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The reaction ' 'Au("O, HIa) has been investigated at 310 MeV. The angular correlations of alpha particles
measured in coincidence with projectile-like fragments are very strongly forward peaked; the reaction is dominated

by large negative values of the three-body Q value. Most of the observed alpha particles are emitted from projectile-
like fragments. Within a factor of 2, no anisotropy. of emission in the center-of-mass frame of the coincident
projectile residue and alpha particle was found.

NUCLEAR REACTIONS '9 Au('80, HIo. ), E=310 MeV; measured two-dimen-
sional HI-o.'coincident energy and angular correlations; deduced reaction

mechanisms.

I. INTRODUCTION

From the numerous recent experimental and
theoretical studies of light particle emission in
heavy-ion collisions, it has become clear that
these particles are an important source of in-
formation on the time evolution of the reaction
mechanism from low energies close to the Cou-
lomb barrier up to the highest available relativis-
tic energies. Over the whole energy domain, there
is an increasing emphasis on coincidence mea-
surements, which refine the global insights de-
rived from the earlier single particle inclusive
experiments. In this paper we discuss such coin-
cidence measurements between alpha particles
and projectile-like fragments in reactions indu-
ced by "0 on '"Au at 310 MeV. This energy lies
in the transitional region between low and high
energy heavy-ion phenomena. ' Some initial re-,
sults of the experiments were reported earlier. '

At low energies, less than 5 MeV/u above the
Coulomb barrier, the interaction time of the two
colliding nuclei is longer than, or comparable
to, the nuclear relaxation time of typically 10 "
sec.'~ The dominant reaction mechanisms are
established as deeply inelastic scattering ox' com-
pound nucleus formation (see Refs. 3-'I and re-
ferences therein). Here, the light particles are
primarily emitted from the compound nucleus
or from the fully accelerated and statistically
equilibrated nuclei formed in deeply inelastic col-
lisions. ' " Strictly speaking, these conclusions

are based on studies of heavy colliding nuclei
(A ~ 40). For lighter nuclei, there is already
evidence for a component of preequilibrium emis-
sion of light particles, even at energies below
5 MeV/u. ""'

At higher energies, an increased, or even do-
minant, contribution is expected from preequili-
brium processes, as established already in light-
ion induced reactions. "" The decrease in the
reaction time allows the excitation of higher lying
states, which subsequently decay by particle emis-
sion rather than propagate into more complicated
configurations. This possibility is less likely in
low energy heavy-ion collisions, where the energy
loss in each step is too small to lead to significant
preequilibrium emission. " There exists now a
substantial body of data which demonstrate that
nonequilibrium, light particle emission is an im-
portant aspect of heavy-ion collisions between
5 and 10 MeV/u, not only for deeply inelastic
scattering" "but also for incomplete fusion re-
actions. """

In spite of the wide variety of observed pheno-
mena, a common feature in the experiments is
the observation of angular correlations between
alpha particles and projectile-like fragments that
are not symmetric about the direction of the out-
going projectile residue. This asymmetry has
been attributed to the emission of light particles
froxn the contact zone between the two nuclei,
prior to the subsequent deeply inelastic or fusion
reaction. In a few cases, 4'~' evidence for this
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emission by direct impact from the neck has also
been found in collisions of heavy nuclei at energies
much lower than 5 MeV/u.

The variety of phenomena has stimulated the
development of many theoretical approaches, such
as the "hot-spot" model, '""'"'4'~' the radial
friction or "piston" model, 4' the promptly emitted
particle (PEP) model, 4"4' and Fermi jets,"" but
detailed, quantitative comparisons with the data
have been made for only a few cases. '" These
phenomenological models are probably more
closely related than their derivations would sug-
gest, and ultimately they must be derivable from
more microscopically based preequilibrium and
cascade theories, which are also successful in
explaining some features of the data. ""The
relationship between preequilibrium and hot-spot
models has already been discussed for light-ion
reactions at intermediate energies. "'" In heavy-
ion reactions there is also evidence for connec-
ting links in experiments on inclusive proton emis-
sion in "0 induced reactions at 20 MeV/u, "which
are successfully explained by preequilibrium emis-
sion as well as by emission from a hot source of
nucleons moving independently of the target and
projectile. The latter approach is closely re-
lated to the fireball concept invoked to explain
light particle emission at relativistic energies, "
and at the same time offers an alternative to the
angle-dependent temperatures of the hot-spot mo-
dels derived from the low energy data. ' ' The
proton emission at 20 MeV/u has in fact also been
explained by a stationary hot-spot model. "

