Le 78, Kr 80], which show that the isospin degree of freedom is 
relaxed even during the early stages of energy dissipation. For the 
near symmetric systems (such as Kr + n Ag), similar results are 
obtained whether one uses this assumption or the more common one of 
equal N/Z ratios in the two fragments. However, for asymmetric systems 
or for the asymmetric exit channels of symmetric reactions, significant 
errors can be introduced by the latter assumption [Kr 80]. 

In the case of the Ho + Ta experiment, it was assumed 
that the primary mass of the detected fragment (before particle 
evaporation) was that of the beam particle (165 amu) and that the 
primary mass of the undetected fragment was 181 amu. This choice is 
motivated by several considerations. The first of these is the bias 
towards detecting the projectile-like fragment when a HI is detected 
at 29°. This bias can be understood by examining the Wilczynski plots 
[Wi 73] (contour diagrams of d a/dfi/dE,) fc- the similar systems; 
208 p b + 1 1 0 p d ] 208 p b + 170 £ r [ R e 8 1 ] a n d 13 6 ] t e + 207 R i [ S c „ ] p T h £ s e 

plots not only show that the deflection function does not exhibit 
negative angle scattering, but also that when the bombarding energy of 
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these systems is high enough so that the reactions are not dominated 
by coulomb effects (as is the case with Z 0 8 P b + 1 7 0 E r at 1180 MeV, 
E / B

c o u i " l-°4)> t n e n t n e cross section, independent of energy 
loss, is focused into an angular region near the classical grazing 
angle. (This could be the result of a deflection function where the 
quasi-elastic and PI rainbows {.* = 0) occur at the same scattering 
angle.) This suggests that, for the 1 6 5 H o + 1 8 1 T a system at 1354 MeV 
(E c m - / B c o u l = 1.6, which is the same value as the 1 3 6 X e + ^ J'Bi), 
the projectile-like and target-like fragments will be focused into 
angular regions close to their respective laboratory grazing angles. 
Since the grazing angle of the target is more than 30" behind that of 
the projectile a strong selection on projectile-iike fragments should 
be provided by placing the HI detector at the projectile grazing angle. 

The other important justification for using the entrance channel 
masses as the primary exit channel masses is that far each of the sim
ilar heavy systems mentioned above the mass and charge distributions 
of the exit channel projectile-like fragment are well described by 
gaussian distributions centered on the entrance channel values. Even 
though the mass assumption employed is the most appropriate under the 
restriction that no charge or mass information is obtained directly 
from the present experiment, it must be considered as a zeroth order 

approximation because the variances of the charge and mass distribu
tions mentioned 
energy losses). 
tions mentioned above can be quite large (oi > 100 for the largest 
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3) Radiation Damage Corrections 
In the course of these experiments the HI detectors were exposed 

8 ? 

to approximately 10 particles/cm . This dose of very heavy ions 
produces significant damage in the Si detectors [So 81b]. One of the 
most obvious observables, which reflects this damage, is the loss of 
pulse height for elastic scattering. The correlation between the 
pulse height (for elastic scattering) versus dose is shown in Fig. 
IV.5 for a sample of detectors exposed to Kr, Xe, and Ho-ions. 

To correct for this pulse height loss, the slope of the energy 
calibration was increased as a function of dose. This procedure wa. 
carried out in increments of approximately 1-5 10 Hi/cm . To 
prevent the radiation damage from distorting the Z-distribution, the 
location of an event in AE-E space was corrected to the dose level 
where the two-dimensional Z regions were defined. 

4) Pulse Height Defect 
The detected energy of the heavy ion was corrected for the pulse 

height lost due to charge recombination in the solid state detector. 
This pulse height defect (PHD), which is quite large for the highly 
ionizing His, was calculated following the prescription of Moulton et 
al. [Mo 78b]. 

5) Absorber and Target Energy Loss Corrections 
The energies of all detected particles were corrected for the 

energy lost in absorbers and in the target. For the detected HI, 
these correction were done after the PHD correction. (For the 
a-particle detectors there is no PHD correction by definition.) The 
values of dE/dx were calculated by the method of Rattazzi et al. 
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[Ra 80]. The stopping powers predicted by this formulation are within 
10% of those given in the tables of Hubert et al. [Hu 78]. The 
correction due to the presence of absorbers was done first, followed 
by the correction for the energy lost by the ion traversing one-half 
of the target thickness at the angle of observation. 

6) Evaporation Corrections 
Since the fragment energies are measured after particle 

evaporation, the fragment kinetic energies must be corrected for the 
energy lost in the evaporation process. The only significant 
correction to the 01 fragment's mean kinetic energy due to evaporation 
arises from the lost mass. This correction was done by the iterative 
method described below. After the fragment energy is corrected back 
to the center of the target, the direction and energy of the undetected 
fragment are calculated with the mass assumptions described previously. 
The excitation energy (E*) was calculated from the reaction Q-value. 
This excitation energy was then divided between the two fragments pro
portionally to their masses, as suggested by the results of several 
studies [Ey 78, Hi 79, Pe 77], and the lost mass of the detected frag
ment taken to be E*/12. The pre-evaporative mass is then used to 
recalculate the energy (same velocity, see [Mo 78a]), which is the 
starting point of the next iteration. Two iterations are sufficient 
for the lost mass to converge within 1 amu. 

The effect of this correction can be seen in Fig. IV.6 where 
corrected and uncorrected E, (detected fragment) and total kinetic 
energy (TKE, in the lab system) spectra are shown. As is expected, 
this correction shifts both spectra to slightly higher energies. 
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7) Coincidence Requirements 
Coincidence events were selected by setting a gate around the 

peak in the TAC spectra corresponding to two different detectors (HI 
and a-particle or HI and Y-ray, see Fig. III.5) firing during the same 
beam burst. Random gates were set around neighboring beam bursts. 
However, tnese ranrlom corrections were generally insignificant as can 
be seen in the TAC spectra shown in Figs. IV.7 (Z-a) and IV.8 ( Z - Y ) . 
(The SuperHILAC beam microstructure frequency is approximately a 
factor of 10 larger than the fastest counting rates, therefore the 
probability that uncorreiated particles are detected in the same beam 
burst is small.) 

The trailing edge of the real peak of the Z-Y TAC (see Fig. IV.8) 
is primarily due to neutrons. Though the distance between the target, 
and the Nal detectors is insufficient to resolve the small neutron 
peak, the great majority of these relatively scarce Z-neutron events 
did not make a tight gate around the peak. 

8) Rest Frame Transformations 
As can be seen from the flow chart, Fig. IV.1, the a-particle 

in- and out-of-plane angles and the a-particle energy were transformed 
into the rest frame of the unobserved fragment. In addition, the 
solid angle Jacobian was calculated and written on tape. Subsequent 
sorting yielded energy spectra and angular distributions in the frame 
of the target recoil. In a similar manner transformations to other 
rest frames, such as the system center of mass, were also performed. 
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V. THE SOURCE OF ALPHA PARTICLE EMISSION 
A. 181ta + 165HQ 

The singles HI energy spectrum is shown in Fig. V.la. At this 
angle (29°) there are strong elastic (EL) and quasi-elastic (QE) 
components that contribute to the peak above 1000 MeV. At lower 
energies the 01 component is spread out over several hundred HeV. 
While the peak due to EL and qE scattering is dominant in singles 
mode, it is strongly suppressed when a coincidence between an 
a-particle and the heavy ion is required, as shown in Fig. V.lb. 
(Actually the suppression is greater than it appears by the direct 
comparison of parts a and b of Fig. V.l due to the fact that part b is 
not random corrected. When this correction is made there are essen
tially no coincidences in the QE and EL region, region 1 in part b of 
Fig. V.l.) 

The laboratory energy spectra for a-particles in coincidence with 
a heavy ion, with an energy in the DI region (the sum of gates 2, 3, 
and 4 in Fig. V.lb), are shown in Figs. V.2 and V.3. Figure V.2 shows 
these spectra for in-plane o-particle detection angles from 30° to 115° 
from the beam axis; while Fig. V.3 displays the out-of-plane spectra 
from 0° to 60° out of the reaction plane, at an in-plane angle of 55°. 

The major features of these spectra can be summarized as 
follows. The in-plane spectra show that the peak energy of the main 
component is rather constant up to approximately 60°; however, as one 
proceeds to more backward angles the peak energy raonotonically 
decreases with increasing angle. The out-of-Dlane spectra show a 
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steady decrease in the peak energy as the out-of-plane angle is 
increased. Finally, the most revealing feature of these spectra is 
the presence of two separate peaks at the most forward angle (30°). 
While examination of the data in this form does not lead to any firm 
conclusions concerning the emission.source(s), the two peaks at 
forward angles suggests the tentative conclusion that there are at 
least two emission sources. 

In order to determine these emission sources, the experimentally 
extracted root-mean-square velocity ( v r m s ) of the o-particles are 

a 
plotted in Fig. V.4a. Also shown on this figure are the velocity 
vectors for the detected projectile-like fragment (gated on the 
deep-inelastic events), the calculated velocity of the undetected 
fragment, and the velocity of the system center of mass. As this 
figure shows, the a-particle velocities are centered around the end of 
the velocity vector of the target-like fragment. This agrees with the 
assumption that the o-particles are emitted from the fully accelerated 
target-like fragment. In addition, the low energy component seen at 
30° can be attributed to emission from the projectile-like fragment. 
This component is not seen at more backward angles because it drops 
below the detection threshold, which is shown by the dashed arc in 
Fig. V.4. 

Further evidence for fragment emission can be obtained by 
determining the Q-value dependence of v r m s . In Fig. V.4b the 
average vector diagram for three different q-value bins are plotted 
(all in the deep-inelastic region, corresponding to regions 2, 3, and 
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4 in Fig. V.lb) along with the corresponding v r m s . A systematic 
a 

motion of the locus of v r m s is seen that can only be explained by 
a source that has a Q-dependent velocity. This trend is explained by 
the changa of the velocity of the target-like fragment with Q value, 
as shown in Fig. V.4b. 

These vector diagrams indicate that the bulk of the a-particles 
are emitted from the target-like fragment. However, a small discrep
ancy with this picture can be seen if the o-particle energy spectra 
are examined in the rest frame of th-- target-like fragment. If the 
strong component observed in the 1 abo.-atory energy spectra is -he 
result of evaporation from the target-recoil nucleus, then the 
o-particle spectra in the recoil frame should have the same spectral 
shape at all angles. These spectra are shown in Fig. V.5 as a func
tion of in-plane angle in the laboratory. The spectra are quite simi
lar in shape and have peak energies of -18 MeV, with the exception of 
the most forward angle data. While the spectra are quite uniform at 
backward angles, the most forward data show both a higher average 
a-particle energy and an increased yield. This can be seen in Fig. 
'.6 where the average o-particle energy for emissions from the target
like fragment (the projectile-like emissions were removed by a low 
energy threshold) and the in-plane distribution are shown as a func
tion of in-plane angle ip. the frame of the target-like fragment. The 
target-like fragment's recoil direction is arbitrarily taken as 0 
degrees. The in-plane angular distribution is given in terms of the 
differential multiplicity [Ho 77] 
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fa </dEHI d E
a Vol „ 

d n « = l/ d EHl Vol dnLab * U 

where Y. and Y s are the coincident (corrected by the solid angle 
Jacobian, ^T^p—) and singles yields and dn. . is the n-particle 
detector's solid angle. 

