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Various mechanisms for the production of fast, beam-velocity particles have been explored using a 12.5

MeV/nucleon Li beam, with special emphasis on results from a ' 'Au target. Energy spectra and angular

distributions of fast, Z = 1,2 products revealed an A '" target mass dependence of the individual total yields

which is characteristic of the surface mechanisms. Relative fragment yields were essentially independent of
the target mass and appear to depend upon the momentum distributions of the different cluster

substructures of Li. Particle-y coincidences refiected the Q-optimum transfer of a beam-velocity a or d

fragment, initiating a (fragment, xny)-like reaction, and which accounts for approximately 13% of the

singles beam-velocity particle production. In-plane a-d coincidences could be divided roughly equally

between two-step (sequential) and one-step projectile breakup. Alpha-proton coincidences suggested the

strong presence of neutron transfer, forming unstable 'Li which subsequently breaks up into a+ p. The

cross section from correlated a+d and a+ p production accounts for at least 50% of the singles fast-

particle production. Other possible mechanisms are also discussed.

NUCLEAR REACTIONS Au, Fe( Li, X) &= 75 MeV, measured particle en-
ergy spectra and angular distributions. Au ( Li, X) measured two-dim n-d,
o p, a-y, d-y, p-y coincident energy and angular correlations. Deduced ox(8),

ot„(X), reaction mechanisms.

I. INTRODUCTION

The production of intense fluxes of fast n par-
ticles in reactions involving complex nuclei has
been a puzzle ever since the earliest heavy-ion
experiments. In particular, beam-velocity z
particles were first observed in "C, "N, and "0
bombardments, ' where it was proposed that these
particles arise from a fragmentation of the inci-
dent projectile in an interaction localized at the
surface of the target nucleus. Some recent par-
ticle correlation measurements with a "Sbeam'
support the view that the fast z-particle flux is
emitted from the projectile rather than from the
target nucleus. Other mechanisms for the pro-
duction of fast z particles have also been sug-
gested, such as the well-known pre-equilibrium
emission process" and a radial friction mechan-
ism (the so-called "piston model" ).' Recent
particle-particle angular correlation measure-
ments" have not supported the radial friction
picture but are instead more consistent with a
mechanism involving tangential friction in the
region of impact between target and projectile.
Finally, it has also been proposed' that fast n
particles can arise from a three-body final-state
process in which an n particle is first trans-
ferred to the target at high excitation and then is
re-emitted by the excited complex system.

The earliest experiments with low-energy 'Li
beams also showed copious production of e par-

ticles and the added feature of fast deuterons. "
The energy spectra were similar to those seen in
heavy-ion reactions: broad, bell-shaped peaks
centered approximately at beam-velocity kinetic
energies. These particles were generally inter-
preted as the outgoing fragments from the sequen-
tial breakup of the 'Li, Coulomb-excited to its
2.18-MeV 3' first excited state.

Many experiments have established that the 'Li
nucleus has a mell-developed cluster structure
with significant a +d amplitude" "and also 'He
+ t amplitude. ' More recent experiments"'"
have determined that these amplitudes are ap-
proximately equal in magnitude, to within a factor
of 2. The high degree of clustering in the Li ground
states implies a significant probability that, when
used as a projectile, these nuclei will often under-
go binary dissociation into their cluster substruc-
tures. (Some studies involving 'Li have also
been carried out, '" "but emphasis in the present
work will be on the properties of 'Li.} This ob-
servation has led to the frequent use of Li ions in
cluster-transfer studies, particularly those in-
volving z transfer. ' ~' In addition, many other
experimental'"" "~' and theoretical" "studies
of the lithium breakup phenomenon itself have
been carried out. The work performed so far
has largely been confined to sub- and near-
Coulomb barrier beam energies, and the ap-
proaches have reflected the preoccupation with
the z+d dissociation of the 'Li as the source of
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the particles.
Numerous experiments have also been performed

utilizing the Li+ target fusion-emission reactions
and determining ("Li, xnyPzo. . . ) cross sections
by measuring the inclusive decay z-particle" or
y-ray" "spectra of the products. In the experi-
ments cited, especially large yields were ob-
served in the ("Li,nxn), ('Li, dxn), and ('Li, txn)
channels, relative to that expected from a fusion-
emission mechanism alone. It has been sug-
gested"'" " that these results can be understood
as arising from the dissociation of the incident
projectile into its loosely bound cluster fragments,
accompanied by the interaction of one of those
clusters with the target nucleus.

Finally, data from particle coincidence mea-
surements with 'Li+"'Pb near the Coulomb bar-
rier" suggest the presence of still other Li-
induced reaction mechanisms such as ('Li, 'Li
-a+/) and ('Li, 'Be —o+o), both of which
produce fast z-particle fluxes.

The present investigation was undertaken to
ascertain the reaction mechanisms which pro-
duce fast particles in 'Li bombardments far above
the Coulomb barrier, where the problem is en-
riched by the greater opportunity for prominence
of nuclear interactions over Coulomb effects and
where the full range of the reaction mechanisms
discussed above must be considered. In this
paper we describe measurements of charged-
particle spectra and angular distributions from
75-MeV 'Li bombardments of several targets.
In addition, particle-particle and particle-y cor-
relations from 75-MeV bombardments of "'Au
are described.

Detailed results will be considered only for the
75-MeV bombardment of "'Au. Data from runs
with other targets are considered only in the ex-
ploration of the influence of the target nucleus on
the particle yields.

Particular attention was paid to the understand-
ing of the fast n-particle flux since this flux was
observed to be the most intense of all the par-
ticles and so would likely involve the greatest
variety of reaction channels.

Preliminary reports of these measurements
have already been made, " ' and the present work
provides a detailed account of our results and

interpretations.

II. EXPERIMENTAL DETAILS AND GENERAL
CONSIDERATIONS

Beams of fully ionized 'Li at energies of 75 MeV
were obtained from the Indiana University Cyclo-
tron Facility (IUCF). Beam currents utilized
were typically in the 20-70 electrical nanoampere

range for the angular distribution and particle-
particle correlation measurements and in the sub-
nanoampere range for the particle-y coincidence
runs. Charged-particle detection and identifica-
tion was accomplished by means of two-element
~-E Si surface-barrier-detector telescopes
consisting of 200 and 5000 p.m detectors, the
total thickness chosen so as to stop completely
the 8 = 1, 2, 3 particles in the energy ranges of
interest. Gamma rays were detected by means
of a 30 cm' coaxial Ge(Li) detector. In all runs,
dead time corrections were determined by sending
the output of a tail pulser (triggered by the outputs
of the monitor counters) through the preamplifier
test inputs of all of the detectors. The area of the
resulting pulser peaks in the particle and y-ray
spectra were then compared with the reading of
an external sealer which counted the number of
pulser triggers.