Close similarities of phenomena at 20 MeV/u
(Refs. 1,58, 59) and at relativistic energies" have
also been demonstrated for the energy spectra
of complex fragments which, at both energies,
can be explained by a projectile breakup mechan-
ism in which the target nucleus acts as a mere
spectator. "" At present, the relative impor-
tance of light particle production via breakup pro-
cesses as compared to the more exotic mechan-
isms which were invoked in the explanation of the
single particle inclusive data is not known. It is
the object of this paper to provide more detailed
experimental information through the measure-
ment of alpha particle-projectile fragment coin-
cidences for "O induced reactions close to 20
Me V/u.

In this context, we will also establish a link to
the potentially simpler case of light-ion induced
reactions from the close similarities between the
inclusive energy spectra for alpha particle6 "or
eLi (Refs. 81, 69) induced reactions and for '60 in-
duced reactions at 20 MeV/u. For light projec-
tiles, the inclusive energy spectra are remarkably
well described by the simple Serber model for

projectile breakup, '"which is similar in spirit
to the fragmentation models ' ~ applied to the
case of heavy ions. However, subsequent investi-
gations have shown that the elastic breakup chan-
nel is less important than inelastic or absorptive
breakup ""

In the present paper, we describe the results
of coincidence experiments between alpha parti-
cles and projectile fragments in reactions induced
by "O on '"Au at 310 MeV. The main features
of our data are qualitatively similar to those ob-
served for light ion induced reactions. The inter-
action of the fragments with the target nucleus
will be shown to be an important aspect of the
reaction mechanism. Similar to observations at
lower energies, ' ' ' ' ' the angular correlations
of coincident alpha particles observed in the la-
boratory are not symmetric about the direction
of the outgoing projectile residue. Although such
asymmetries may be taken as evidence for the
preferential emission of alpha particles from the
region of contact between the two colliding nuclei,
we shall show that the asymmetries do not neces-
sarily prove this point and that, indeed, we do not
find convincing evidence for asymmetric emis-
sion of alpha particles in the rest frame of the
outgoing pr ojectile residue.

The next section of this paper gives the experi-
mental details. In Sec. III, the overall qualitative
trends of the data are presented. In Sec. gl, we
discuss the effects of the primary fragment angu-
lar distributions and excitation energies on the
angular correlations between projectile residues
and alpha particles. A more detailed study of
cross sections, transformed into the rest frame
of the primary projectile-like fragments, is ela-
borated in Sec. V in order to reveal any evidence
for isotropic or anisotropic emission from the
primary fragment. The energy spectra observed
in this rest frame are compared to a model calcu-
lation" which gave the first theoretical inter-
pretation for the experimentally observed simi-
larities' between peripheral heavy ion reactions
at 20 MeV/u and 2 QeV/u. Our results and con-
clusions are summarized in Sec. VI. Definitions
of the various coordinate systems and kinematic
transformations used in the paper are given in the
Appendix.

II. EXPERIMENT

The experiment was performed at the 88-inch
Cyclotron of the Lawrence Berkeley Laboratory.
A '"Au target of 15 mg/cm' thickness was bom-
barded by '~O" ions of 310 MeV energy. Outgoing
projectile fragments were detected with a solid
state telescope consisting of a 4E detector of
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51 jtt. m thickness and an E detector of 3 mm thick-
ness, which separated individual isotopes of ele-
ments from Z =3 to Z =7. This telescope sub-
tended a solid angle of 0 =2 msr and an angle of
~8 =2.9' in the reaction plane. Coincident alpha
particles were detected in two solid state detector
telescopes consisting of 252 and 265 p. m 4E de-
tectors and 5 mm E detectors. These telescopes
subtended solid angles of 0=1.2 and 1.4 msr and
angles of 68 =2.4 and 3.0 degrees, respectively,
in the reaction plane. The events corresponding
to alpha particle-projectile residue coincidences
were stored on magnetic tape and analyzed off-
line, and corrections were made to subtract ran-
dom events and contributions from light target
contaminants of carbon and oxygen. A cold trap
at liquid nitrogen temperature was mounted close
to the target in order to minimize the buildup of
carbon and oxygen impurities. Even with this
precaution, the contribution from carbon and oxy-
gen contamination couM not always be ignored,
especially for very negative values of the three-
body reaction Q value Q, in conjunction with cor-
relation angles at which the alpha particle and
the projectile residue were detected on opposite
sides of the beam axis. In order to correct for
these contaminants, the carbon and oxygen areal
densities were determined to be 10 and 18 p g/cm'
from a measurement of the Rutherford scattering
of low energy alpha particles. The coincidence
cross sections were also measured for a carbon
target, and corrections were made assuming equal
cross sections for the carbon and oxygen conta-
minants. An error of 25% is associated with these
corrections. The magnitude of the correction
was generally smaller than 30% approaching this
value only for the most inelastic events considered
in the analysis. Regions of Q values and correla-
tion angles at which the magnitude of the con-
tamination was larger than this value were not
included in the analysis.