These data suggest that the target-like fragment is responsible 
for the bulk of emissions at angles equal to or larger than the recoil 
direction. However, there does seem to be an additional component 
that contributes at forward angles. 
B. nat A g + 84|<r 

In Fig. V.7a the inclusive secondary charge distribution (after 
particle evaporation) measured at <&•. . = 26° is shown. This charge 
distribution increases raonotonically as the Z-value increases toward 
symmetry, as has been observed in previous inclusive studies [Sc 78a, 
Sc 78b]. 

The fragment total kinetic energies (TKE) calculated by the pro
cedure described in the previous chapter are shown in part b of Fig. 
I/.7. A strong DI component is observed that is well separated from 
the quasi-elastic component. Since we were interested in a-particle 
emission from fully relaxed collisions, only Z-a coincidences that 
satisfied the gate shown in Fig. V.7b were analyzed. The high-energy 
shoulder above the elastic peak is due to a small amount of a heavy 
target contaminant that adds a negligible contribution to the 01 
region of the TKE spectra. 



-30-

Representative singles a-particle energy spectra are shown in 
Fig. V.8a for three lab angles. An increase in the complexity of the 
spectral shape is observed as the lab angle decreases from 90° to 
30°. This is not unexpected if the main source of o-particles is the 
fully accelerated fragments. (This would be the case if there was no 
prescission emission because the measured evaporation residue cross 
section for this system is less than 50 mb [Br 76]). For this case 
(fragment emission), the only emission source that should signifi
cantly contribute at backward angles is the target-like recoil, while 
at forward angles both fragments, with a large variety of velocities, 
can act as emission sources. A coincidence with a DI fragment simpli
fies the a-particle spectra as shown in Fig. V.8b. These energy spec
tra, which are generated by requiring a coincidence with a fragment 
having 26 £ Z £ 40 and TKE in the 01 region, are shown for the same 
angles as part a. At 90° the singles and coincidence spectra are 
simi.ar. This confirms our expectation that at this backward angle 
the bulk of the o-particles are emitted from the target-like recoil. 
At 60°, the coincidence spectrum again shows only one component, 
whereas the singles spectrum shows an additional low energy component. 
At the most forward angle, the singles spectrum is quite complex, 
whereas the coincidence spectrum can be interpreted in terms of a 
strong component from the target recoil and a weak one from the 
detected fragment. This latter component has a lower energy in the 
lab system because it results from the backward amission from a fast-
mo"ing source, as was the case for the Ta + Ho system. 
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The integrals of the o-particle energy spectra are shown in 
Fig. V.9 a; a function of lab angle for both the singles a) and 
coincidence b) data. The singles angular distribution shows a strong 
forward peaking. This anisotropy is primarily due to the multiplicity 
of forward moving emission sources. The 01 and Z-a coincidence 
requirements decrease the forward peaking. This is the result of the 
substantial reduction of strongly forward peaked components, such as 
emission from the projectile-like fragment. 

As was done for the Ta + Ho data, a figure superimposing the 
V r l T l s on the average vector velocity diagram has been constructed. As 
can be seen from Fig. V.IO the trend of the data at angles equal to or 
larger than the recoil angle agree with the predictions [Ri 81, Al 81] 
based on emission from the target recoil. However, at forward angles 
the a-particle velocities are somewhat larger than expected for pure 
target-like fragment emission. To gain confidence that the main com
ponent in the coincidence spectra results from the statistical evapo
ration from the target-like DI product and to try to understand the 
apparent discrepancy with this picture seen at forward angles, the 
energy spectra must be examined in the rest frame of the target-like 
fragment. 

Unlike the Ta + Ho analysis, the rest frame transformation 
for the Ag + Kr system was done as a function of mass asymmetry. 
The assumptions and procedure for this transformation have been 
described in the previous chapter. A two-dimensional plot of the cal
culated lahjratory recoil angle as a function of the atomic number of 
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the detected fragment i s shown in F ig . V . l l b . For reference a p lo t of 

the TKE as a funct ion o f charge o f the detected fragment i s given in 

F ig. V . l l a in the same format as par t b. The c lus te r o f i n t ens i t y at 

large TKE values and r e c o i l angles o f -70° wi th 1 o f 36 £ 1 i s a t t r i b 

utable t o e l a s t i c events. The DI component (see part a) shows a 

gradual increase in TKE as the system becomes more symmetric. For a 

deep- ine last ic react ion the TKE i s approximately the sum of the 

coulomb energy and the o r b i t a l ro ta t iona l energy of the dinuclear 

complex. The above TKE dependence resu l ts from the f a c t that the 

dominant coulomb term reaches a maximum f o r the symmetric dinuclear 

system. 

Figure V . l l b shows that fo r the DI component the reco i l angle 

varies wi th mass asymmetry from approximately 10° f o r the l i gh tes t 

detected fragments to 50° fo r symmetric d i v i s i ons . For the region 

26 <_ 1 <_ 40, the cross-section-weighted average reco i l angle is 

0. - 40° with a FWHM of 16°. The evaporation correct ion amounts to 

7° f o r I = 36. 

Several a -pa r t i c l e spectra in the reco i l res t frame are shown in 

Fig. V.12 fo r representat ive i n - and out-of-p lane angles. These 

spectra were obtained by requ i r ing a coincidence wi th p r o j e c t i l e - l i k e 

fragments (26 £ Z £ 40) having a TKE in the DI window. With the 

exception of the forward angle data, the spectral shape is independent 

of angle in th i s rest frame. This shape is evaporat ion- l ike wi th a 

peak energy of approximately 13 HeV. 
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The un i fo rmi ty of these spectra as a funct ion of angle st rongly 

suggests that the bulk o f these o -par t i c les are emitted from the f u l l y 

accelerated t a r g e t - l i k e fragment. This conclusion i s also supported 

by the examination o f the above data in the center of mass of the 

compound system (F ig . V.13). A s h i f t in the peak pos i t ion t o higher 

energies i s observed as one moves to larger angles implying that the 

true source must be moving in some d i rec t ion wi th a large $. . In 

f a c t , the magnitude o f the s h i f t in the peak seen in F ig . V.13 can be 

read i l y understood i f the res t frame i s tha t o f the target r e c o i l . 

The two most forward angles (30° and 42° , see F ig. V.12) contain 

a weak low-energy component, a t t r i b u t a b l e to backward emission from 

the fast-moving p r o j e c t i l e - l i k e fragment. The only feature in these 

spectra tha t i s not understood in terms of evaporation from exci ted 

nuclei is the excess o f higher energy a-par t ic les (above 15 MeV in the 

res t frame of the r e c o i l , corresponding to a lab energy of -40 MPV) 

observed at the most forward angle (30°) . 

These high-energy a-par t i c les are corre lated wi th an increase in 

the in-plane y i e l d at forward angles. Figure V.14a shows the energy 

integrated in-plane a -pa r t i c l e angular d i s t r i b u t i o n expressed as a 

d i f f e r e n t i a l m u l t i p l i c i t y . The weak low-energy component from the 

p r o j e c t i l e - l i k e fragment, which is seen in the most forward data, has 

been subtracted out . The data exh ib i t very l i t t l e angular dependence 

fo r the eight most backward angles. This i s consistent w i th isot rop ic 

in-plane emission from the t a r g e t - l i k e fragment. However, again as 
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in the Ta + Ho case, a substantial increase above the average of 
these backward angles (dashed line) is seen for the two most forward 
angles. 

The results from this study concerning the source of a-particles 
for both systems can be summarized by two statements. First, the bulk 
of the a-particles detected at angles equal to or larger than the 
target recoil angle, which are in coincidence with a projectile-like 
fragment deflected into an angular region around the grazing angle, 
are emitted from the fully accelerated target-like fragment. Second, 
there does seem to be a contribution of a-particles at forward angles 
that is not readily explained by emission from the fully accelerated 
fragments. However, this study did not focus on forward angle 
measurements; thus, insufficient data were acquired to determine the 
source of these a-particles. 



- 3 5 -

V I . SPIN DETERMINATION 

A. Gamma-ray M u l t i p l i c i t y . 

As i s of ten done, the sum of the fragment spins has been 

extracted from Y-ray m u l t i p l i c i t y data, [A l 75, Le 79, Gl 77, Al 78, 

01 78, Ge 79, Na 79 ] . The Y-ray m u l t i p l i c i t y data consist of the 

r e l a t i v e p robab i l i t i es tha t N i - rays w i l l be detected in an array of 

y-ray detectors . In the present experiments seven or e ight Nal 

detectors were employed fo r t h i s purpose. An example o f a spectrum of 

these p r sbab i l i t i e s (N-fold spectrum) i s shown in F ig . VI 1 ( the logic 

f o r generating t h i s parameter i s shown in F ig. I l l 7) . The algorithm 

described by Sarant i t ies e t a l . [Sa 76] was employed to ca lcu la te M 

from an N-fold spectrum. 

The sum of the fragment spins was calculated from the r e l a t i o n , 

I, + I u = 2(M - 6) + I „ . These spins as a funct ion of e x i t channel 
L H Y P 

mass asymmetry fo r the n a Ag + Kr system are l i s t e d in Table 5. The 

correct ions ( I ) f o r the angular momentum removed by the evaporated 

neutrons and o-par t ic les were calculated fo l low ing the prescr ip t ion o f 

Blau and Moretto [Bl 81 ] . These correct ions averaged 28% and are 

therefore essent ia l f o r a quant i ta t i ve comparison between the spins 

derived from M and the spins derived from the out -of -p lane 

o -par t i c le angular d i s t r i b u t i o n s , which are the subject o f the 

remainder of t h i s chapter. 

8. The Data: out-of-plane a -pa r t i c l e d i s t r i b u t i o n s . 

Since the bulk of the a-par t ic les emitted a t angles near or 

behind the reco i l angle are emitted from the ta rge t - reco i l fragment, 
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the out-of-plane angular d i s t r i b u t i o n s of a -par t i c les i n t h i s angular 

region contain information on the spin of the t a r g e t - l i k e fragment. 

1. 1 8 1 f a + 1 6 5 H0 

For the Ta + 5ho system data were acquired at an in-plane 

laboratory angle of 55° which i s c lose t o , but behind the average 

reco i l angle (djj = 47° ) . The measured a - p a r t i c l e energy spectra 

as a function of out-of -p lane angle are shown in F ig . VI 2 (the i n -

plane angle i s 55° f o r a l l of the spect ra) . The angle from the normal 

to the react ion plane (» ' = 90 e) var ies from 90* ( in-p lane) t o 30°. 

The most out-of-p lane spectra, 60" out o f the react ion plane (a 1 = 

30° ) , corresponds to - 90° out-of-p lane in the res t frame of the t a r 

get r e c o i l . Therefore, the en t i r e 0°-90° range i s covered by the data 

shown in F ig . VI 2. 

The in tegra ls of the spectra shown i n F ig . VI.2 are shown in F ig . 