Singles angular distribution measurements
were performed at 75 MeV on ' Fe, "'Pd, and
"'Au targets. The particle-y measurements
were carried out with "Fe and ' 'Au targets, and
the particle correlation experiments utilized only
the "'Au target. All targets were fabricated in
this laboratory. Target thicknesses were chosen
in the 2-10 mg/cm' range in order to minimize
the energy degradation and straggling of the beam
and outgoing charged particles while allowing
sufficient target thickness to generate acceptable
data rates.

Singles data were stored, event by event, on
magnetic tape, each event consisting of four
parameters: the E~, E'=E~ —4E, and 4E par-
ticle energy signals, and the particle ID signal.
Particle identification was accomplished by means
of hardware implementation of the algorithm~

Particle-y and particle-particle coincidence
spectra were acquired by means of the conven-
tional fast-slow coincidence technique.

In the particle-y correlation measurements, the
y-ray detector was kept fixed in the reaction
plane defined by the beam and particle detector
axes and was oriented at 90' to the beam axis.
The particle telescope was moved in 5' steps from
10' to 50'.

Six-parameter particle-y data consisted of E~,
E', and ~E particle detector and E„y-ray detector
signals, the time distribution (TAC analog output)
between E' and E„signals, and the particle ID
signals.

The correlation runs were performed by fixing
one of the detectors at 25' and moving the other
telescope in steps of 2' from the minimum possi-
ble angular separation up to 15' relative separa-
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tion. Also, measurements at positions of rela-
tive separation greater than 15' were obtained,
with the moving telescope exploring both sides of
the beam axis.

The particle-particle data consisted of seven
signals, E~, bE, and ID from each telescope
and the TAC analog output.

The stability of the beam spot position as well
as that of the beam charge integrator were
checked through the use of two 2000 p, m Si sur-
face-barrier monitor detectors, placed at ~14.5
(i.e. , on opposite sides of the beam axis).

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Singles spectra
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Typical spectra of the outgoing charged particles
observed in the present work are shown in Fig. 1

for bombardment of the "'Au target. All charged
particles exhibit energy spectra in which essen-
tially all of the intensity is concentrated in broad,
structureless peaks centered at energies corre-
sponding approximately to the beam velocity. In
the bombardments of lighter targets (e.g. , "Fe)
contributions to the spectra are also evident
from the evaporation of e particles and protons.
The discussion in this work will focus, however,
only on the characteristics of the fast (near-beam-
velocity) particles and will deal primarily with
results from "'Au bombardments, from which
compound-nucleus charged-par ticle emission is
greatly inhibited by the Coulomb barrier.

The angular distributions of the beam-velocity
charged particles from the "'Au bombardment
are shown in Fig. 2, where it is clear that the
singles yields are concentrated in the forward
angles. This forward-peaked character to the
spectra is even more pronounced in the lighter
targets, as evidenced in the fast-particle angular
distributions for the "Fe target, shown in Fig.
3. Integration of the angular distributions over
the observed angular range (assuming azimuthal
symmetry about the beam axis) gives the total
yields of the fast charged particles, which are
listed in Table I. These total yields and also
relative yields (compared with the fast n-particle
production) are plotted in Figs. 4(a) and 4(b),
respectively. It is clear from these results that
there is a marked excess of e particles over
deuterons. Furthermore, the a and d yields are
more than an order of magnitude higher than the
'He and triton yields, and the triton yields are 2

to 3 times larger than the 'He yields. In the total
particle yields [Fig. 4(a)] a preference is shown
for an A, ' ' dependence on target mass, charac-
teristic of surface-peaked production mechanisms.
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FIG. 1. Singles energy spectra of charged particles
produced in the 75-NeV Li bombardment of 87Au.

Note that the He and triton groups are displayed at 5
times the vertical gain of the other spectra.
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In addition, the relative particle yields [Fig. 4(b)]
tend to exhibit minimal dependence on target
mass, suggesting that the particle production is
more a reflection of the structure of the projec-
tile than of the target.

The apparent surface-peaked nature of the
particle production leads us to consider the
singles energy spectra from bombardments of' 'Au from the viewpoint of a multinucleon trans-
fer, represented schematically by the reaction

a+A =—6Li+ ' Au- ('9'Au+ j)*+k

—=B*+k,
where particle k is the observed outgoing charged
particle, and j is the remainder of the 'I.i which
is transferred. The Q value for this process,
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FIG. 2. Angular distributions of charged particles

from the 75-MeV bombardment of 97Au.
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FIG. 3. Angular distributions of charged particles
from the 75-MeV bombardment of Fe.

defined in terms of center-of-mass kinetic ener-
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Momentum conservation allows a given value of
E~~" (and hence E„" ) to be associated with a
unique Q value for the event, the balance of the
outgoing kinetic energy being taken up by the
recoil of the residual system 8*. Utilizing this
strict kinematic relationship between E,"' and Q„
we transform the 30' "'Au('Li, X) outgoing frag-
ment energy spectra in Fig. 1 into their corre-
sponding Q-value spectra in Fig. 5(b). For pur-
poses of comparison, we also show in Fig. 5(b)
a similar Q-value plot for the same reaction for
fragments at 15 .

The values of Q, at which the energy spectra
peak for each particle type k (Q„) are observed
to be independent of the angle of emission of the
particle. Furthermore, comparison with the
"Fe spectra [Fig. 5(a)j indicates that the Q~'s
are also essentially independent of the target
used. It is well known in heavy-ion reactions
that the reaction cross sections are greatly en-
hanced at an optimum Q value for which the in-
coming and outgoing channels are smoothly con-
nected by classical angular momentum and energy
conservation laws. Von Qertzen" has outlined a
simple method for calculating these optimum Q
values by making the physically reasonable re-
quirement that continuous trajectories be ensured
through invariance of the radial channel momen-

turn during the reaction. Under this restriction,
the optimum Q value is attained by a balance of
the Coulomb, nuclear, and angular momentum

(centrifugal) potentials in the entrance and exit
channels in the projectile-target center-of-mass
system. The 75-MeV 'I,i+"'Au reaction has a
Sommerfeld parameter t) (=Z,Z, e'/Kv) of 10,
which makes it appropriate to consider the reac-
tion in such a semiclassical context. The opti-
mum Q values (calculated as in Ref. 45) for the
transfer of ~„nucleons (producing particle k)
are plotted versus AA~ in Fig. 6 and compared
with the measured Q„'s for this reaction. Also
plotted for comparison are calculations for this
same reaction at 95 and 154 MeV, and compari-
son is made with experimental results at these
energies obtained by Vigdor and co-workers. "

Particle OI( Fe tgt) 0&( Pd tgt) (T3( Au tgt)

d
He

t
a

287+ 32
167 + 19
16+ 3
22+ 4

1864

399~ 60
205 + 30
20+ 3
40+ 6

2151

569 + 66
259+ 29
20+ 4
59+ 12

2320

aTotal. reaction cross section calculated using the
parabolic model (Ref. 43). This calculation was per-
formed with the ALICE OVERLAID code of M. alarm
(Ref. 44).