The absolute magnitude of the cross section
is determined within 2O%, the rela.tive error bars
plotted include statistical errors and errors due
to the subtraction of random and contaminant
events.

III. EXPERIMENTAL RESULTS

A. Energy spectra

Typical energy spectra of alpha particles de-
tected in coincidence with carbon and boron pro-
jectile residues are shown in Figs. 1 and 2. The
spectra are shown for the alpha particle detection
angles of 8 = —10', 9', 25', and 30', and for the
fixed detection angle 8« =1.7' for the coincident
projectile residues. (Here, the convention is
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FIG. 1. Energy spectra of alpha particles measured
for the reaction Au( 0, CG.') at 310 MeV. The carbon
nuclei are detected at 8~= 17', the alpha parti, cles are
detected at e~=-10', 9', 25, and 30'.

adopted that positive values of 8 correspond to
alpha particles that are emitted on the same side
of the beam axis as the projectile fragment; ne-
gative values of 8 are used if the two coincident
particles are detected on opposite sides with re-
spect to the beam axis. )

The shapes of the alpha particle energy spectra
depend very strongly on the detection angle. For
alpha particles detected close to the outgoing pro-
jectile residue (e = 9 and 25 ) two peaks are ob-
served in the energy spectra. Only one peak is
observed for larger opening angles between the
coincident nuclei. ; the position of this peak is in-
termediate between the locations of the two peaks
that are observed for smaller correlation angles.
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FIG. 2. Energy spectra of alpha particles. measured
for the reaction ~Au( O, BO') at 310 MeV. The boron
nuclei are detected at 8&=17; the alpha particles are
detected at 8 =-10', 9', 25', and 30'.

0.5—

These effects are particularly pronounced for
C +a coincidences (Fig. 1) but are still present
for 8+o. coincidences (Fig. 2).

This behavior is quite different from that of the
58Ni('4N, HI+) reaction at the lower energy of 148
MeV. For this reaction, "the coincidence cross
section could be parametrized as the product of
the singles cross sections for the detection of
alpha particles and projectile residues. Such a
parametrization implies that the energy spectra
depend, for a given particle, only on the detec-
tion angle and not on the coincidence requirement,
the physical interpretation being that the alpha
particle is emitted from the contact zone at an
early stage of the reaction, after which the heavy
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FIG. 3. Energy spectra of arbon nuclei measured
for the reaction Au( O, C& at 310 MeV. The carbon
nuclei are detected at 8~=17', the alpha particles are
detected at 8o=-10, 9, 25', and 30'.

ions may undergo deeply inelastic scattering. The
dramatic difference that is observed for the alpha
particle energy spectra at —10' and 9' (i.e
=10' and 9') clearly rules out such a parametriza-
tion for the present data. In fact, the measured
singles alpha particle spectra at all angles are of
a monotonic, nearly exponential form.
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FIG. 4. Energy spectra of boron nuclei measured for
the reaction 9~Au{ ~O, 8+) at 33.0 MeV. The boron nuclei
are detected at 8& = 17; the alpha particles are detected
at 8 =-10', 9', 25', and 30'.

FIG. 5. Spectra of three-body reaction Q values Q3
measured for the reaction Au{ 60, CG,') at 310 MeV.
The outgoing C nuclei were detected at the laboratory
angle e~= 17; the alpha particle detection angles 8 are
given in the figure.

Energy spectra of carbon and boron projectile
residues detected in coincidence with alpha par-
ticles are shown in Figs. 3 and 4. These spectra
were taken with the same coincidence conditions
as those shown in Figs. 1 and 2 (&z, =1'1', 8
= —10', 9', 25', 30'). The detailed shapes of the
carbon spectra also depend on the detection angle
of the coincident alpha particle; the differences
for the various coincidence conditions are, how-
ever, not so pronounced as fear the alpha particle
spectra. The shapes of the boron spectra are less
dependent on the detection angle of the alpha parti-
cle.