VI.3 as so l i d c i r c l e s . This f i gu re c l ea r l y indicates the decrease i n 

y i e l d as the out-of-p lane angle increases (or as the angle from the 

normal to the react ion plane decreases) w i th an in- t o out -of -p lane 

anisotropy ( y i e l d i n -p lane /y ie ld out-of-p lane) o f - 1.4. Such a 

focusing of the a-par t i c les in to the react ion plane i s of course 

expected f o r an object spinning about an axis pa ra l l e l to the normal 

to the react ion plane. The upturn in the angular d i s t r i b u t i o n at the 

most out-of-plane point (» ' - 9°) i r inconsistent w i th t h i s expecta

t i o n . This discrepancy (- 10% from a smooth curve drawn through the 

other points) is considerably larger than the s t a t i s t i c a l e r ror 

(approximately the size of the points) and therefore must be 
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a t t r i bu ted to a systematic e f f e c t . I t i s possible that t h i s d iscrep

ancy could be due to a small (10%) contamination o f the main evapora

t i v e component from the t a r g e t - l i k e nucleus by emissions from the 

p r o j e c t i l e - l i k e fragment. A contamination o f t h i s magnitude to the 

low energy por t ion o f the most out-of-p lane spectrum would not 

s i g n i f i c a n t l y d i s t o r t the spectral shape. 

2. n a t A g + 8 4 K r 

The out-of-p lane angular d i s t r i b u t i o n fo r the n a Ag •* Kr 

system i s shown on F ig . V.14b. The in-plane angle f o r these data i s 

(ij: = 41" which i s the average r e c o i l d i r ec t i on fo r the analyzed 

data (TKE in the DI window and 26 < Z, <_ 40). In contrast to the 

in-plane angular d i s t r i bu t i ons (F ig . V.14a), the out -of -p lane y i e l d 

decreases smoothly wi th increasing out-of -p lane angle, exh ib i t i ng an 

anisotropy of approximately 2. 

In F ig . VI.4a angular d i s t r i bu t i ons fo r s ix Z-bins are shown. 

(Here the d i s t r i bu t i ons are labeled by the charge o f the emit t ing 

fragment.) A gradual sharpening o f the angular d i s t r i bu t i ons as the 

charge of the emit ter increases is evident. Since the anisotropy o f 

the out-of-p lane angular d i s t r i bu t i ons of sequent ia l ly emitted par

t i c l e s should increase wi th the spin of the em i t t e r , t h i s observation 

t en ta t i ve l y indicates tha t the fragment spin increases wi th the mass 

asymme t r y . 

Because the y-ray m u l t i p l i c i t y r e f l ec t s the sum o f the spins of 

both fragments, i t i s o f i n te res t to see how sens i t i ve the o -par t i c le 

angular d i s t r i bu t i ons are to the i—ray m u l t i p l i c i t y . In part b o f 
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Fig. VI.4 angular d i s t r i bu t i ons are shown f o r the same Z bins as shown 

in part a, but wi th the addi t ional requirement tha t two or more y rays 

be in coincidence wi th the a -pa r t i c le and the DI fragment. This r e 

quirement was imposed by pu t t ing a gate on the N-fold parameter, F ig . 

V I . 1 . In the mass region covered by t h i s study, the y-ray m u l t i p l i 

c i t y i s l i n e a r l y re la ted t o the sum o f the spins o f the two fragments 

[Na 79, St 79 ] . Thus, requ i r ing an increasing number o f y-rays t o be 

in coincidence with Z-a events should bias the fragment's spin d i s t r i 

but ion towards larger values and resu l t i n a greater focusing o f the 

** angular d i s t r i b u t i o n i n to the react ion plane. This e f f ec t i s 

c l ea r l y seen when parts a and b o f F ig . VI.4 are compared. 

C. Formalism. 

The formalism developed by Moretto, Blau and Pacheco [Mo 75, Ho 
81a] has been used to analyze the out-of-plane a-particle angular 
distributions. This formalism is based on the transition state 
concept [for example, Ha 58 and Gl 41] and treats sequential fission 
and sequential light particle emission within the same framework. 
This method [Mo 81a] has been used in the analyses of both types of 
data (sequential fission [Mo 82, Le 81] and the a-particle [So 81a]). 
To facilitate comparison with other studies which employ different 
formalisms, this section describes the formalism of Moretto et al. at 
several levels of sophistication. 

For the description of angular distributions using the transition 
state model, the rotational energy at the critical decay shape (the 
shape where the decay process becomes irreversible, the saddle point 
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shape in the case of fission) must be known. This energy can be 
written as 

E...-S U 2 - K 2 ) + ^ K* Lrot _ 2$L 
(2) 

The quantities in this expression are shown in Fig. VI.5 where the 
critical shape for light particle emission is schematically depicted. 
The total angular momentum is I and its projection onto the separation 
axis is K. The moments of inertiaj/ andjt, are related to the 
rotations about the axes perpendicular and parallel to the separation 
axis. This implies that the probability that the saddle configuration 
has any given K value is proportional to 

h IT2 

W, ( I 
K * ) + k (3) 

where T is the nuclear temperature. Using the t r a n s i t i o n s tate 

assumption [Ha 58] that the f i n a l K -d is t r ibu t ion i s determined by the 

K values which character ize the nucleus at the c r i t i c a l decay shape, 

the p a r t i c l e decay width can be wr i t t en [Mo 75, Mo 81a] as 

r a e 

h V / i 
2T U . 

1 
2T YT'k) (4) 

where the rotational energy and moment of inertia of the compound 
nucleus are h I I2)< and J< , respectively. 
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Equation 4 can be rewr i t ten as 

2T U J,c 

where 

2K„ 

c*eff T _ T_ A 
= h 2 = h 2 ^ | | " MY1 

(5a) 

(5b) 

Thus t h i s s t a t i s t i c a l mechanic^ approach predic ts a Gaussian d i s t r i b u 

t i o n fo r the pro ject ion (K) of the angular momentum on the heavy-ion 

evaporated p a r t i c l e separation ax is . The variance of t h i s d i s t r i b u t i o n 

is given by the parameter K . 

The angular d i s t r i b u t i o n o f the evaporated pa r t i c l es i s obtained 

by expressing the angle (a) between the t o t a l angular momentum I , and 

the separation axis (y ax i s , see F ig . VI.5) wi th un i t vector n, i n 

terms of the polar angles 0 ' and & ' . 

K = I-cos o = I*n I sin&'cos0' + I sine'sintf' + I cose'. (6) y x z 

If the direction of the angular momentum is fixed, we may choose 

our coordinate system such that I 1 = 0 and I z = I. Under this 

condition of total alignment of the angular momentum, the angular dis

tribution is given by 

..(1) (»' exp 
2 c o s 2

S ' \ e x p / l 2 s i n 2 8 ' \ 
2Kl / \ 2Kl / (7) 
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This relation can also be derived from the Ericson and Strutinski 
[Er 58] formalism by integrating over the distributions of orbital 
angular momenta and energy of the emitted particles [ W ] . This 
expression has been employed in the analysis of previously reported 
deep-inelastic [Ba 80] and compound nucleus data [Ca 80]. 

Since there is good evidence for rather large misalignments of 
the fragment spins in deep-inelastic reactions [Ch 80, McD 82], this 
effect should be included in the angular distribution formalism. If 
the spin alignment of one fragment is described by Gaussian distribu
tions in the Cartesian components of the angular momentum with vari-

7 7 2 ances oj, or;, and a , then the light particle decay width is given x y z 
by [Br 79, Mo 81] 

exp -A 2 

2T Y>1 "j-cj i-rn-exP S(s>',*') 
-I 2cos 2(e') 
2S2(e',0') 

(8a) 

with 

S 2(s'J ' ) = K 2 + aZ cos 2*' sin 2&' + a 2 sin 2d'sin 29' + o 2 cos 2s' (8b) 

which gives a form similar to equation 7 for the angular distribution, 

(9) •.(2)(»',»•).. S ( J , t ' ) e x P -I2C0S29' 
2SV.0) 

By fitting equation 9 to an out-of-plane distribution one can extract 
the root-mean-square spin of the primary spin distribution biased by 
the angular momentum dependence of o-particle emission. 
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To obtain the correct form for the angular distribution of light 
particles evaporated from nuclei which have a distribution of spins, 
one must integrate the form for the angular distribution for a given 
spin over the spin distribution of the parent nucleus. This integra
tion is important not only because the shape of the angular distribu
tion changes with spin, but also because competition between various 
possible ejectiles can significantly change with angular momentum. 
Thus spins evaluated from one expression derived without this integra
tion can only be related to the distribution of spins leading to that 
particular particle decay. However, integration over the spin distri
bution weighted by the angular momentum dependence of the emission 
probably leads to spins that are related to the primary spin 
distribution. 

This integration is of the form, 

«.v(&\<n =/ p(D u

 r ( I ) di . do) 
min T 

In this expression, 
ID (e-' ,$' ) = the angular distribution of particle v, 

P(I) = the spin distribution, 
r [1,9-' ,i' ) = the decay width of particle v as a function of 

tiigular momentum and angle, 
r T (I) = the total decay width as a function of angular 

momentum. 
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Since i t i s reasonable t o expect that the fragment spin d i s t r i b u 

t i o n w i l l r e f l e c t the entrance channel angular momentum d i s t r i b u t i o n , 

one can take the formalism a step fa r ther by f o l d i ng the angular d i s 

t r i b u t i o n funct ion with the fragment spin d i s t r i b u t i o n . I f the 

fragment's spin d i s t r i b u t i o n i s taken to be o f the form 21 and bound 

by I„ . -„ and I „ , „ , then the angular d i s t r i b u t i o n i s given by min max 

rWx (i, »',#•) 
U j f ' , * ' ) = / 21 - 2 - j ; dl . (11) 

- ' m i n 

This expression depends upon the relative magnitude of the alpha and 

neutron total decay widths. These widths can be determined from 

experimental data or the ratio, 

^ = A e l B (12a) 

where & = i exp f - (BE + CB - B E J / T ] 
c. I a a n _| 

and (12b) 

H-H) • (12c) 

In the expression for A, BE and CB are the n -pa r t i c l e binding a a 

energy and Coulomb bar r ie r fo r o -pa r t i c l e emission, whi le BE is the 

neutron binding energy. The parameter B accounts fo r the change in 

the r e l a t i v e a/n decay widths as a funct ion o f angular momentum. This 

parameter depends upon the moment o f i n e r t i a o f the residual nucleus 

a f ter neutron emission, J r n , as wel l as 4 and the nuclear 



-44-

temperature (T). If the ratio r IT is small, then r T « r 
and the integral in equation 11 can be evaluated, with the analytical 
result, 

2 2 
m ( 3 )(»',«•) - (e~ m i n - e~ m a x )/S(&',0;)A (13a) 

2 
where A i ™1_*1.— _ B _ ( 1 3 b ) 

2S<V.9') 

If r is not much smaller than r then the integral in equation 11 a n 
can be solved for' r T = r_ * r to yield the more complicated T N o 
exp. °ssion given below: 

»W(*',r) -L, ^ - W .'M/S(.',#') (14a) xmin ^max 

where 

Q,- ln<a<M/2s4 + ^£^4n^n# • ™ 

The derivation of this expression is provided in Appendix A. 
Each of the four forms of the angular distribution (Eqs. 7, 9, 

13, and 14) depend upon some of the following parameters: I r mc» 'min' 
2 2 7 

L . T> ̂ W*> Bt °w> °v> "', and 4. While some of these parameters 
rD3X SIT y X Z 

can be extracted from the experimental data, others can be calculated 
from reasonable models. The determination of these parameters, the 
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sensitivity of the angular distribution to these parameters, as well 
as the results of calculations using each of the forms <u' ' through 
nr ' are discussed in the next section. 
D. Alpha-particle Results 

1. 1 8 1 T a • 1 6 5 H o . 
The choice of parameters for the analysis of the out-of-plane 

distribution from the Ta + Ho experiment is greatly simpli
fied by a number of experimental observables. To start with, the 
o-particle multiplicity is small and therefore r /r„ is much less r an 
than 1. Under this condition, Eq. 14 reduced to Eq. 13. Furthermore, 
since the evaporation residue cross section is small or negligible, 
I . is approximately 0, which reduces the first term in Eq. 13 to 
unity. 