TABLE I. Total production cross sections (in mb) for
fast charged particles from 75 MeV ~Li bombardment of
various targets (see Fig. 4).
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bombardment.

In these optimum Q-value calculations, the
Coulomb and centrifugal potentials were calcu-
lated at a classical grazing radius" for the en-
trance channel. At these values of the interac-
tion radius, the nuclear potential (e.g. , in a
Woods-Saxon form} is small compared to other
terms, and so its change during the reaction was
neglected, in order to simplify the calculation.
The experimental results are supported very
well by this semiclassical calculation, which
along with the A, ' ' dependence of the total singles
yields, suggests strongly that the observed frag-
ments are produced mainly by grazing interac-
tions which preserve continuous orbits. It should
be noted, however, that the dissociation of 'Li
into ~ + d would produce deuterons and ~ particles
at energies very near the beam velocity, because
of the low o + d cluster binding (1.47 MeV). Thus
both semiclassical fragment transfer and projec-
tile breakup can account for the n and deuteron
energies observed. On the other hand, in the
case of 'He and t production, the 'Li- 'He+ t
separation energy is nearly 16 MeV. Since the
'He and t spectra do not reflect energy losses of
this magnitude but instead are consistent with the
optimum Q values calculated for cluster transfer,
the implication is that these particles are pro-
duced primarily individually by conventional
cluster-transfer processes.

The dominance of the singles spectra by z and
d production (with the 'He and t intensities ap-

proximately an order of magnitude lower} might
at first suggest dominance of the 'Li ground-state
wave function by the n+d cluster structure.
However, recent. results from cluster knockout
reactions" "show that the z+d and 'He+ t clus-
ter amplitudes in the 'Li ground state are equal
in magnitude to within a factor of 2. In addition,
it is also known" that the z+d form factor

~
Q ~(q=0}~' is a factor of 10 larger than the

corresponding 'He+ t form factor
~
p, (q=0)~',

because of the larger binding energy oi the latter
'Li cluster configuration. ' It is important to
realize that quasielastic knockout yields of 'Li
fragments depend not only on the relative parent-
age of the two types of 'Li ground-state cluster
structures, but also on the magnitude of the
cluster structure form factors under the condi-
tions of low momentum transfer, Thus, it is
tempting to speculate that the fragment production
processes we observe in the present measure-
ments also probe directly these cluster momen-
tum distributions and may therefore primarily
involve quasifree 'Li dissociation or fragment
transfer.

In the singles spectra we see fast protons which
are concentrated at energies which are generally
higher than the beam-velocity value (12.5 MeV)
and which show up as bumps superimposed on the
evaporation and pre-equilibrium energy spectra
from the low-mass targets. In the spectra from
the ' 'Au bombardments, these fast protons dom-
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multinucleon transfer reaction which produces particle k with a lab kinetic energy E& [See Eq. (3) and explanatory
text. ] (a) Spectra of particles observed at 8 (lab) =6 and 20 for a Fe target and (b) at 15' and 30 for a Au target.

inate the proton spectrum and are centered at
about 17 MeV (see Fig. 1). It is also interesting
to note that these protons exhibit a rather flat
angular distribution, with the differential produc-
tion cross section ranging from 100-200 mb/sr
in the angular range e~ ~ 50' (see Fig. 2). For

comparison, we note that the measured differen-
tial yield of evaporation protons with this target
at this beam energy is approximately 8 mb/sr, "
so the observed proton flux is in fact dominated
by production from nonfusion processes. These
fast protons are produced with a significantly
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higher (i.e., less negative) peak Q value than

predicted for semiclassical 5-nucleon transfer,
which tends to rule out this mechanism for their
production. Relevant mechanisms for the pro-
duction of protons will be discussed further when

the particle correlation data are presented.
Regardless of the mechanisms of proton pro-

duction, the observed flatness of the proton
angular distribution can be qualitatively under-
stood since the effective mean free path of a
heavy cluster in the nucleus is considerably
shorter than that of a proton. " Thus, one might
expect the protons produced at low impact param-
eter to survive more readily than any other par-
ticle considered and thereby appear in greater
numbers in the back angles.

B. Particle y-ray coincidences

Li+ ' 'Au (4)

These measurements were performed specifi-
cally to determine the extent to which, as sug-
gested by several authors, ' "" 'Li-induced
reactions proceed by the transfer of a projectile
cluster to the target, followed by the decay of
the residual system in the manner of a (cluster,
xny) reaction. Measurements were made of the
spectra of y rays in prompt coincidence with the
intense beam-velocity a and deuteron fluxes from
the 75-MeV 'Li bombardment of "'Au. Results
from these particular measurements have already
been reported, 4' and the discussion given here
summarizes those results.

Shown in Fig. 7 are the spectra of y rays in
prompt coincidence with beam-velocity z par-
ticles and deuterons in this reaction. The a-gated
spectrum shows a clear dominance by known"
transitions in ' 'Hg, and lines from the adjacent
Hg isotopes are also recognized. In the deuteron-
gated spectrum, "'Tl lines"' "predominate. The
most plausible reaction mechanism which would
produce these spectra involves the Q-optimum
transfer of an z or deuteron to the target nucleus
as previously discussed. Such a reaction might
be described by
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FIG. 6. Observed peak Q value for production of
charged particles of type k as a function of the mass
~~ transferred to the residual system. The mass of
the observed particle k is therefore 6-bA„and the
transferred charge is 3-Z&. Data are shown for the
present 75-MeV bombardments of ~9~Au and aLso for 95-
and 154-MeV bombardments (Ref. 46) of Au by Vig-
dor and co-workers. The dashed curves are the theo-
retical values of the optimum Q value for the transfer
of bA& nucleons, using the semiclassical formalism of
Von Oertzen Q,ef. 45).