B. Inelasticity of the reaction

The three-body reaction Q value Q„as defined
in Eq. (10) of the Appendix, can be used to specify
the inelasticity of the reaction. It should be clear,

however, that large negative values of Q, can arise
both from large excitation energies of the target
residue and from the production of more than
three particles in the exit channel.

Spectra of Q, observed for various coincidence
requirements are shown in Figs. 5-7. The shapes
of these spectra depend on the mass and element
numbers of the coincident projectile residue and
on the detection angles of the two particles. The
coincidence cross sections are mainly due to pro-
cesses that involve relatively large negative values
of III,. (Although the "C +a channel exhibits a
strong quasielastic breakup component, it does
notconstitutethe major part of the cross section. )
"Elastic" breakup processes are, therefore, not
the dominant mechanism. The fact that the interac-
tion with the target is an important aspect of the
reaction becomes particularly clear from a com-
parison of "C+a and "C+n cross sections, which
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FIG. 6. Spectra of three-body reaction Q values Q3
measured for the reaction ~Au( 0, SC&) at 310 MeV.
The outgoing 3C nuclei were detected at the laboratory
angle of 8~= 17; the alpha particle detection angles 8o
are given in the figure.
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are very similar in magnitude. Whereas the "C+n
reaction could result from pure projectile frag-
mentation, the ' C +n channel must involve the
transfer of at least one nucleon from the target.

In the Q, spectrum corresponding to the "C +o,
reaction (Fig. 5), two components can be dis-
tinguished: a rather narrow quasielastic com-
ponent (Q, ~ —20 MeV) and a more inelastic com-
ponent (Q, & —20 MeV). Within the resolution and
the statistics of the present experiment it is quite
possible that the quasielastic component is domina-
ted by, or even entirely due to, the elastic break-
up process (Q ~"'=—7.6 MeV) that leads to the
ground states of the three particles in the exit
channel.

The two components observed for the "C +a
channel have distinctly different angular depen-
dences, the elastic component being enhanced at
the angles 8 =-10 and 8 =+30'. For the other

FIG. 7. Spectra of three-body reaction Q values Q3
m.easured for the reaction 9~Au( 80, Bn) at 310 MeV.
The outgoing B nuclei were detected at- the laboratory
angle of 88 =17'; the alpha particle detection angles 8~
are given in the figure.

exit channels, a quasielastic component cannot
be clearly identified.

C. Angular correlations

The energy integrated angular distributions
of alpha particles that were detected in the re-
action plane in coincidence with carbon, boron,
and beryllium nuclei are shown in Fig. 8. These
angular correlations are strongly peaked in the
forward direction, but they are not symmetric
about the beam direction or the direction of the
detected heavy ion. They have a maximum at an
angle that is intermediate between the direction
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FIG. 9. In-plane angular correlations for 0 induced
reactions on 9 Au at 310 MeV [parts (a)-(c)] a.nd on Pb
at 310 MeV [part (d)] and at 140 MeV [part (e)]. Three
different regions of Q3 values are displayed —group I
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FIG. 8. Energy integrated in-plane angular correla-
tions for the reaction Au( 80, HID.') at 310 MeV, HI
= carbon, boron, and beryllium. The projectile residues
HI are detected at e~= 17 (see arrow), Negative angles
denote the detection of projectile residues and alpha
particles on opposite sides with respect to the beam
axis.

of the outgoing projectile residue (e„z = IV', mar-
ked by an arrow in the figure) and the beam axis.
In the present case, projectile fragments are
expected to scatter to positive angles; therefore
this correlation is contrary to the one expected
from the "piston model" which predicts a maxi-
mum of the angular correlation if the two coinci-
dent particles emerge on opposite sides with re-
spect to the beam axis and if only positive de-
flection angles occur. 4' The general shape of these
angular distributions is similar to those observed
in many of the reactions mentioned in the intro-
duction.