For asymmetric systems there is both experimental [Dy 79, Le 81, 
Mo 82] and theoretical [Br 79, Sc 82] work that suggests the variances 

? 2 2 a\ a and a are not equal. On the other hand, in-plane sequential x y z 
fission angular distributions for near symmetric systems do not exhibit 
large anisotropics for DI events, indicating that the in-plane widths 
(o and a ) are not significantly different. This result supports the 
equilibrium model developed by Moretto and Schmitt [Mo 80] and S'hmitt 

2 2 2 and Paci.aco [Sc 82], which predicts a ~ o - o for near symmetric 
A y e 

systems. This model derives some additional support from its ability 
to reproduce the y-ray anisotropies measured by McDonald et al. [McD 
82]. In this work the continuum y-ray multiplicity and anisotropy 

165 165 were measured for the Ho + Ho at 8.5 MeV/amu system. These 
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measured quantities along with the spin per fragment, extracted from 
the M data, are shown in Fig. VI.6 for three angles. Though r-ray 
anisotropics are insensitive to the differences in the in-plane 
widths, and to first order insensitive to a , they are sensitive to 
the misalignment (which is related to the magnitude of the in-plane 
spin component). 

If the simplification suggested by the equilibrium model is 
employed the parameter S is no longer a function of angle, i.e., 
S = K' + o , Using this simplification, which is supported by 
experimental data, the most sophisticated form for the angular distri
bution .educes to, 

<o (o 1) a l l -e" m a x 1 /SA . (15) 

The angular dependence is contained in the parameter A (Eq. 13b). 
Though the experimental data do not suggest further 

simplifications in the form of the angular distribution, they do 
provide information on the remaining parameters. The Ho + 
1 5 5 H o study [McD 82] suggests values for both I and a 2. Since the 

MaX values of £ are almost identical for the 1 6 5 H o + 1 6 5 H o and the max 
Ta + Ho systems (the slightly larger interaction radius of the 

later system is compensated by a lower average energy in the center of 
the target) the spin of an individual fragment deduced from the M 

ICC 

work of McDonald et at. can be used to estimate Imax. For the Ho + 
Ho system the average primary spin per fragment when one of the 

fragments is detected near the grazing angle is - 33fi. (See the center 



-47-

plot in the collage of plots in Fig. VI.6.) Since I„,„ in Eq. 15 is 
max 

the maximum spin of a triangular distribution, it can be estimated 
from the average experimental spin, 

1 fiR Ifi^ As mentioned earlier, the Ho + Ho data were successfully 
reproduced with the model of Moretto and Schmitt [Mo 80]. This mode1 

predicts that for a symmetric system, 

c2 - Tj. (17) 

where ^ is the moment of inertia of one of the two fragments. In the 
present analysis the moment of inertia of a spherical fragment with 
the m Q-s of the target wus used, (<£ ~ 83 h /MeV). The temperature 
can be calculated from the average energy available for thermal 
excitation from, 

aT 2 (18a) 

with the level density parameter a = A/8 MeV and 

E = E l o s s - E r o t • ( 1 8 b > 

The small correct ion (<̂  4%) fo r the energy involved in ro ta t i on of the 

fragments was calculated using r i g i d ro ta t i on pred ic t ions . The resu l t 
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is a temperature of 2.5 ± .1 HeV. The error is dui'; to the uncertainty 
in the detected fragment's mass which results in an uncertainty in 
Eloss* 

To check the Q-value deduced temperature, an independent value 
was extracted from the tail of the a-particle energy spectra. 
(Actually, the temperature deduced from the a-particle spectra should 
be slightly lower than the value deduced from the Q-value due the 
a-particle binding energy and translational energy that are removed by 
the emission process. These energies, which should be subtracted from 
the right hand side of Eq. 18b, are much less than E. and change 
T les- than the error introduced by the uass uncertainty mentioned 
above.) The a-particle energy spectra, Fig. VI.a, not only provide 
information on T but also onJ< ,-. This is due to the fact that the 
critical decay shape not only determines the relevant moments of iner
tia (Eq. 5b) but also the Coulomb barrier and thus the mean energies. 
Thus by adjusting the critical decay shape so that the energy spectra 
are reproduced, J* f f can be calculated from the values ofj*,, andJ» 
for this configuration, see Fig. VI.5. 

The a-particle energy spectrum was calculated using the formalism 
described in Mo 75. This formalism models the critical decay shape by 
the equilibrium configuration of the rotating fragment, a-particle 
complex in a spheroid-sphere model. Shape polarization and fluctua
tions about the equilibrium shape, which has a ratio of axes of - 1.1, 
were taken into account. The polarization and fluctuations contribute 
both to "sub-barrier" emission and to harder tails than would 
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otherwise be present. By adjust ing the surface separation (S = 1 fm) 

and radius parameter ( r = 1.5 fm) the spectrum superimposed on each 

o f the f i v e out-of-p lane spectra shown in F ig . V I . 1 w?.s ca lcu la ted . 

The close agreement between the data and the ca lcu la t ion (which uses a 

temperature of 2.5 MeV) i n the region o f the peak and in the slope in 

the high energy t a i l corroborates the Q-value deduced temperature. 

The ca lcu la t ion does not reproduce the data i n the low energy reg ion , 

(<, 15 MeV) because the formalism does not e x p l i c i t l y include ba r r i e r 

penetrat ion. In add i t i on , the very low energy por t ion o f the spectra 

may contain some p r o j e c t i l e - l i k e emissions. This type of contamina

t i on would be most serious f o r the most out-of -p lane spectrum because 

the average lab energy o f the main component drops to only 15 MeV 

above the threshold, making i t d i f f i c u l t t o i d e n t i f y a s t i l l lower 

energy contaminant. 

From the geometry and parameters given above the values o f - A and 

•Jr., and thus Ji - - were ca lcu la ted. To ca lcu la te A (needed fo r 6, 

see Eq. 12c), the residual nucleus a f te r neutron emission was taken to 

be spher ica l . 

Using the parameters described above, the out-of -p lane d i s t r i b u 

t i on shown in F ig . VI.3 (so l id l i n e ) was calculated using Eq. 15. The 

ca lcu la t ion agrees qu i te n ice ly wi th the data wi th the exception of 

the most out-of-p lane po in t , which as mentioned e a r l i e r i s probably 

subject to a systematic e r ro r . 

The calculated shape o f the a -pa r t i c l e out-of-p lane angular 
2 

d i s t r i bu t i on i s qui te sens i t ive to the parameters I and IC but 

i s insens i t ive to the other parameters. The i n s e n s i t i v i t y to the 
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magnitude of the misalignment can be seen by comparing the relative 
7 ? 7 7 

magnitudes of a and K!;. In this case a /KJj - 1/7; thus the 
2 2 

inclusion of o changes S by only 14%. Since the shape of the angular 
distribution is roughly constant for a fixed value of I m a x/S, 

2 
increasing I by - 7% compensates for the inclusion of o . Because 
of this insensitivity, no effort was made to make further refinements 
concerning spin misalignments. Such refinements, which can include 
the effects of deformation and unequal misalignments, may be important 

7 7 
f o r sequential f i s s i o n work were a - KS 

The s e n s i t i v i t y of the ca lcu la t ion t o the two most important 
2 

parameters I and K~r is illustrated in Fig. VI.3. The dashed 
r max o " 

l ines indicate a 10% change i n e i ther o f the parameters. E x p l i c i t l y , 

the upper dashed l i n e i s the resu l t o f a 10" decrease in I or 

approximately a l f f i increase in K . Since these curves systematic

a l l y disagree wi th the data i t i s c lear t h a t , f o r example, the average 

spin can be Estimated to bet ter than 10% i f IC i s known. Perhaps the 

most important resu l t from the Ta + Ho study is t ha t the fo rmal 

ism described in part B of t h i s chapter, when coupled wi th input 

parameters extracted from experimental data, does an admirable job of 

reproducing the out-of-p lane d i s t r i b u t i o n . 

2. n a t A g + 8 4 K r . 

As was mentioned in Section VI B, the sharpening of the angu1 -«• 
distributions as the charge of the emitter increases (Fig. VI.4) 
tentatively indicates that the spin of the heavy fragment increases 
with mass asymmetry. The word "tentatively" was used because the 
shape of the distribution depends upon several parameters in addition 
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to the spin. However, as we have just seen in the previous subsection 
the shape of the out-of-plane distribution is most sensitive to the 

2 
parameters I and K!|. Thus, to determine whether the tentative 

2 conclusion is correct all one needs to know is the trend of K' with 
asymmetry of the DI exit channel. 

As the mass asymmetry of the sequential decay channel (in this 
2 

case HI - a) increases, K!i increases. This is due to the fact that 
the relative contribution of the light fragment (a-particle) to 
decreases as does the polarization of the major fragment (see Fig. 
VI.5). Thus-*' tends to a value nearc"'.. as the sequential decay 
asymmetry increases and K' becomes quite large, (see Eq. 5b). Since 
we are studying emissions from the larger of the two DI fragments, the 
mass asymmetry of the sequential a-decay channel increases with 
increasing asymmetry of the DI exit channel. Tnus to get the trend 
seen in fig. VI.4, not only must the average spin increase with mass 
asymmetry, but it must increase faster than K does. 

To quantitatively extract spins from the out-of-plane distribu-
2 tions values for K"" must be known. Unfortunately, the energy spectra 

for the individual Z bins do not have sufficient statistics to obtain 
accurate values of K' for each asymmetry. Due to this difficulty the 
angular distributions shown in Fig. VI.3 have been fit to all four 
forms of the angular distribution with various sets of parameters. 
The methods for the calculation of the parameters (most importantly 
K') are described below. These fits indicate that while there is some 
ambiguity concerning the absolute magnitude of the spins (because of 

2 
uncertainty of K ) the trend with mass asymmetry is well established. 
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The root^nean-square spin values for the heavy fragment, extracted 
as a function of exit channel charge asymmetry, are shown in table 5. 
The errors listed in this table represent only the statistical error. 
The columns correspond to different levels of sophistication in the 
formalism used to extract the spins. The temperatures used to calcu-
late K!r were calculated using Eq. 18. However, the excitation energy 
(E*) was corrected for the difference in binding energy between the 
entrance and exit mass asymmetries. This small correction employed 
liquid drop energies and the equilibrated masses (see Chapter III). 
The temperatures calculated with this procedure varied from 2.75 (most 
asymmetric bin) to 2.95 (symmetric bin), which are in close agreement 
with the valuj of 2.9 HeV which was extracted from the unbinned 
a-particle energy spectra shown in Fig. V.12. 