The residual "'Hg* or "'Tl* systems thus formed
decay in part by the emission of neutrons and y
radiation resembling that from a (fragment, xny)
reaction. As described in Ref. 41, a number of
features of the particle-y-ray coincidence data
support strongly the existence of such a reaction
channel:

(a) The dominance of '96Hg lines in the n-gated
y-ray spectra and of "'Tl lines in the d-gated
y-ray spectra in the 75-MeV 'Li bombardment
are consistent with the known dominance by
(d, 3n} (Ref. 53) and (o, 4n} (Ref. 54) reactions
at 25 and 50 MeV, respectively.

(b} The relative yields of '" "'"'Hg isotopes
in coincidence with various z-particle energy
bins follows very closely the measured (d, 2n},56

(d, 3n)," and (d, 4n) (Ref. 57) excitation functions.
(c) The o-gated ' ~Hg cascade y rays exhibit

a relative intensity pattern very similar to that
observed in (d, 3n) studies'~ on "'Au.

The total cross section for the production of e
particles at 25' in coincidence with y rays (all of
which were transitions in Hg isotopes) is der „/dD
=72+15 mb/sr. This result was obtained from
the measured coincidence cross section d2o „/
dA dA„by assuming an isotropic distribution of
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FIG. 7. Spectrum of y rays in prompt coincidence with {a) beam-velocity n particles and (b) beam-velocity deuter-
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the coincidence y rays in the laboratory. Strictly
speaking, this assumption is not valid, but, as
will be discussed below, the effect of expected
y-ray anisotropies on the accuracy of the cross
section quoted above is not particularly important.

In the case of the fragment transfer reactions
discussed in the present work, the axes of the
charged-particle detector and the accelerator
beam define a reaction plane, and in a semiclas-
sical picture, the transferred fragments would

tend to be captured into orbits which are concen-
trated near this reaction plane. As a result,
gamma radiation from these captures (i.e., in
coincidence with the detected charged particles}
would come from a polarized ensemble of nuclear
states whose angular momentum vectors are
oriented predominantly perpendicular to this re-
action plane. This axially-symmetric polariza-
tion would give rise to uniform y-ray intensity in
the reaction plane; but pronounced y-ray aniso-
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tropics would be present out of the reaction plane.
The angular distribution of quadrupole y radia-
tion from such a polarized system can be easily
calculated if the relative populations of the m
substates of the system are specified. "' It can
be shown that, even for the most extreme polari-
zation of the residual system, the above integrated
result for the total ct-y coincidence yield at 8
=25' under the assumption of y-ray isotropy in the
lab amounts to, at most, a 20/(; overestimate of
the particle-y yield, relative to the correct, angu-
lar-distribution-weighted integrated yield. It
should be remarked that careful measurements
of the y-ray angular distribution would shed a
great deal of light on the geometric features of
the fragment capture process since the distribu-
tion relative to the plane of the fragment capture
is so readily predictable.

For y rays in coincidence with beam-velocity
deuterons at 25' ('9'Tl y-rays), the integrated
cross section is do~, /dQ~=15 +3 mb/sr, which is
approximately 8% of the cross section with which
the beam-velocity deuterons are produced in

singles at 25'. This latter cross section is no
doubt a slight underestimate, since low-energy
(E„(100keV) y rays were not detected, due to
the placement of a Cd absorber on the front face
of the Ge(Li) detector to attentuate the intense
x-ray counting rate. Thus, low-energy y rays
from the adjacent, odd-odd ""'Tl nuclei would
not have been included in the coincidence intensity.

C. Particle-particle coincidences

Since only about 10 to 15% of the beam-velocity
fragment flux can be attributed to reactions in-
volving the transfer of one of the fragments to
the target nucleus, this leads to the search for
further cross sections in channels which produce
correlated charged particles, at least one of
which is a beam-velocity fragment.

Most of the possible reaction mechanisms
mentioned in the Introduction give rise to produc-
tion of such correlated particles, and this section
deals with our in-plane particle-particle corre-
lation measurements with which we have sought
to ascertain the extent to which various mechan-
isms play a role in 'Li-induced reactions.

1. Alpha-deuteron coincidences

Shown in Fig. 8 is the measured n-d angular
correlation resulting from the 75-MeV 'Li
bombardment of "'Au. Correlations are shown
for the cases where the n-particle detector is
held fixed (black dots) and where the deuteron
detector is held fixed (open circles). Both corre-
lations were taken simultaneously and sorted

OJ

E
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Alpha-deuteron Correlation
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dir ection
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0 i ' & I ~ I ~ ~ ) i, i I i i) i i g~r,
-90 -60 -R 0 ~0 60 go
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~ of particle fixed
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later in the off-line analysis. In both cases the
fixed detector was positioned at 25' (lab). As
will be shown by the results to follow, in the angu-
lar range, ~8, i=- ~8 —8,

~

s13', the coincidence
events are dominated by those from the well-
known sequential breakup of the projectile excited
to its 2.18-MeV 3' state. This state, whose mean
life is approximately 10~'sec, then decays with a
positive 0.71-MeV Q value to a free n particle
and deuteron. A velocity vector diagram of the
breakup is shown in Fig. 9. In view of the rela-
tively long lifetime of the excited 'Li compared
with typical projectile transit times (the latter
being on the order of 3X10 2'sec), one expects
very little final-state interaction between the
cluster fragments and the target nucleus. The
breakup can be thought of as arising from a free,
inelastically-scattered 'Li, where an internal
excitation has been imparted to the projectile.
From the velocity vector diagram, one can see
that, for a given detector angular separation,
only those correlated fragments which are emitted
into specific solid angles in the 'Li center of mass
are detected. In one case (the solid lines in Fig.
9) a high-energy + particle and a low-energy
deuteron are produced with velocities in the prop-
er directions to admit them to the detector solid
angles. In a second case (the dotted lines in Fig.
9) a slightly different direction of travel for the

FIG. 8. Angular correlation of n particles and deu-
terons from the 75-MeV Li bombardment of Au.
The darkened circles represent the correlation pattern
observed when the o.-particle detector was held fixed at
25' in the lab and the deuteron detector angle was varied
(n-gated correlation). The open circles correspond to
the correlation obtained with the deuteron (d-gated corr-
elation). For purposes of orientation, the angular pos-
itions of the beam axis and fixed detector are also in-
dicated.
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FIG. 10. (a) Schematic of the coincidence relationship between pairs of peaks in the particle-particle correlation
spectra for detector angular separation less than 13 . The n-particle peaks in detector number 1 are in coincidence
with specific deuteron peaks in detector number 2, as shown in the figure. In addition, the deuteron peaks in detector
number 1 are in coincidence with the n-particle peaks in detector number 2 (the latter coincidence relationship not
shown). (b) Depiction of the appearance of the charged-particle coincidence energy spectra as the detector angular
separation is changed, showing that the dual-peaking feature survives only up to 8~&= 13', and that the energy separa-
tions of the two deuteron and of the two n-particle peaks decrease as 8~~ increases, as expected from the sequential-
breakup kinematic s.