The energy integrated angular correlations
shown in Fig. 8 do not depend very strongly on the
atomic numbers of the coincident projectile re-
sidue. More detailed information is obtained by

plotting the angular correlations corresponding to
different regions of the three-body Q value Q,
and by separating the distributions associated
with individual isotopes. In Fig. 9, the in-plane
alpha particle angular correlations' are shown
for "0 induced reactions on '"Au at 310 Me7
[parts (a)-(c)) and on '"pb at 310 MeV [part (d)]
and at 140 MeV [part (e)]. Three different regions
of Q, values are displayed: group I [parts (a), (d),
(e)], Q, (C+n) ~ —20 MeV, Q, (N+n) ~ —30 MeV;
group II [part (b)], —60 MeV &Qs(C +n) & —20 MeV,
-80 MeV & Q,(N+ n) & —30 MeV; group III [part (c)],
-100 MeV &Q,(C+n)& —60 MeV. There is a mar-
ked difference in shape between the angular cor-
relation observed for the quasielastic "C +o. chan-
nel compared to all other channels. The quasi-
elastic breakup channel "C +o. exhibits two maxi-
ma in the angular correlation for all three cases
investigated [see full points in parts (a), (d), (e)].
For more negative Q, values, the "C +n channels
exhibit smooth, bell shaped angular correlations
[see the full points in parts (b), (c)] similar to
those observed for the other exit channels. The
double peaked shape of the correlation for the
quasielastic "C+ ci. channel is also observed for
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'Li breakup reactions.
In order to observe this double peaked angular

correlation, it is essential to study correlations
for individual isotopes and to separate the quasi-
elastic breakup component. From Fig. 9 it is
clear that a superposition of distr'ibutions from
different isotopes or from different regions of
Q, values would wash out the double peaked signa-
ture of the quasielastic breakup process.

Although there is a marked difference in shape
between the quasielastic "C +o. and "C +a angu-
lar distributions, there is no significant difference
in the magnitudes of the coincidence cross sec-
tions. Significantly smaller cross sections are,
however, observed for the "N+o. channel.

IV. SCHEMATIC MODEL CONSIDERATIONS

Some of the features observed in the coincidence
data can be explained by the simple picture of the
quasifree breakup of the outgoing projectile-like
fragment. Consider, for the sake of simplicity,
the schematic p1ctul e of 1sotrop1c emission of
monoenergetic light particles from a moving
source, as sketched in Fig. 10. If the light parti-
cles are emitted close to the direction of the mo-
ving source, two peaks should be observed in the
energy spectrum, resulting from forward and
backward emission of the light particles in the
rest frame of the moving source. With an in-
creasing opening angle, the two energy peaks
move closer together until they coincide at a li-
miting angle beyond which no particle can be de-
tected. Close to this limiting angle the light par-
ticle angular distribution has a maximum due to
the large volume of phase space for emission into
this angular region. (It should be noted that other
models also predict double peaked angular cor-
relations. For example, in the hot-spot model, 4'

two maxima are predicted in the angular correla-

two peaks
Tn energy spectrum

peak in angular
distribution

FIG. 10. The kinematic situation encountered for the
ideal case of a moving source emitting monoenergetic
light particles.

tions due to "shadowing" of the alpha particles
emitted by the target and reabsorbed by the pro-
jectile, or vice versa. The effect discussed here
does not involve such a complicated process but
is rather of trivial kinematic origin. )

Some of the above features are clearly observed
for the quasielastic "C +a channel. The alpha
particle energy spectra, measured at small re-
lative angles between the outgoing alpha particle
and "(;nucleus, exhibit two peaks (see 1'ig. 1,
8 =9' and 8 =25'), whereas only one peak is
observed for larger opening angles (see Fig. 1,
8 = —10' and 8 =30'). At these larger opening
angles, maxima are observed in the angular cor-
relation as expected from the simple breakup
model [see full points of Fig. 9(a)].

The alpha particle energy spectra observed in
coincidence with projectile residues other than
"C also exhibit similarities to the spectra of the
"C +nehannel. Double peaked spectra are ob-
served at 8 =9' but not at 8 =30'. An example
for the case of boron-alpha particle coincidences
is shown in Fig. 2. However, the angular dis-
tributions are quite different since they have only
one maximum; see Figs. 8 and 9. There are se-
veral possible reasons for these differences be-
tween the angular correlation for the quasielastic
"C+a breakup channel and the more complicated
channels that are likely to involve large target
excitations, nucleon transfer between target and
projectile, or the emission of additional light
particles: (i) Qualitatively different reaction
mechanisms must be invoked for the quasielastic
"C +~ channel and the other exit channels. (ii)
The reaction mechanisms are qualitatively simi-
lar in all cases, but higher order processes and
final state interactions are more important for
those channels that differ from the quasielastic
"C+n breakup channeL (iii) The main differences
observed for the various exit channels are due to
different angular distributions and excitation
energy spectra of freely decaying projectile re-
sidues. At present, there are no quantitative
theories available that would allow us to distin-.
guish between these options.