The spins in columns a and b both result from fitting equation 7 
to the out-of-plane distributions. These two sets of spins differ 

2 

only in the method used to ca lcu la te IC. To generate the spins in the 

f i r s t column, the c r i t i c a l shape f o r decay of the a -par t i c le - res idua l 

nucleus system i s that o f two touching spheres. With t h i s model the 

moments of i n e r t i a are given by 

J y =J, ; J } i =J, + u d 2 -Jfc + y ( r Q M 1 / 3 + RJ- . (19) 

Here, is the moment of inertia of the residual nucleus and is equal 
2 

to 2/5 MR . The radius of the a -pa r t i c l e was taken to be, R = 
a 

2.53 fm and r Q = 1.225 fm. 
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The trend of these extracted spins agrees with the predictions of 
rigid rotation of the deep-inelastic complex which consists of two 
touching spheroids. However, the magnitudes do not agree with the 
results from y-ray multiplicity work. Both previous work [Al 78) and 
the present study obtained values for M of less than 25 for all 
measured asymmetries. A comparison of the total spins obtained from 
the H data (column g) with the individual spins (column a) extracted 
with equation 7 assuming a spherical critical shape for a-particle 

*. decay clearly indicates that the use of this configuration results in 
an overestimate of the fragment spin. 

For the second column in table 5 the critical shape was taken as 
the equilibrium configuration of the rotating fragment-a complex in a 
spheroid-sphere model [Ho 75]. This configuration is more extended 
along the separation axis than two touching spheres (ratio of axes is 

9 

~ 1.1). This results in a reduced value of K' and in smaller spin 
values. This reduction in K improves the agreement between the spin 
values extracted from the H data and the a-particle distributions. 
This improved picture of the a-particle-residual nucleus system is 
used in the subsequent formulations of the angular distribution. 

The spin misalignment is introduced by means of eq. 9. Due to 
the predicted insensitivity of the a-particle distributions on this 
misalignment and the near symmetry of the system, the simplifying 

2 assumption o - o v - a was used. The values of a (as a function of 
mass asymmetry) were calculated with Eq. 17 assuming spherical 
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fragments and r » 1.225 fm. The inclusion of misalignment increases 
the spins by 2 to 3h (Table 5, compare columns b and c). The 
importance of the misalignment on the extracted spin value can again 
be related to the relative magnitude of o and K'. In this case 
a/Kg - 1/4; thus, including o 2 changes S 2 by -25% and therefore the 

p p fragment spin by only -10%. (The ratio a /KJ" is larger than in the 
previous case primarily due to the decreased mass asymmetry of the 
sequential decay. This asymmetry, however, is still sufficiently 
large so that the distributions are quite ii.sensitive to a .) 

The spins contained in the next two columns of table 5 (d and e) 
are obtained from the spin-integrated forms of the angular distribu
tion, respectively equations 13 and 14. The lower limit of integra
tion, Imi-_, was estimated from the lowest 2,-wave, £_.--, leading to 
a nonevaporation residue event and then assuminij rigid rotation of the 
intermediate complex. The value of i . was calculated from the 
evaporation residue cross section [Br 76] in conjunction with the 
sharp cutoff approximation.*** The parameter A was estimated from the 
total a-particle multiplicity considering the contribution to this 
multiplicity from second chance emissions. The spins from these 
integrated forms (columns d and e) agree within S% of those obtained 
from ths unintegrated form (column c). 

As expected the spin of the heavy fragment increases with 
increasing mass asymmetry. The spins in column e are plotted in Fig. 
VI.7. These spins are compared to several model calculations in the 
next chapter, but before proceeding with this comparison it is 



-55-

interesting to see the effect of gating on high M events. Also 
shown in Fig. VI.7 are the spins extracted (eq. 14) from the distribu
tions (Fig. VI.4b) generated with the requirement of at least two 
coincident T-rays. As can be seen by comparing the closed circles (no 
f-ray requirement) to the open circles (>2 f-rays) that the effect of 
gating on high H events is to increase the average spin per fragment 
by approximately 2h. 
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VII. SPIN CALCULATIONS 
It is convenient to know the predictions of some simple friction 

models when one is trying to use data to elucidate the process by 
which orbital angular momentum is converted into intrinsic fragment 
spin. (In this regard, the interested reader im.y wish to consult the 
reviews Le 79, Bo 77.) Two possible friction forces, which can create 
intrinsic spin, are sliding friction and rolling friction. In the 
contrived situation that only sliding friction is acting, the two 
nuclei roll on each other. However, if rolling friction is present 
the nuclei will eventually stick and rotate rigidly. When both 
frictional forces are present one can envision that the nuclei behave 
in a fashion analogous to what happens when a ball is thrown down a 
smooth plane (such as in bowling). At first the two surfaces slide 
over each other; after a time, the rolling limit is reached. After a 
further passage of time the equilibrium limit of rigid limit is 
reached (a situation which plagues small children when they bowl for 
the first time). 
A. Rolling. 

For the case of rolling friction a simple relationship between 
the angular momentum induced in each nucleus and the moment arms or 

radii can be derived [Le 79, Bo 77], 

r 2 - R 2 
(20) 
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where I, - are the induced fragment spins and R, _ are the radii 
of the two nuclei. This relation (Eq. 20) is valid when the frictional 
force acts only at the point of contact, as in the sliding stage and 
rolling limit, but need not be true with more complicated frictional 
forces. 

Combining Eq. 20 with the rolling condition that the peripheral 
velocities of the two fragments must be equal and utilizing rigid 
sphere moments of inertia, results in the relation 

h + ̂ -Kot • < 2 1> 
where L t is the total angular momentum of the system. Equations 
20 and 21 imply that in the rolling limit the individual fragment 
spins are only weakly dependent on mass asymmetry (R = A ' ) and 
that the sum of the fragment spins is a fixed fraction of the total 
angular momentum and thus independent of mass asymmetry. 
B. Rigid Rotation. 

The sticking condition is specified by the condition that the 
angular velocities of the two fragments (M, ,) and the angular 
velocity of relative motion (<"rei) are all equal 

"Yel (22) 

This equality leads to the partition of angular momentum in proportion 
to the relevant moment of inertia, 
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J1 " Jtot J^7p^-{ ( 2 3 ) 

where i = 1, 2, or rel. 
Thus, 

1\ '• lZ : !rel = * 1 : ^ 2 :^rel 

In those expressions J L , ^ , , andji , are the moment of inertia 
for fragment 1, the moment of inertia for fragment 2, »nd the moment 
of inertia for relative motion, respectively. Therefore, in the rigid 
limit an individual fragment's spin is strongly dependent on its mass. 
This dependence in the case of spherical rigid body moments of inertia 
is roughly I « A (J>= 2/5MR ). Equation 23 can also be used to 
predict the sum of the fragment spins, I, + I-. This sum has a 
minimum for symmetric masses, (A, - h~„)>, - J O a t 'l + '2 = 2' 7 'tot' 
when the complex is modeled by two touching spheres with rigid body 
moments of inertia. 

For comparison, the predictions of both rolling and rigid rota
tion for the individual fragment spin and the sum of the spins is 
shown in Fig. VII.1. This figure clearly illustrates that the predic
tions of the two limits are quite similar in both magnitude and slope 
for the sum of the spins near symmetry. On the other hand, the two 
predictions for the dependence of an individual fragment's spin on 
mass asymmetry strongly differ at symmetry. 
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C. Rigid Rotation plus Angular Momentum Fractionation. 
Gamma-rav multiplicity studies of several Kr reactions conducted 

by Aleonard et al. [AI 78] gave results that were inconsistent with 
the simple rigid rotation model described above, see Fig. VII 2. 
Rather than give up the equilibrium limit of rigid rotation which had 
been verified for lighter systems and implied by the relaxed kinetic 
energies, it was suggested [Al 78, Re 78] that there was an I—wave 
fractionation with mass asymmetry. This fractionation would produce a 
bias in the 4-wave distribution which populates a given mass asymmetry 
such that the larger the asymmetry the lower the average si-wave. 
Since the average Jl-wave would decrease with asymmetry, the fragment 
spins would not show the expected increase with asymmetry even if the 
dinuclear complex was rotating rigidly,, see Fig. VII 2. 

The theoretical justification of an Jl-wave fractionation is 
twofold. First, long interaction times and thus low n-waves are 
needed to populate large asymmetries. The second justification is due 
to the fact that the potential energy as a function of mass asymmetry 
depends strongly on angular momentum. A perspective plot of a 
potential energy surface, which is similar to those for the Kr 
reactions, is shown in Fig. VII 3. This figure illustrates that for 
most asymmetries the potential energy slopes toward symmetry, and that 
the slope increases with angular momentum. Therefore, large 
asymmecries tend to be populated by low J-waves. Calculations of the 
equilibrium it-wave distributions populating each asymmetry can be done 
using the formulae of Moretto and Schmitt [Mo 80] or by using a 
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diffusion model (in the long interaction time limit) [Ri 78]. 
Calculations for the n a Ag + Kr system using a diffusion model 
[Sc 80] indicate that, for example, the mean 2,-wave value populating 
Z, - 26 is - 80^ of the value populating Z, . 36. 
D. Calculations versus Data. 

The rolling limit predicts a change of only - 2.5ft over the 
asymmetry region shown in Fig. VI 7. Since the observed change is 
more than four times this value, it is clear that the rolling limit 
(infinite sliding friction but no rolling friction) provides a poor 
description of actual frictional forces. On the other hand, the rigid 
rotation calculation (solid line in Fig. VI 7) does an admirable job 
of reproducing the experimental data with the exception of the most 
asymmetric points. These asymmetric points, where the measured spins 
fall below the rigid rotation calculation, suggest the influence of 
S.-wave fractionation on the fragment spins for the most asymmetric 
exit channels. 

The dashed line in Fig. VI 7 is a rigid rotation calculation 
where the total angular momentum ( I t o t ) f°r e a c n asymmetry is taken 
as the mean Jl-wave populating that asymmetry as determined by a 
diffusion model in the long time limit [Sc 80]. The fact that the 
data fall between the rigid rotation calculation with a constant 
d-wave window and the calculation just described suggests that there 
is Jl-wave fractionation, but Ihat this effect is not as strong as the 
equilibrium calculation would imply. 
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VIII. DISCISSION OF RESULTS 
A. Emission Source. 

One conclusion of this study, tl.at the bulk of the o-particles 
are evaporated from the fully accelerated DI fragments, is consistent 
with most of the published work for.low energy HI reaction [for 
example: Ba 80, Ey 78, Hi 79, Ku 80, Pe 77]. However, for systems 
that are quite similar (in terms of energy over the Coulomb barrier, 
total mass and angular momentum) to Ag + °\r at 664 MeV, several 
studies [Lo 80a, Lo 80b, Gu 81] have found a large prescission com
ponent. This apparent disagreement can almost be reconciled by one 
experimental difference between the published studies of Logan at al. 
and the studies reported in this thesis or the other studies mentioned 
above. In the coincidence work of Logan et al. a bias towards the 
detection of LPs in coincidence with fusion-fission events is intro
duced by the detection of the HI at angles much larger than the graz
ing angle. On the other hand, in the present work (and most others 
[Bu 80, Ey 78, and Hi 79]) a bias towards the detection of LPs on 
coincidence with DI events is introduced by the detection of the HI 
near or forward of the grazing angle. Since the lifetime of the 
compound nucleus is longer than that for the DI intermediate, one 
would expect a larger prescission component from the former. 