double peaking in the a-d correlation patterns
(see Fig. 8) is also a natural consequence of the
kinematics of the sequential-breakup process. As
pointed out by Scholz et al. ,

" for a given direc-
tion of the decaying 'Li, progressively larger
solid angles in the 'Li center-of-mass system are
viewed by the detectors as their angular separa-
tion increases. Thus, if isotropic a + d fragment
distributions in the 'Li center of mass are as-
sumed, the coincidence counting rate will
increase with 8 ~ until the boundary of the kine-
matic cone is reached. This solid angle effect
accounts for the major part of the observed rise
in the a+ d correlation as 8 ~ increases to ap-
proximately 13 .

In the above sequential-breakup picture, a
given angular separation of the detectors corre-
sponds to observation of breakup fragrrents which
have been emitted in the Li center of mass so

that the deuteron emerges at a specific angle 8,
with respect to the Li center-of-mass velocity
(cf. Fig. 9 and Refs. 60, 61). Furthermore, a
given lab direction and kinetic energy for the
deuteron and for the correlated a particle uni-
quely determine the direction of the velocity of
the decaying 'Li which produced those fragments.
Shown in Fig. 11 is the measured angular dis-
tribution of the a + d sequential coincidence rate
as a function of the effective 'Li direction in the
lab, 6)«. The data points were selected for a
narrow range of detector angular separations
which correspond to the emission of deuterons
over a restricted 'Li center-of-mass angular
range: 8, =60+3' (see inset of Fig. 11). The
finite solid angle subtended by the two detectors
requires that the detected n + d sequential-break-
up coincidence events at a given detector angular
separation (and therefore a given 8,) correspond
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FIG. 11. Angular distribution of sequentia1 6Li

breakup strength as a function of the effective scattering
angle of the decaying 6Li. Also shown are angular
distributions calculated for pure Coulomb excitation of
the 2.18-MeV 3' state in 6Li and also the DWBA result
(using both Coulomb and nuclear potentials) for the in-
elastic scattering of Li by excitation to its 3' state.
See text for further explanation of symbols.

to dissociating 'Li nuclei scattered into a finite
solid angle of magnitude dQ«. However, since
IdQL,

I
depends only upon e„ its value is essen-

tially constant for all of the data points shown in

Fig. 11. Thus the cross sections are expressed
in relative units but still properly reflect the
shape of the angular distribution. For compari-
son, we show in Fig. 11 the calculated angular
distribution of inelastic scattering of 'Li by a
"'Au target, with the outgoing 'Li projectile in
its first excited state. The calculation was per-
formed with the distorted-wave Born approxima-
tion (DWBA) method, ~ using a deformed form
factor. Both Coulomb and nuclear excitations
were included, and the spin-orbit interaction was
ignored. The parameters of the optical potential
were those obtained by fitting the measured Li
elastic scattering angular distribution and were
found to be similar in value to those obtained by
Huffman et al." from 75-MeV 'Li elastic scatter-
ing on Zr. The very close similarity between
the shapes of the calculated and observed angular
distributions lends credence to the increased
importance of nuclear excitations, especially at
low impact parameters. By contrast, the Cou-
lomb excitation alone (also shown in Fig. 11)~
cannot explain the data.

It is clear from Fig. 8 that significant a+ d
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FIG. 12. Typical energy spectra of correlated n par-
ticles and deuterons detected outside the kinematic cone
for sequential Li breakup from the 75-MeV bombard-
ment of ~~Au.

coincidence cross section exists beyond the
sequential-breakup kinematic cone. The a and d
energy spectra in the coincidence events outside
this cone (an example of which is shown in Fig.
12) do not exhibit any discernible structure, but
instead are grouped in a broad peak near beam-
velocity energies. These coincidences may be the
result of a direct, quasifree breakup process in

which the n particle and deuteron are liberated
by sudden interaction of the loosely bound Li with
the target nuclear field. Furthermore, one
might then anticipate that the observed spread
in the energy distribution of the outgoing frag-
ments is simply a reflection of the momentum dis-
tribution of the clusters in the 'Li. This concept
was explored by Serber ' with regard to the neu-
tron energy spectrum from the breakup of the
deuteron. Some applications of this idea have
also been made in heavy-ion reactions' and
recently in the study of &-particle breakup. "

An interesting feature of the n + d correlation
(cf. Fig. 8) is that, for a fixed o-particle direc-
tion, there appear to be more correlated deuter-
ons toward the beam direction than away from it.
The same features are noticed with respect to n
particles in the d-gated correlation (cf. Fig. 8,
open circles). The detector solid angle effect
discussed above" will produce a symmetric,
double-humped angular correlation of sequential-
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breakup events for a given lab direction of the
scattered 'Li*, assuming isotropy of the d and o.

angular distributions in the 6Li* center-of-mass
system. The a + d correlation data taken here
correspond to 'Li. scattering angles distributed
symmetrically about 25'(lab). Since the 'Li*
angular distribution (discussed above and shown
in Fig. 11) peaks at approximately 25', one might
expect relatively little asymmetry due to the 'Li
scattering. However, the z + d center-of-mass
isotropy assumption may be open to some ques-
tion, """ so one cannot rule this out as a pos-
sible contributor to the n+ d correlation asym-
metry observed.

In Fig. 13 are presented correlated a —d energy
spectra from two of the coincidence runs. The
events in Fig. 13(a) were acquired within the
sequential-breakup cone and are therefore domin-
ated by the dual-peaking feature described above.
The events in Fig. 13(b) were outside the sequen-
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FIG. 13. Correlated energy spectra for the n-d co-
incidence measurements from the 75-MeV 6Li bombard-
ment of ~YAu. In part (a) the coincidence events are de-
tected within the sequential-breakup cone, and in {b) the
events are just outside the limits of this cone. It should
be noted that these plots are a result of the gating of n
particles in one detector and deuterons in the other.
The complementary set of o.-d coincidences, obtained
by interchanging the type of particle gated in each de-
tector, would appear in the lower right-hand portions of
the figures. This latter type of coincidence has been
suppressed in the plots for the sake of clarity.

tial-breakup cone, and the particle energies are
clearly grouped around the beam velocity as in

Fig. 12. In a simple picture of the 'Li z + d
dissociation (regardless of the mechanism}, the
kinetic energies of the correlated n particle and

deuteron should equal the incident 'Li energy
minus the at+ d binding energy. For a 75-MeV
'Li beam, this value (including assumed 0.5-MeV
energy losses from the traversal of the ' 'Au

target and from recoil of the target) will be 72.5

MeV. The locus E +E~= 72.5 MeV is plotted in

Figs. 13(a) and 13(b), and the coincidence events
in both cases are definitely within this kinematic
limit.