The alpha particle angular distributions obser-
ved at 310 MeV incident energy are not symme-
tric about the direction of the coincident projec-
tile residue (see Figs. 9 and 9). This asymmetry
does not necessarily imply that the emission of
alpha particles in the center-of-mass frame of
the heavy ion and the alpha particle is anisotro-
pic. In particular, it cannot be concluded from
this observation alone that the alpha particles
emerge from the region of overlap between projec-
tile and target although quantitative calculations
for other cases suggest that such an emission
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pattern may be favored by the experiments. '""
However, the primary angular distribution of the
prefrag;ment can also have a drastic effect on the
observed angular correlation.

The effect of the primary angular distribution
on the observed angular correlation is illustrated
schematically in Fig. 1l. Here, we have calcula-
ted the decay of "Q into»C +o, by assuming iso-
tr opic emission in the rest frame of the "Q nu-
cleus. For simplicity, the three-body reaction
Q value was fixed at Q, = —10 MeV, and a kinetic
energy release of E» =4 MeV was assumed. The
angular distributions of the "Q prefragments in
the ("0+'"Au) center-of-mass frame were as-
sumed in turn to be isotropic, Gaussian, or ex-
ponential. The parameters for the Gaussian and
exponential shapes (shown on Fig. 11) are similar
in magnitude to parameters that fit the observed
inclusive angular distributions. ' In Fig. 11, the
calculated angular distributions of the primary
fragments in the laboratory frame are shown by
the dashed lines. The arrows denote the detec-
tion angle of the»C nucleus at 8, =17, and the
angular distribution of coincident alpha particles
is shown by the solid lines. Quite clearly, strong
asymmetries of the alpha particle angular cor-
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action ~Au{ 0, C&) at 310.MeV. An isotropic angular
distribution of the outgoing primary 0 nuclei has been
assumed —otherwise the assumptions are the same as
in Fig. 12. The arrow marks the angle of the outgoing

C nucleus.
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FIG. 11. The dependence of alpha particle angular
correlations on the angular distribution of the primary

0 nucleus, breaking up into C+ 0.', for the reaction
97Au( 60, C&) at 310 MeV. In the rest frame of the

outgoing ~60 nucleus, isotropic emission in the reaction
plane and a kinetic energy release of E~2 =4 MeV have
been assumed. The three body reaction Q value was
fixed to Q3 =-10 MeV. The assumed primary 0 angular
distributions in the laboratory are indicated by dashed
lines. The solid lines are the calculated alpha particle
angular correlations if the coincident C nucleus emer-
ges at 8~=17 (marked by arrows in the figure).

relations are produced if the»C nucleus is de-
tected at an angle at which the angular distribu-
tion of the primary fragment has a steep slope.
The alpha particle angular correlations are sym-
metric about the direction of the detected»C nu-
cleus if the primary angular distribution is sym-
metric in the vicinity of the ' C detection angle.
1n all cases, the angular correlations exhibit
maxima close to the maximum opening angles
between the two coincident particles, as expected
from our earlier considerations of phase space.

The location of these maxima in the angular
correlation depends on the spectrum of E», the
relative kinetic energy between the two coincident
fragments, and consequently on the excitation
energy of the decaying nucleus, on the branching
ratios and on the level densities of the decay pro-
ducts. The dependence of the location of the maxi-
mum of the angular correlation on E» is illus-
trated in Fig. 12. From this strong dependence,
it should be clear that the maxima in the angular-
correlations can be washed out if a broad range
of relative kinetic energies contributes to the de-
cay of the prefragment.

The effect of a continuous distribution of the
relative kinetic energy on the shape of the angu-
lar correlation is illustrated in Fig. 13. The solid
lines have been calculated with the distribution
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0, for E„-E,
z(E„)= .

(Q Q )1/2e (B1-2 &c /T for E )E12 c 7 12 c

where E, =2.5 MeV and T =3 MeV was assumed.
From these model considerations it should be
clear that the observed angular correlations can
be strongly influenced by the distribution of rela-
tive kinetic energies. In particular, the maxima
that are observed for the emission of monoener-
getic light particles can almost completely dis-
appear. For comparison we have included the
predicted correlation for monoenergetic emission,
E» =4 MeV, and also the angular distributions
of the primary fragments for the cases of ex-
ponential and Gaussian shapes.