The explanation of the difference in the experimental results 
must be more subtle than the one provided above. This is evident from 
the study of 1 9 7Au + 6 3Cu at 365 MeV [Pe 77] and the study of 
nat A g + 8 6 F e a t 4 g 0 M e ( / j - Q u g ^ I n t h e f o r m e r c a s e m o s t o f t n e 
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neutrons detected in coincidence with a projectile-like fragment, 
detected far behind the grazing angle, were determined to be 
evaporated from the fully accelerated fragments. In the latter case, 
most of the o-particles detected in coincidence with a projectile-like 
fragment, detected near the grazing angle, were determined to be 
prescission. At the present time, the explanation of the different 
conclusions concerning the emission source of the bulk of the LPs is 
unclear. 

It is not appropriate to dwell on the high energy component in 
the a-particle spectra, which is seen at forward angles, due to the 
rather meager data in the present study concerning these emissions. 
Nevertheless, a few comments are in order. Perhaps the most important 
comment is that the data for both the Ag + Kr system and the 
"pi IfiR 

Ta + Ho system are not inconsistent with a small admixture 
of emissions from the center of mass system Such emissions would be 
more forward focused and would have a larger average energy in the 
forward direction than emissions from the target recoil (for example, 
see Fig. V 4). Thus, a small admixture of evaporation of the 
composite system can greatly perturb the forward angle data. Since 
the data are insufficient to either prove or disprove the presence of 
this component one must at least consider non-equilibrium mechanisms. 

Beginning with the work of Britt and Cjuinton [Br 61], numerous 
studies with light heavy ions (A < 40] have found an excess of 
energetic LPs in the forward direction that could not be attributed to 
compound nucleus decay. Recently, there has been some success in 
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explaining these LPs by an incomplete fusion or massive transfer 
mechanism [Si 79, In 77, Zo, 78, We 78, Su 78, In 79, Ya 79, and Wi 
80]. However, this success does not extend to reactions with 
projectiles with A :• 40 (j> Ar) where direct emissions do not 
become evident unless one is working near the energy limits of the 
present day non-relativistic Heavy-Ion accelerations. For example, 
the Er + Kr system has been studied at incident energies of 
both 602 MeV [Ey 78] and 1020 MeV [Ts 81]. At the lower energy no 
evidence for non-equilibrium neutron emission was found while at the 
higher energy (the present limit of the GSI l""'LAC) the data suggested 
a small (10SS) non-equilibrium component. It is interesting to note 
I.1 ^.t the ratios of the center of mass energy over the coulomb barrier 
(E ^coul' ^ o r t t l e s e t w o enemies bracket the value for the 
n a t A g + 8 6 K r system at 664 MeV, (E r /B r n„i = 1.6, 2.0, iiid 2.7 for 
the W 6 E r + 8 6Kr at 602 MeV, n a t A g + 8 4 K r at 664 MeV, and 1 6 6 E r + 
8 6 K r at 1020 MeV, respectively. 
B. Fragment Spins. 

The results concerning angular momentum transfer for the 
n a t A g + 8 4Kr reaction are summarized in Fig. VIII lb. In the 
lower portion of this figure individual spins extracted from the 
a-particle distributions as described previously are shown (solid 
circlEs). Above this are plotted the sum of the spins of both 
fragments as determined by two independent methods. In the first 
method rigid rotation is invoked to determine the spin of the light 
fragment (I L) from the value of Iu extracted from the out-of-plane 
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a-particle distributions. In the second method, the sum of the spins 
is derived from the M data. The data presented in Fig. VIII lb 
provide strong evidence that the lifetime of the intermediate complex 
is sufficient for the equilibrium limit of rigid rotation to be 
reached. This result is in agreement with the results for lighter 
systems. In addition, these data suggest an i-wave fractionation 
effect for the largest mass asymmetries investigated, an effect 
predicted by diffusion model calculations. 

It should be noted that large fragment deformations are needed in 
order to obtain quantitative agreement between the data and the rigid 
rotation calculations. Much stronger evidence for large deformation 
of the DI complex is derived from the fragment kinetic energies. The 
fragment energies for two equally deformed spheroids is given by 

E - " H (hh F + £ESl J (24 

where the Coulomb correction factor (F), the distance between centers 
(d), and the relative angular momentum U r e l ) are deformation 
dependent. 

In Fig. VIII la the experimental fragment kinetic energies, 
corrected for evaporation, are compared to calculations for several 
deformations. The calculations are for equally deformed spheroids 
separated by 1 fm. In this model, a ratio of axes (C/A) of about 2 is 
needed to reproduce the data, indicating that the nuclei are 
substantially deformed. This result is supported by numerous studies 
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[Re 81, and references therein] involving nuclei in the region between 
the magic numbers Z . 4 0 and Z > 50. These studies indicate that 
these nuclei are quite soft and deform easily. In the work of Rehm et 
al. this softness was used to explain the unusually large mass and 
charge transfer in the system Pb + Pd at energies close to 
the Coulomb barrier. 
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IX. SUMMARY 
The in- and out-of-plane a-particle distributions in coincidence 

with deep-inelastic projectile-like fragments have been measured for 
the reactions n a t A g + 8 4 K r at 664 MeV and 1 8 1 T a + 1 6 5 H o at 1354 MeV. 
At angles equal to or larger than the target recoil direction, the 
o-particle energy spectra and angular distributions are well described 
by evaporation from a fully accelerated target-like recoil nucleus. 

In contrast to the isotropic in-plane distributions, the out-of-
plane distributions are anisotropic and have been employed to investi
gate the relaxation of the angular momentum degrees of freedom. The 

iql ICC 

results of the Ta + Ho experiment corroborate the conclusions 
of previous y-ray studies concerning the magnitude of the spin trans
ferred to the fragments. Fragment spins as a function of mass asym
metry were extracted for the n a Ag + Kr system. These spins, along 
with those extracted from a simultaneous y-ray multiplicity measure
ment, have been used to study the transfer of orbital angular momentum 
into intrinsic spin and its partitioning within the dinuclear complex. 
These data provide unambiguous evidence for rigid rotation of the 
intermediate complex. Furthermore, large deformations are indicated 
by three sources: fragment kinetic energies, spins extracted from the 
out-of-plane a-particle distributions, and those deduced from y-ray 

multiplicity data. 
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APPENDIX A. LIGHT PARTICLE ANGULAR DISTRIBUTION 

WHEN r T = r + r J n a 

The large Coulomb bar r ie rs f o r charged p a r t i c l e emission i s very 

heavy ion react ions as we l l as the observed large neutron m u l t i p l i c i 

t i e s , suggest tha t a reasonable f i r s t order approximation t o the t o t a l 

decay width i s , 

? T = r n • A 1 -

This assumption leads to the ana ly t i ca l r e s u l t given in VI C and 

derived in Mo 81a. However, due to the high temperatures and large 

spins involved in deep- ine last ic heavy ion react ions a -pa r t i c le 

emission can become an important mode of decay. Thus a be t te r 

estimate of the t o t a l decay width i s , 

r T = r + r . A2. 
I n a 

Since the der ivat ion of the angular d i s t r i b u t i o n expression wi th t h i s 

approximation has not as yet appeared in the l i t e r a t u r e , i t w i l l be 

reproduced here in d e t a i l . 

Following Mo 75, the r a t i o of the a - p a r t i c l e decay width t o the 

neutron decay width i s 

-/BE + CB - BE V , - /RE - RE„"\ , T r . l a a n J / T V a n J / T 
f ^ ' - l e ' e / . A3 . 

n 
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where 
BE = The o-particle binding energy 
CB - The Coulomb barrier for a-particle emission 
BE = The neutron binding energy 
RE = The rotational energy at the critical shape for a-decay 

a 
RE n = The rotational energy at the critical shape for neutron 

decay 
T = The nuclear temperature. 

Expression A3 can be rewritten as, 

In th- expression A is given by, 

, ,BE + CB - BE .,T 

4 . 1 e-( a a n)/T m A5_ 

The parameter that accounts for the charge in tha relative decay 
widths as a function of angular momentum is s and expressed in terms 
of the relevant moments of inertia is, 

A4. 

^ (in" "£) where 
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J,^ = the moment o f i n e r t i a perpendicular t o the decay axis f o r the 

c r i t i c a l shape f o r a - p a r t i c l e decay (see F i g . VI 5) and 

jt, = the moment o f i n e r t i a of the daughter nucleus a f te r neutron 

decay. 

Including the angular dependence f o r a -pa r t i c l e decay (Eq. 8) 

- I 2 / l 1 \ -(I 2 cos 2 s)/2S 2 (M 
2T W 'J,, 

^ ^ ~ ' -»Z h (i„ - i c ) w 

, - ( I 2 c o s 2 e ) / 2 S 2 ( 9 , 0 ) I 2 s A6. 
= - e e 

S(8 ) (6) 

In general S is a function of the polar and azimuthal angles e 
and 0, however these dependencies are lost when the variances a , 

a and o are all equal, see Section VI B. For the sake of 
readability these dependencies will not be explicitly indicated. 

Using A4 and A6 we have, 

rJI.M) ro(I,M)/r„(I) 
r n(i)+r a(l) = 1 + r a(l)/r n(l) A7. 

9 
1 e-(l'cos'o)/2S' e I-B 

The angular distribution is then given by (see Eq. 10), 
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(^).ff(L-^^i^e^) /V*/*) di. 

Ji 

max 

( -
'rain u + A' 

(7^73 A8. 

where A = 
2 

cos & 
2S 2 

Integrating expression A8 by parts yields, 

I / min 

y"|A e - I 2 A l n ( e - I 2 B + J d I 

Part of the in tegra l i n expression A9 can be integrated t o y i e l d 

A9. 

«i(a,0) » •j 
- I 2 A -Ar 

. * ^ - ( l - A I < ) 

r2 

in (e- 1 a • A ) 1 S 

d i 

The remaining in tegra l can be solved by making an expansion about 

small a and in tegrat ing the expansion term by term. 
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u(»,tf) 
.-I 2A 

26 2 2A B Z 2n(A-m 
ne max 

min 

In the limit of no a-particle emission (4 » o) this expression reduces 
to. 

u(»,0) « - • 
.2. / max 

3A 

which is the same as that derived previously (Mo 81a and Eq. 13) for 
the case where iv = r . 
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FOOTNOTES 
* The "out-of-plane" notation at first may appear confusing but is 

actually quite simple. The true out-of-plane angle is either 
o. or 8Ri: for the laboratory and target recoil rest frames, 
respectively. Similarly, the angle from the normal is either 
»'. , ©'or, or just »' (used throughout the formalism section 
when the correct rest frame is assumed). 

** Due to the angular distributions of stretched E2 and El T 

radiation, to obtain the maximum bias of the spin distribution it 
is desirable to place y-ray multiplicity detector array in the 
reaction plane. Unfortunately, experimental limitations did not 
allow us to get any closer to the reaction plane than 45°. 
However, at any angle, the requirements of a large number of 
coincident y rays should bias the fragment's spin distribution 
towards large values. 

*** It turns out that the extracted spin values are quite insensitive 
to I-.,-. The spins extracted using the procedure to calculate 
I . described in the text and those extracted with I„,-„ = 0 iin mm 
art equal within statistical error. 

**** If the Weisskopf [We 37] formulation of the particle decay width 
is used the only difference is a constant factor in the 
expression for 4. 
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Table 1 . 