It is interesting to note that both within and just
beyond the boundary of the sequential-breakup
cone are highly inelastic events associated with
each of the intense o+ d coincidence peaks. The
strong inelastic group in Fig. 13(b) corresponds
to an excitation range in the ' 'Au residual sys-
tem of approximately 17 to 25 MeV.

For detector positions on opposite sides of the
beam, the correlated particles are spread out
over a wider range of energies, and the centroids
of the particle energy distributions tend to occur
at energies below the beam-velocity values.

Integration of the o. + d correlation over deu-
teron angles gives the differential cross section
for the production at 25' (lab} of n's which are
involved in the sequential and nonsequential
coincidences discussed above. Without knowledge
of the correlation over the entire solid angle
sphere, we cannot perform this integration. How-

ever, if one makes the simplifying assumption of
azimuthal symmetry of the correlation about the
axis defined by the lab direction of the gating z
particle (see below), then the angular integration
of the correlation gives the result dc,/dQ, = 143
+22 mb/sr at 8, =25'. This result accounts for
approximately 25% of the singles fast z-particle
production cross section at this angle (570 +62
mb/sr, cf. Fig. 2). Integration of the o-gated
correlation within the sequential-breakup cone
(8, &13 }, under the same simplifying symmetry
assumption used above, gives the result dc ~/dQ,
=70+10 mb/sr for o particles into 25' which
arise primarily fromthe sequential-breakup
process.

The above azimuthal symmetry assumption is
somewhat ad hoc, used in order to achieve a
manageable quantitative estimate of the integrated
cross section from the limited data available. If
the angular distributions in the 'Li center of
mass of the individual n and d fragments from
sequential decay are isotropic (as is generally
believed), then this assumption is reasonable,
undermined only by the forward-peaked aniso-
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tropy of the 'Li* particles over the angular range
covered in the n+ d correlation. Furthermore,
this 'Li* anisotropy effect is averaged out to
some extent by an angular integration which
relies upon isotropy. It is also true that polari-
zation effects in the 'Li inelastic scattering
should not affect the validity of this assumption,
since the fragment isotropy in the 'Li* center of
mass removes the relevance of the orientation
of the 'Li* angular momentum vector. (It should

be noted that there is some evidence for slight
anisotropy of the ~ and d fragments in the 'Li*
center of mass, " so the integrated cross sec-
tions quoted above should be taken only as esti-
mates, carrying more than just statistical uncer-
tainty. Furthermore, it is not at all obvious that
the azimuthal symmetry assumption would be as
valid for all of the n + d coincidence production
mechanisms discussed here; however, we extend
the assumption to include these cases as well,
in order to minimize complications in arriving
at estimates of the cross sections obtained by
integration of the total Ir + d correlation results. }

2. He- t coincidences

During the course of the coincidence measure-
ments, no 'He or tritons were observed in any
coincidence spectrum, implying that these parti-
cles were produced individually. This informa-
tion and the singles energy spectra of the 'He and
f favor the conventional ( Li, t) and ('Li, 'He)
fragment-transfer reactions as the dominant
mechanisms by which these particles are pro-
duced. These reactions would likely be enhanced
at the optimum Q value as discussed earlier, and

so the observed Q-value behavior of the particle
spectra is also reasonable.

3. Alpha-proton coincidences

The z+P angular correlation is shown in Fig.
14. The solid data points are for the measure-
ments with the n-particle direction fixed at
25'(lab) and the proton detector angle varying.
The open circles correspond to data taken with
the proton detector fixed at 25'(lab). Several
features of this correlation merit emphasis:
(a) Most of the coincidences are concentrated in
a small angular range around the gating particle
direction. (b) The correlation pattern exhibits a
double-humped shape about the gating particle
direction. (c} As in the case of the a +d corre-
lation, both z +P correlations exhibit asymmetry
about the gating particle direction. This asym-
metry is especially pronounced in the z-gated
correlation, where the coincidence proton inten-
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sity in the hump closer to the beam direction is
nearly an order of magnitude higher than in the
other hump. (d) There is significant coincidence
intensity extending to negative correlation angles.
(e) In the proton-gated correlation, the corre-
lated z-particle intensity falls off more rapidly
with increasing detector angular separation.

In Fig. 15 are a number of two-dimensional
correlated z +P energy spectra. In all of these
measurements, there is a total correlated energy,
E +E~, above which no coincidence events are
observed. For z-P angular separations 8 ~ of 10'
and 15' [Figs. 15(a) and 15(b)] the coincidence
events appear to be grouped into two separate
bands along the E direction, with proton energies
centered at approximately 7 and 22 MeV for 8 ~
=10' and 8 and 20 MeV for 8 ~=15'. For 8 ~
=25' [Fig. 15(c)], the coincidence events occur
in a single group centered roughly around E~= 13
MeV and E ~50 MeV.

One can imagine several possible mechanisms
by which correlated n particles and protons could
be produced. For each of these mechanisms we
can estimate an expected upper limit for E +E~.
In the mechanisms discussed below, we assume
that the lab 'Li kinetic energy available for reac-
tion is 74 MeV [75 MeV (beam energy) less 0.5-

~ I I I i I I I I l I t I I I I I I ~ I ~ I, I . I . I

-90 -60 -30 0 30 60 90
Lab Angle of Moving Detector (deo)