Vfe do not attempt to fit our experimental an-
gular correlations with this model since they
could be influenced by many other effects. For
example, the assumption of a unique Q2 value is
unrealistic. Furthermore, it is quite likely that
interactions in the exit channel cannot be ignored.
Ultimately, detailed models will be needed which
incorporate all these effects. An extension of the
theories" developed for the quantitative treatment
of light-ion breakup to the case of heavy-ion re-
actions is definitely called for, and progress on
this is already underway. " On the experimental
side, it is clear that many of the features we have
discussed for the energy spectra and angular dis-
tributions closely resemble the observations in
breakup of 'Li projectiles, " including the double

peaks in the energy spectra and angular distribu-
tions. , as well as transfer reactions followed by
breakup. Calculations for these processes must
be performed before the observed coincidences
between, for example, ' N and alpha particles
shown in Figs. 9(a) and 9(b) can be attributed to
more exotic mechanisms like the "sparking" of
alpha particles from the overlap zone of the col-
liding ions.
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V. TRANSFORMATION OF CROSS SECTIONS
INTO THE REST FRAME OF THE PRIMARY

FRAGMENT

In the preceding section it was shown that some
of the experimental observations were qualitatively
consistent with isotropic light particle emission
from the projectile-like fragment. It is justifi-
able, therefore, to transform the cross sections
into the center-of-mass system of the alpha par-
ticle and heavy ion in order to highlight any de-
viations from isotropic emission.

A three dimensional polar plot of the angular
dependence of the spectra for the relative kinetic
energy E~2 is shown ln Flg. 14 for the case of
"C+a coincidences in which the carbon nucleus
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FIG. 13. The modification of alpha particle angular
correlations by a continuous distribution of relative
kinetic energies E~2. Dashed lines correspond to the
assumed primary angular distribution; the dot-dash
lines to the alpha particle angular correlation for con-
stant value of Ef2 4 MeV; the solid lines to the alpha
particle angular correlation for a continuous spectrum
of energies E~2 with spectral shape P (8~2) = {E~2
—E ) / exp(- (812-E )/T) for E12&E =2.5 Mev, T =3
MeV, and P(Egq)=0 for Egg&Ec, Otherwise the assump-
tions are the same as in Fig. 12.

FIG. 14. The transformation of the 9~Au( 0, C+)
coincidence cross sections measured at 310 MeV inciden]
energy into the ~2C+ 0| center-of-mass frame. The nor-
malization between different ridges has been corrected
for the estimated effects of the primary fragment angular
distributions as described in the text. The cross sec-
tions are plotted in a polar diagram as a function of 8g2

and E~~, as defined in the Appendix. The four ridges
correspond to measurements at 8o= S, 25, 30, 85'
with 8 =17 .
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was detected at the fixed angle 8, =1V'. The four
ridges correspond to the alpha particle detection
angles of 8 =9', 25', 30', and 35'. Consequently,
the angle between the»C +z center-of-mass
velocity and the beam axis has different values
for different ridges; i.e. , each ridge corresponds
to a different average scattering angle of the pri-
mary fragment and, therefore, to a different cross
section for the production of the primary frag-
ment. This fact makes a direct comparison of
the coincidence cross sections corresponding
to different ridges very difficult. As a first at-
tempt, the cross sections given in Fig. 14 were
divided by the factor e ~I'~~(sin8&) ' to correct
for the estimated angular distribution of the pri-
mary fragments, where 8& is the c.m. scattering
angle of the primary fragment and a = 5' has been
used. This is consistent with the slope of the
"C inclusive angular distribution' (see discussion
below). For fixed values of the detection angles
8 and 8, there is a slight dependence of 8& on the
kinetic energies of the two coincident particles;
this variation was fourid to be relatively small
(less than one degree). However, there is a large
variation of 8» with E», i.e. , the alpha particle
emission angle in the»C +n center-of-mass sys-
tem varies considerably for a fixed detector set-
ting. These facts make quantitative statements
very difficult when only discrete sets of coinci-
dence angle pairs are measured experimentally
and when the heavy fragment detection angle is
held fixed.