Parameters of the Reaction 

^ T a + X |^Ho at 1354 MeV* 

CM. Energy 

Coulomb Energy 

E c . m . / B c o u l 

Lab. Grazing Angles (»g r ) 

Umax 

zrms 

708. (MeV) 
450. 

1.6 
(MeV) 

projectile 29. (deg.) 
target 62. (deg.) 

513. (ft) 
362. (h) 

Mass Asymmetry -n—I-H-
H 1 

0.52 

Moinent of Ina r t i a r a t i o 
°L +<="H 

0.54 

* These values were calculated assuming spherical fragments where the 

distance between fragment centers i s given by: 

1.225 (A L

 1 / 3 + A H

 1 / 3 ) + 2 fm. 
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Table 2. 

Parameters of the Reaction 
n |*Ag + j^Kr at 664 HeV* 

CM Energy 

Coulomb Energy 

C m . ' coul 

Lab. Grazing Angles (e-gr) 

Umax 

£rms 

373. (MeV) 

185. 

2.0 

(HeV) 

projecti le 22. (deg.) 

target 70. (deg.) 

274. (h) 

194. (h) 

Masr Asymmetry JT.—2___ 

Moment of Inertia rat io 

0.56 

0.60 

* These values were calculated assuming spherical fragments where 

the distance between fragment centers is given by: 

1.225 (AL

 1 / 3 + AH

 1 / 3 ) + 2 fm. 
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Table 3. 

181 165 
Ta + Ho (1354 HeV) 
Coincidence Data 

In-plane Out-of-p'wrie 

Angle 
* L / e L 
(deq) 

Absorber 
mater ial 
(mq/cm ) 

Solid 
angle 
(msr) 

Angle 

(deg) 

Absorber 
mater ia l 
(mg/cm ) 

Sol id 
angle 
(msr) 

30./90. Ta 8.2 5.8 55./90. Ta 8.2 5.8 
45./90. Ta 9.1 5.8 55. /75. Ta 8.4 5.8 
55./90. Ta 8.2 5.8 55./60. Ta 8.6 5.8 
R0./90. Ta 8.6 5.8 55./45. Ta 9.1 5.8 
70./90. Ta 8.2 5.8 55./30. Ta 8.2 5.8 
75./90. Ta 8.4 5.8 
85./90. Ta 9.1 5.8 

100./90. Ta 8.6 5.8 
*105./90. Ta 8.2 5.8 

115./90. Ta 8.4 5.8 
*145./90. Ta 8.2 5.8 

In-plane data from out-of-plane experimental runs. 

* These data are subject to large errors due to the steep angle 

between the target and the detector and therefore, are not 

presented in this thesis. 
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Table 4 . 

n a t A g • 8 

Coinci 

In-plane 

Angle Absorber Sol id 
* L ' * L mater ia l angle 
(deg) (mq/cm ) (msr) 

30.0/0.0 Ta 8.5 7.0 
35.0/0.0 Ta 8.5 7.0 
45.0/0.0 Ta 8.5 6.9 
50.0/0.0 Ta 8.5 6.9 
60.0/0.0 Ta 8.5 6.9 
65.0/0.0 Ta 8.5 6.9 
75.0/0.0 Au 4.6 6.7 
80.0/0.0 Au 4.6 6.7 
90.0/0.0 Au 1.0 6.6 
95.0/0.0 Au 1.0 6.6 

Kr (664 HeV) 
lence Data 

Out-of-plane 

Angle Absorber Sol id 
°L ' ' L m a t e i a l angle 
(deg) (rog/cm ) (msr) 

41.0/ 4.1 Ta 10.1 13.4 
41.0/14.1 Ta 10.1 13.4 
41.0/29.1 Ta 10.1 13.4 
41.0/39.1 Ta 10.1 13.4 
41.0/54.1 Ta 10.1 13.4 
41.0/64.1 Ta 10.1 13.4 
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Tabli 3 5. 

\ ZH 
I H ( f t ) r L + I 

L (ft) \ ZH a 
(1) 

b 
(1) 

c 
(2) 

d 
(3) 

e 
(4) 

f 
(4) 

g 
M 
Y 

26 67 39.8*0.9 27.3*0.6 29.6*0.7 28.4*0.3 29.2*0.2 36.8*0.3 38.7*2.0 

29 54 38.0*0.6 26.5*0.4 28.9*0.5 27.7*0.2 28.5*0.3 38.2*0.5 39.9*2.0 

32 51 33.7*0.6 24.1*0.4 26.6*0.4 25.4*0.2 26.2*0.2 37.7*0.4 40.8*2.0 

35 48 30.3*0.5 22.1*0.4 24.6*0.4 23.6*0.2 24.3*0.2 38.0*0.4 39.2*2.0 

38 45 26.3*0.5 19.4*0.4 22.0*0.4 21.0*0.2 21.5*0.2 37.8*0.4 35.4*2.0 

41 42 21.4*0.7 16.2*0.5 18.6*0.6 17.9*0.2 18.3*0.2 36.1*0.4 36.7*2.0 

a. Sphi a-ical K£ 

b. 
2 

Equi l ibr ium K"" 

c. Equ' i l i b r i um K̂  , misalignment 

d. Equ' 
o 

i l i b r i um Kj: , misalignment, in tegra t ion over spin d i s t r i b u t i o n 

wit t ' r T = r n 
e. Same as d, but wi th T j = = r„ + r n a 
f . Calculated from column i ?, assuming r i g i d r o ta t i on 

9- Calculated from experimental gamma m u l t i p l i i c i t i e s 
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Figure Captions 

F ig . I I I . 1. The general re la t ionships of the ve loc i t y vectors f o r 

in-plane emission are shown. The measured quant i t ies are 

Eg, 0 j , ( Z 3 ) , Eg, 0 5 > and Z g , which are the 

laboratory energy, anc,!e, and charge ( fo r the Kr 

experiments) o f the p r o j e c t i l e - l i k e fragment and the 

laboratory energy, angle, and charge o f the l i g h t 

p a r t i c l e , respec t ive ly . 

F ig . I I I . 2 . Similar to F ig . I I I . l ; however, the l i g h t p a r t i c l e 

(subscr ipt 5) i s emitted out -o f -p lane w i th respect to die 

plane containing the heavy ions and the beam d i r e c t i o n . 

The angles from the normal to the react ion plane 

correspond to &' i n the t e x t . 

F ig . I I I . 3 . The cor re la t ion between the i n - and out -o f -p lane angles 

fo r the detect ion o f a l i g h t p a r t i c l e in the lab system 

(0, ,&.) and the angles in the res t frame o f the 

moving source Wnc. \c) i s shown. The in-plane lab 

angle is me sured from the r e c o i l angle ra ther than the 

beam d i r e c t i o n . In t h i s f i gu re the ve loc i t y o f the 

moving source, the t a r g e t - l i k e fragment, i s 1.44 cm/ns. 

This was calculated from the k i n e t i c energy OT the 

p r o j e c t i l e - l i k e fragment u t i l i z i n g two body kinematics. 

The ve loc i t y o f the o -pa r t i c l e in the emi t to r 's frame is 

2.55 cm/ns, calculated from the expected most probable 

emission energy. 
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F ig . I I I . 4 . Schematic view of the experimental setup. This f i gu re 

depicts the Z-telescope, wi th i t s in-plane angle 0 Z ; 

l i g h t p a r t i c l e telescopes wi th i n - and out-of -p lane lab 

angles p\ and o. respect ive ly ; and the array o f Nal 

detectors w i th an out -of -p lane angle o f /}5*. 

F ig . r i l . 5 . High leve l 2-a-y coincidence l o g i c . 

F ig . I I I . 6 . Low-level telescope log ic ind ica t ing NIM e lec t ron ics . 

BA/LS-biased amp and l inear s t re tcher , CFD-constant 

f rac t ion d iscr iminator , FPO-fast pick o f f , GOG-gate and 

delay generator, LA-l inear amp, LG-linear gate, MG-master 

gate, MPX-multiplexer input , SCA-singie channel analyzer, 
N SB-2 scale down, TAC-tinie to amplitude converter. 

F ig . I I I . 7 . Same as F ig . I I I . 6 but fo r the Nal halo l o g i c . 

F ig . IV. 1. Analysis f low chart fo r z-a-Y experiments. Each arrow 

(labeled by a lower case l e t t e r ) represents a code that 

transforms the event-by-event data, i n the form indicated 

in the box at the t a i l o f the arrow, to the form 

indicated i n the box a t the t i p of the arrow. The l as t 

step ( i ) is a sor t ing code that creates spectra. 

F ig . IV.2. Delta E-E i n tens i t y map for fragments detected at 26° 

( lab) in the react ion n a t A g + 8 4 K r at 664 MeV. The 

e las t i c and 01 react ion products are c l e a r l y v i s i b l e . 

In tens i ty ban.ls for ind iv idual elements can be 

dist inguished up to Z - 40. 
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Fig. IV.3. Same as Fig. IV.2 but for light particles. The strong Z 
= 2 band dominates the map. A faint Z = 3 band is also 
visible at larger AE values. 

Fig. IV.4. Software generated "article Identification spectrum (PI) 
181 

f o r l i g h t pa r t i c les emitted i n the react ion Ta + 
ICE 

i o a H o at 1354 MeV. The generating funct ion i s 

pro,iorUonal t o (AE/A + E) P - E P w i th A = 10.7, P = 

1.73, and AE and E are in channel numbers. The peaks 

corresponding to atomic numbers 1 , 2, and 3 are ind icated. 

Fig. IV .5 . Radiation damage in Si(Au) surface ba r r i e r detectors 

produced by various heavy ions. Detector number, 

vo l tage, and least squares f i t o f the ra te o f pulse 

height loss are ind icated. The l a t t e r quant i ty i s in 

uni ts of pulse height/10 ions/cm . 

Fig. IV.6. The energy o f the detected fragment 'E , ) and the 

calculated t o t a l k i n e t i c energy (TKE) both before and 

a f te r an evaporation cor rec t ion . See the tex t for a 

descr ipt ion o f the TKE ca lcu la t inn and the evaporation 

cor rec t ion . 

F ig . IV .7 . Spectrum o f the time of f l i g h t d i f ference fo r the 

detect ion o f a heavy ion (Z) and a l i g h t p a r t i c l e 

(usual ly an a - p a r t i c l e ) . The prompt peak is enhanced by 

more than a factor of 100 over the random coincidences 

between par t i c les o r ig ina t ing from d i f f e r e n t beam 

bursts. (The SuperHILAC microstructure has a 14 ns 

per iod.) 
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Fig. IV.8. Same as Fig. I ""it for coincidences between a heavy 

ion (Z) and a gamma ray (y). 

Fig. V.l. a) Singles energy spectrum of heavy ions detected a t 29* 

(lab) in the reaction 1 8 1 T a + 1 6 5 Ho at 1354 MeV. The 

EL and 01 components are seen. 

b) Same as part aj but with the additional requirement 

that an o-part icle be in coincidence with the heavy ion. 

Four Q-value gates are indicated. Region 1 corresponds 

to the e las t i c region and is predominantly random 

coincidences. The DI region is defined by the sum of 

regions 2, 3 , and 4. 

Fig. V.2. In-plane coincident laboratory o-par t ic le energy spectra 

for the 1 8 1 T a + 1 6 5 Ho system. In-plane laboratory 

angles are indicated. 