FIG. 14. Angular correlation of n particles and pro-
tons for the 75-MeV 6Li bombardment of YAu. The
darkened circles represent the correlation pattern ob-
served when the n-particle detector was held fixed at
25 in the lab and the proton detector angle was varied
(O.-gated correlation). The open circles correspond
to the correlation obtained with the proton detector
fixed at 25' and the e-particle detector moving (p-gated
correlation). For purposes of orientation, the angular
positions of the beam axis and the fixed detector are also
indicated.
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FIG. 15. Correlated energy spectra for the n-proton coincidence measurements from the 75-MeV Li bombardment
of 9~Au. In all four figures the n-particle detector is fixed at 25 in the laboratory. (a) The proton detector was
placed at 35, making the detector angular separation 10 . (b) The proton detector was set 15 back of the n-particle
detector at 40 . In the inset to part (b), the proton detector was located 15'fonoard of the n detector. (c) The proton
detector was situated 25' back of the o.-particle detector. (d) The proton detector was set on the opposite side of the
beam from the e-particle detector with a resulting angular separation of 65'. In this last correlation the roles of the
two detectors have been reversed. The solid diagonal lines correspond to maximum total energies to which the cor-
related n particle and proton energies should sum if they are produced by the reaction machanism which labels each
line. The designations of the reaction mechanism for each of the labels a-d are shown in part (a) of the figure and are
discussed in the text. It should be noted that these plots are a result of the gating of e particles in one detector and

protons in the other. The complementary set of O.-p coincidences, obtained by interchanging the type of particle gated
in each detector, would appear in the lower right-hand portions of parts (a)—(c) and in the upper-left-hand portion of
part (d). This latter type of coincidence has been suppressed in the plots for the sake of clarity.

MeV energy losses from traversal of the "'Au
target and from target recoil]:

(a} In the statistical (three-body) breakup of the
excited 'Li, the a +p+ n threshold is 3.V MeV,
but the nearest states in 'Li from which ~ +P+ n

decay could energetically occur are above 5 MeV.
If one assumes excitation of the 'Li to its 5.3V-
MeV state, then a maximum value of E +E~ of
66.V MeV is obtained for the minimum neutron
lab energy of 6 MeV. This kinematic locus is
labeled a in Fig. 15. However, it is important
to realize two points: (1}that this kinematic limit
is computed for the extremes of the statistical
energy distribution, implying that the bulk of the
coincidence events should lie bekcne this limit
and none above it, which is contrary to observa-
tion; and (2) as discussed earlier, o+P+n decay

has not been observed from any of the excited
states of 'Li below 25 MeV. ~ Thus, this mechan-
ism of z +P production is ruled out.

(b) Neutron transfer to the ground state of 'e'Au

would produce unstable 'Li. The Q value for this
transfer is +0.8V MeV which, combined with the
1.9V-MeV Li dissociation energy, gives a maxi-
mum E + E~ of V6.8 MeV. This locus is desig-
nated as b in Fig. 15.

(c) The optimum Q value for neutron transfer
to the target is -7.7 MeV (calculated by the meth-
od outlined in Ref. 45). Under these conditions
the maximum E +E~ is 8.6 MeV below that of the
ground-state transfer mechanism, or 68.2 MeV
(locus c in Fig. 15).

(d) One might imagine the possibility of eji
dissociating into an z and a deuteron followed by
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P + n breakup of the deuteron. This mechanism
results in a maximum E + E~ value of approxi-
mately 61 MeV, plotted as locus d in Fig. 15.
Since most of the coincidence intensity lies above
this limit, this reaction mechanism is also ruled
out.

The picture which emerges from the considera-
tion of the correlated n-P energy spectra is that
the primary reaction mechanism involves the
production of 'Li by neutron transfer to the tar-
get. Let us consider the data further in this
context. The appearance of two groups of cy-P
coincidences associated with two proton energies,
for angular separations of 10' and 15' [see Figs.
15(a) and 15(b)], and their coalescence into one
group for separations greater than 24, the maxi-
mum ~-P lab angular separation for the breakup
of a 68-MeV 'Li from its ground state [cf. Fig.
15(c}], is a characteristic of sequential-breakup
coincidences, which therefore supports the neu-
tron-transfer picture in this case. Qne would not
expect particularly sharp energy structure in the
~-P coincidence spectra from a 'Li breakup,
since the very short 'Li lifetime (4.4&& 10 '2 sec}
would likely result in strong final-state interac-
tions between its fragments and the target nu-
cleus. Qualitatively speaking, we could interpret
the situation in which the z particles are detected
forward of the protons [cf. Figs. 15(a) and 15(b)]
as corresponding to the case where the 'Li frag-
ment closer to the target during the interaction
is the a particle. Such experimental data have
been similarly interpreted by Gamp et al. ,

' in
heavy-ion studies. In the present case, one
would then expect the final-state interactions to
distort the z-particle energy structure more
than the protons. Thus, the observed greater
spreading in energy for the n's compared with
the protons as seen in Figs. 15(a) and 15(b)
would seem to be consistent with this interpre-
tation. Similarly, when the proton is detected at
an angle forward of the o particle, then we would
expect that the fn oton energies would be more
smeared out than those of the a particle. Indeed,
such is the case, as can be seen in the inset of
Fig. 15(b) where the coincidence events appear
to be more localized in z-particle energy than in
proton energy. Finally, the energy separation of
the correlated proton groups in Figs. 15(a) and
15(b) are seen to be approximately 15 and 12 MeV
for 8 ~=10 and 15, respectively. This is in
reasonable agreement with the proton energy
group separations of 17 and 15-MeV calculated
for 'Li breakup from its ground state. For the
correlated energy spectrum for coincidences be-
tween particles on opposite sides of the beam
[Fig. 15(d)], the particle energy distribution

centroids are approximately at the beam velocity.
However, the coincidence events are widely dis-
tributed in energy, suggestive of inelasticities
which one would expect from strong final-state
interactions.

As in the case of the cy-d correlation, precise
determination of the differential cross section for
Q. -P coincidences for 8 = 25 is not possible with-
out complete knowledge of the correlation at all
angles. However, assuming symmetry of the
correlation for e~& 25' about the z-particle
direction gives the integrated result do, /de,
=128+25 mb/sr at 8, =25'. This result must,
of course, be regarded as a lower limit, since
the full contribution of the large peak in the cor-
relation for 8~ between 0' and 25' was not included
in the estimate. A rough upper limit to this con-
tribution is taken as 4 of the symmetric integra-
tion of the peak about the a-particle direction,
the result of which is 57 mb/sr. Thus the quoted
cross section for z-P correlations with n par-
ticles at 25' is taken as d&x,~/dQ =156 +50 mb/sr
for 8, =25'.

IV. SUMMARY AND CONCLUSION

The production of fast particles with Z= 1 and
2 in 'Li-induced reactions on heavy nuclei is the
result of the combined effect of several competing
processes, which, as has been shown in the last
section, strongly depend on the cluster structure
of the projectile and which mainly occur at the
surface of the target. These mechanisms are as
follows:

(a) Optimum Q-value transfer of one of the pos-
sible clusters to the target. This mechanism
accounts for most of the 'He and triton produc-
tion, and a substantial portion of the alpha-
particle and deuteron production.