Fig. V.3. Out-of-plane coincident laboratory a-par t ic le energy 

spectra for the 1 8 1 T a + 1 6 5 Ho system. Out-of-plane 

laboratory angles are indicated. 

Fig. V.4 a) Velocity diagram for the 1 8 1 T a + 1 6 5 Ho (1354 MeV) 

system. The open circles are the rms velocit ies 

extracted from the coincident laboratory a-par t ic le 

energy spectra. The solid circles indicate the rms 

velocit ies of the two separate peaks that appear in the 

most forward data. The full large rings indicate the 

loci of expacted c-par t ic le velocit ies [Ri 81, Al 81] for 

the three different rest frames. For the ta rge t - l ike 
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fragment, the locus o f ve loc i t i es fo r a l f f i reduct ion in 

the expected average emission energy i s indicated by a 

p a r t i a l r i n g . The detect ion threshold i s shown as a 

dashed a rc . The l e t t e r s P and T stand fo r p r o j e c t i l e 

l i k e anJ t a r g e t - l i k e , respect ive ly , 

b) The v e l o c i t y diagrams fo r three d i f f e r e n t Q-bins ( a l l 

in the deep- ine last ic reg ion) . The rms o - ^a r t i c l e 

ve loc i t i es fo r each bin are ind ica ted . The smaMest 

energy loss b in i s indicated by t r iangles (bin 2 in F ig. 

V. lb) and the largest energy loss data by squares (bin 4 

in Fig. V . l b ) . The three p a r t i a l r ings are drawn to 

guide the eye. They have the same radius and are 

centered on the three d i f f e r e n t reco i l v e l o c i t i e s . 
l O I ICC 

Fig . V.5. For the Ta + Ho system, the o -pa r t i c l e energy 

spectra in the rest frame o f the t a r g e t - l i k e fragment are 

shown. The dashed l ines are drawn to guide the eye. The 

in-plane laboratory angles are provided fo r reference. 

F ig . V.6. a) In-plane a -pa r t i c l e angular d i s t r i b u t i o n in the res t 

frame of the t a r g e t - l i k e fragment i s shown fo r the 

Ta + Ho system. The d i s t r i b u t i o n is given in 

d i f f e r e n t i a l m u l t i p l i c i t y , see t e x t . The in-plane angle 

of $BC=°' corresponds to the reco i l d i rec t ion with 

negative angles towards the beam. The open c i r c l e is the 

in-plane point for the out-of-p lane d i s t r i b u t i o n (see 

Fig. V I .2 ) . The hor izontal error bars are estimates of 
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the error i n the angle between the target r e c o i l fragment 

and the o - p a r t - " n , due to the uncerta inty in the primary 

mass o f the detected heavy i o n . 

b) Average a - p a r t i c l e energies in the frame of the ta rget 

r e c o i l . 

F i g . V.7 a) Singles charge d i s t r i b u t i o n o f p r o j e c t i l e - l i k e 

fragments detected a t 0 Z = 26*, i n the react ion 

n a t A g + 8 V (664 Mev). 

b) Singles t o t a l k i n e t i c energy spectrum in the lab 

system integrated over the Z-values shown in part a. 

Also shown is the deep- inelast ic gate ( D I ) . 

F i g . V.8 a) Singles a lpha-par t ic le energy spectra in the lab 

system fo r three representat ive in-plane angles, n a Ag 

+ 8 4 K r system (see t e x t ) . 

b) Coincidence a lpha-par t i c le energy spectra in the lab 

system fo r the same angles as part a, see t e x t . 

Fig. V.9 a) Singles a -pa r t i c le angular d i s t r i b u t i o n in the lab 

system for the n a t A g + 8 4 K r system. 

b) Coincidence in-plane o -pa r t i c l e angular d i s t r i b u t i o n 

in the lab system. 

F ig. V.10. Same a ; F ig . V.4a, but fo r the n a t A g + 8 4 K r systen. 

Fig. V..11. a) In tens i ty p lo t of the lab t o t a l k i n e t i c energy vs 

charge of the p r o j e c t i l e - l i k e fragment for Z-a 

coincidence events in the n a Ag + Kr system. 
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b) In tens i t y p lo t o f the calculated lab r e c o i l angle o f 

the undetected fragment vs charge o f the p r o j e c t i l e - l i k e 

fragment» 

F ig . V.12. Coincidence a lpha-par t i c le energy spectra in the r e s t 

frame of the ta rget r e c o i l f o r the Ag + Kr 

system. Both i n - and out-of -p lane angles are shown. 

F ig . V.13. A lpha-par t ic le energy spectra in the center-of-mass o f 

the overa l l system fo r three in-plane angles f o r the 

Ag + Kr system. These angles correspond to 

centar-of-mass angles o f 4 9 ' , 86* and 118°. 

F ig . V.14. A lpha-par t ic le angular d i s t r i bu t i ons in the res t frame of 

the t a r g e t - l i k e fragment i n terms o f the d i f f e r e n t i a l 

m u l t i p l i c i t y . For t h i s f i gu re the charge o f the 

p r o j e c t i l e - l i k e fragment s a t i s f i e d the condi t ion 

26 ^ Z £ 40. The small con t r ibu t ion from the 

p r o j e c t i l e - l i k e fragment emission tha t i s observed a t 

forward angles (see F ig . V.12) has been subtracted. 

a) In-plane d i s t r i b u t i o n . TJie angle 0 R [ : = 0 

corresponds to the reco i l lab d i r e c t i o n . The dashed l i ne 

i s an average o f the eight points f o r angles larger than 

the reco i l d i r e c t i o n . 

b) Out-of-plane d i s t r i b u t i o n . The s o l i d l i n e is a f i t to 

the data (see chapter V I ) . 
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Fig. V I . 1 . The N-fold spectra. The peak a t channel 40 corresponds 

to scaled down 0-folds (HI singles events). The next 7 

peaks are one fo lds (one peak f o r each o f the seven 

N a l ' s ) . The f i v e peaks a t channel numbers >250 peaks 

wi th increasing channel numbers and decreasing i n tens i t y 

correspond to the 2, 3 , 4 , 5 and 6 f o l d s , respec t i ve ly . 

F ig. V I .2 . Out-of-plane a -pa r t i c l e energy spectra in the res t frame 
l f i l o f the t a r g e t - l i k e fragment f o r the system Ta + 

Ho. The key indicates the out-of -p lane and in-p lane 

laboratory angles as measured from the normal t o the 

react ion plane and from the beam, respec t i ve ly . The 

so l i d curves are the same fo r a l l spectra and are the 

r e s u l t o f an evaporation ca lcu la t ion described in Chapter 

V I . The dashed l ines are drawn to guide the eye. 

F i g . VI .3. The out-of-p lane a -pa r t i c l e d i s t r i b u t i o n fo r the 

1 8 1 T a + 1 6 5 H o system. The size o f the data points 

indicates the magnitude o f the s t a t i s t i c a l e r ro rs . The 

so l i d l i n e i s a ca l cu la t i on , which i s described in 

chapter V I . 

F ig . V I .4 . The out-of-p lane a lpha-par t i c le angular d i s t r i bu t i ons fo r 

the Ag + Kr system as a funct ion o f out -o f -p lane 

angle fo r several Z-bins. Each bin i s 3 Z un i ts wide and 

is labeled by the median Z value. The d i s t r i bu t i ons 

without any coincidence y-ray requirement a) are 

expressed in uni ts of d i f f e r e n t i a l m u l t i p l i c i t y , whereas 

the d i s t r i bu t i ons wi th two or more coincident -j rays b) 



-94-

are normalized to those in a) at 90° for the same Z bin. 
The solid lines are fits to the data (see chapter VI). 

Fig. VI.5. Schematic of the critical decay shape for light particle 
emission. The total angular momentum (I) and its 
projection on the separation axis (K) are indicated. The 
moments of inertia-^ and A are those perpendicular and 
parallel to the separation axis. In the present notation 
the y axis is the separation axis. This is the most 
common convention (for example Ba 78, Pu 79, and Mo 82). 
However, the references Mo 75 and Mo 81a have employed 
the opposite convention, that the x-axis coincides with 
the recoil direction. 

Fig. VI.6. Comparisons among the data at 23°, 27°, and 31° as a 
function of reaction q-value for the 1 6 5 H o + 1 6 5 H o at 
8.5 MeV/amu system [McD 81]. The top row represents 
M (90°) (filled circles), M (0°) (open circles), and 
the anile integrated r-ray multiplicity <M > for 
E > 0.3 MeV (solid line). The center row shows the 

Y 

spin per fragment a f te r neutron emission ( so l i d l i ne ) 

derived from <M > and the spin p r i o r t o neutron 

emission (dashed l i n e ) . The bottom row shows the Y-ray 

anisotropy fo r the region 0.6 < E < 1.2 MeV. 
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Fig. V I .7 . Spins extracted from the out-of -p lane a -par t i c le 

d i s t r i bu t i ons (F ig . VI.3) wi th (open c i r c l es ) and wi thout 

( so l i d c i r c l e s ) the requirement o f a t leas t two 

coincident 7 rays. Error bars are shown when they exceed 

the size o f the symbol and indicate only the s t a t i s t i c a l 

e r ro r . The r i g i d ro ta t i on pred ic t ion fo r deformed 

spheroids w i th a r a t i o o f axis o f 2 and a separation of 1 

fm is shown r y the s o l i d l i n e . The dashed l i n e i s a 

r i g i d r o ta t i on ca lcu la t ion inc luding the e f fec ts of 

angular momentum f r ac t i ona t i on , see t e x t . 

F ig . V I I . 1 . The predict ions fo r the sum o f the spins ( I , + I , , 

s o l i d l i nes ) and an ind iv idua l spin ( I . dashed l i nes ) as 

a funct ion o f mass asymmetry f o r both the r o l l i n g and 

r i g i d ro ta t i on l i m i t s . The ca lcu la t ion u t i l i z e s 

spherical r i g i d body moments of i n e r t i a . The arrow 

indicates the i n i t i a l asymmetry in the n a Ag + Kr 

experiment. 
flfi F ig . VI1.2. M vs Z, for the DI component o f the react ions Kr 

+ 1 6 5 H o , and 8 6 K r + n a t A g . The so l i d l ines 

correspond to the r i g i d ro ta t ion l i m i t f o r two touching 

spheres. The dashed l ines correspond to the r o l l i n g 

l i m i t . 

F ig . V I I . 3 . Two perspectives of the potent ia l energy surface for 
5 6 Fe + 5 6 F e wi th 0 <. s. <. 50n. Spherical moments of 

i n e r t i a and r i g i d ro ta t ion are assumed. 
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Fig. V I I 1 . 1 . a) Center-of-mass energies as a funct ion o f the charge of 

the l i g h t fragment. The width o f the symbols ind icate 

the uncerta inty in the primary charge (before 

evaporat ion). The curves are ca lcu la t ions fo r two 

equal ly deformed spheroids separated by 1 fm and are 

labeled by the r a t i o o f axes, b) Plot ted are: the spin 

o f the heavy fragment extracted from the a -pa r t i c le 

d i s t r i bu t i ons ( s o l i d c i r c l e s ) , the sum o f spins 

calculated from a - p a r t i c l e data (squares), and M data 

(open c i r c l e s ) . The sizes o f the s o l i d symbols indicate 

the s t a t i s t i c a l error on ly . 
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