(b) Sequential o + d breakup of the 'Li, after it
has been excited to its 3' state through the com-
bined effect of the nuclear and Coulomb fields of
the target.

(c) Nonsequential breakup of Li which occurs
on a time scale comparable to the transit time of
the projectile. This process was identified
through the events which lie outside the kinematic
cone of the sequential breakup.

(d) Optimum Q-value transfer of a neutron to
the target, with the subsequent decay of the 'Li
ground state into an alpha particle and a proton.

In order to ascertain, with the limited amount
of information at hand, whether or not the reaction
mechanisms discussed account for the bulk of the
singles production of fast particles, Table II
presents the results of the comparison of mea-
sured cross sections for each mechanism pro-
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TABLE II. Summary of estimated differential cross section for fast-particle production at
25 for various reaction mechanisms and comparison with total singles yields of the same
particles at 25 from the 75-MeV ~Li bombardment of TAu.

Reaction
mechanism

' (mb/sr) dv«(mb/sr) a

d

~' (mb/sr) ~

~+d
breakup

Sequential +
nonsequential

143 + 22 88+44 d

('Li, 'Li -u+ p)
( Li, &xnan)

( Li, dxny)
('Li, pxny)

( Li, He &+n)

TOT AL

Measured singles yield

156+ 50
72+ 15

0
0

(156 + 50)'

371 + 57
(527 + 75)'
570+ 62

0
0

~15 ~ 13
0
0

103+ 44

203 + 40

76+ 30e
0
0

10+ 2

0

86+ 30

117+ 18

~Differential yield of & particles (da ), deuterons (dad), and protons (da&) at 25 Qab) due to
reaction mechanism i.

Taken as equal to the cross section for Li production.' Result including estimated He production.
Estimated to be 4 of the result obtained by integration of the n-d correlation in Fig. 8

(open circles) for 8d &25'. An arbitrary 50% error is assigned.
'Taken as the average of the integrated n-p correlation in Fig. 14 (open circles) for 8&&25

and 8p &25'.
~ Taken as the total singles yield less the evaporation yield of 8 mb/sr (Ref. 49).

posed with the total singles yields at 25'. In
column 1 of the table are listed the differential
cross sections for the production of beam-velocity
o. particles. The individual cross sections quoted
are those given in the previous sections. In
addition, it should be noted that we have included
the possibility that proton transfer also occurs,
forming particle-unstable 'He which decays into
~+n. Since no measure of the proton transfer
cross section couldbe made, its contribution to the
fast z-particle flux was assumed, for the pur-
poses of this comparison, to be equal to that of the
neutron transfer reaction; although, actual
knowledge of the contributions from this process
could only come from alpha-particle-neutron
correlation measurements.

One should stress that this comparison does
not mean the relative contributions from each of
these mechanisms necessarily is the same at all
angles. The quoted uncertainties in all the entries
in Table II are relatively large, due to the as-
sumptions that had to be made regarding supposed
symmetries in the correlations and which could
not be verified. For completeness, the differen-
tial cross sections associated with the deuteron
and proton yields at 25' are also included in
Table II. These cross sections were determined
in the same manner as those connected with the
z-particle yields, and so they also contain large
inherent uncertainty. Nevertheless, it can be

concluded from the table that the mechanisms
proposed tend to account for all of the singles
yields of protons, deuterons, and z particles at
25'. It is also clear that the excess of e particles
seen in the singles compared with deuterons has
a natural origin in the existence of reaction mech-
anisms which produce n particles but not corre-
lated deuter ops.

A mechanism which has not been considered is
deuteron pickup, leading to the formation of un-
stable 'Be which in turn decays into two p par-
ticles. This process would have been impossible
to observe in the present experimental setup,
due to the very small opening angle between the
emerging correlated n particles. However,
contribution from this mechanism cannot be ruled
out and would, of course, add to the fast a-parti-
cle yield.

Finally, some features of the observed angular
correlations deserve special attention. These
are as follows:

(i} The asymmetry of the correlation with re-
spect to the fixed particle direction (8 =—25')
amounting to a shift towards the beam direction.

(ii) The existence of coincidence events for
large angular separations 25'& he & 110'.

(iii} The faster drop in the coincidence inten-
sities when the particle detected in the fixed
direction is other than an ~ particle.

The above features cannot be ascribed to that
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component of the observed coincidence events
which are due to the sequential-breakup process,
since the dissociation in this case occurs too far
from the nucleus to enable the final-state inter-
actions to modify the corresponding correlation
pattern. In the case of the nonsequential breakup
such interactions can modify the correlations
because, for a fragment detected at a particular
angle, the changes in the trajectory of the second
fragment depend upon its relative location (i.e. ,
its impact parameter) in the nuclear field. Fur-
ther coincidence intensities would depend not only
upon the kind, but also upon the exact trajectory
of the second fragment due to different absorption
for different cases. For example, the shift of
the correlation pattern towards the beam direc-
tion may be due to partial orbiting by the second
fragment, as is expected in a semiclassical
view, when its impact parameter is in the vicin-
ity of the grazing value. For smaller values of
the impact parameter, the second fragment can
be anticipated to suffer large deflections towards
backward directions. These effects could explain
the observation of coincidence events for large
separation angles on both sides of the location of
the fixed detector. Similarly, the faster drop in
the coincidence intensities at large angular sepa-
ration (especially towards backward angles),
when the second fragment is an ~ particle, could
be due to its stronger absorption when it has the
smallest impact parameter or when its trajectory
is longer in the nuclear field (orbiting). Whether

these ideas or any others are the bases of the
special features of the correlations mentioned
above must await measurements in coincidence
geometries other than reported here.

In summary, our results for 'Li-induced reac-
tions at super-Coulomb-barrier energies reveal,
as expected, extensive participation by nuclear
interactions: The Coulomb- induced sequential
projectile breakup (the only breakup mode appar-
ently present at sub-Coulomb beam energies) is
supplemented by significant sequential breakup
driven by nuclear excitation of the 'Li. Addi-
tional reaction mechanisms have also been
observed to come into play, such as nonsequen-
tial z+d breakup, fragment transfers, and
nucleon transfer followed by fragmentation of
the outgoing projectile. Finally, approximate
estimates of the relative contributions of each of
the mechanisms observed suggest that the bulk
of the fast-particle yields can be accounted for by
the observed data.
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