In order to proceed further, we note from Fig.
14 that the dependence of 8» on E» exhibits a
rough forward-backward symmetry for a given
detector geometry. Therefore, we compare the

E]2 spectra that correspond to emission into the
forward and backward direction when viewed from
the center-of-mass frame of the projectile re-
sidue and the alpha particle. These spectra are
shown in Figs. 15-17 for»C +o. , "C +n, and
8+a coincidences and for the regions of Q values
indicated (note that these spectra were not cor-
rected for the estimated angular distributions
of the primary fragments). The following notation
has been adopted for labeling these spectra: B is
the backward emission of the alpha particle; F,
the forward emission of the alpha particle; L, the
emission of the light particle to the left hand side
with respect to the primary fragment velocity (i.e. ,
the alpha particle emerges at a larger laboratory
angle than the projectile residue); R, the emis-
sion of the light particle to the right hand side
with respect to the primary fragment velocity
(i.e. , the alpha particle emerges at a smaller
laboratory angle than the projectile residue or
on the opposite side of the beam). The combina-
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tion of indices BL, for example, denotes emis-
sion into the backward left quadrant when viewed
from the rest frame of the primary fragment (see
also Fig. 21).
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Two features are common to all the E» spectra
shown in Figs. 15-17: the cross sections exhibit
a pronounced minimum for E» =0 and have maxi-
ma at E» values of only a few MeV. The mini-
mum at E» 0 could be due to the Coulomb re-
pulsion between the coincident alpha particle and
projectile residue. Alternatively, this minimum
could result from the unavailability or weak popu-
lation of states in the primary fragment which are
close to the separation energy and decay into the
corresponding particle channel. Additional ex-
periments must be carried out with sufficient
resolution to identify discrete states in the pri-
mary fragments in order to distinguish between
these alternatives.

The low values of E» suggest, however, that
the two coincident particles are formed simul-
taneously and at a small distance from each other.
This fact justifies, a posteriori, the discussion
of the cross section in the center-of-mass frame
of particles 1 and 2. We cannot, however, make
the distinction between a direct breakup process
and the sequential decay of the projectile-like
fragment on the basis of the present observations
alone.

The cross sections for emission into the forward
and baclmrard directions are of comparable magni-
tudes (see Figs. 15-17). It is by no means obvious
that the small observed differences between the
backward and forward emission spectra can be
taken as a proof of anisotropic emission in the
rest frame of the primary fragment. We have

already stressed that the comparison of these
spectra is only approximate since the variation
of 8» with E» is not exactly symmetric for for-
ward and backward emission. Therefore, we
conclude that there is symmetry between forward
and backward emission within about a factor of
2. It is even more difficult to answer the question
of a possible left-right asymmetry which would
bear on the question of emission from a hot spot
or from the contact zone of the projectile sur-
face facing the target. The differences in cross
sections that are already observed between the
angle pairs 8, =17', 8 =25' and 8, =17,8 =9 are
mainly due to the different values of the c.m.
emission angle 8& of the primary fragment.

The strong dependence of the cross sections
on the angle 8& is illustrated in Fig. 18. The left
hand side of the figure gives a comparison of the
»C +n cross sections measured for the detection
angle pairs 8, =17', 8 '=25' and 8, =13', 8 =21'.
In these two measurements the opening angle be-
tween the coincident particles has been left un-
changed and both detectors have been shifted by
4' in the laboratory, causing a change of the pri-
mary fragment emission angles in the laboratory
by 4'. This change in angle gives rise to a dif-
ference in the coincidence cross sections by one
order of magnitude, which demonstrates the
strong effect of the angular dependence of the

10 I I

~ g2 =l7'
c

g =15'

CV

!
I.O—

Cl
E

' Ol-
.Cy

b cu

~Co

~0.01-

-60s Q s —203
1 I I I

g -25'
a

ga 21

g = l7'
c

] g go
a

''I 1 I I I I
'' I

''
I ' ' I

''
I I

8 4 0 4 8 8 4 0 4 8
Eia( Mev)

FIG. 18. Forward and backward emission cross sec-
tions for the reaction Au( 0, Cu) at 310 MeV as
viewed from the C+ 0,'center-of-mass frame. The effect
of the primary fragment angular distribution is illus-
trated. The range of primary fragment emission angles
8& is for the angle pair 8 =25, 8 =17: 8&=19.7'-21.1',
for 8 =21, 8 =13: 8~=15.9 -17.1; for 8 =9, 8 =17:
8&= 15.7'-16.9 . (The finite opening angles of the detec-
tors have not been taken into account. ) Data correspond-
ing to open and full points were taken with different de-
tector thresholds accounting for the different energy
cutoffs for backward emission.
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primary fragment cross section. The right hand
side of the figure gives the coincidence cross
sections for the detection angle pair 8, =17' and
8 =9' (two independent measurements with dif-
ferent detection thresholds are compared for
consistency). From an event-by-event three-
body kinematics analysis, the corresponding
range of primary fragment angles in the labora-
tory is deduced as 15.7'-16.9', ignoring the finite
opening angles of the detectors. This should be
compared with the measurement at 8, =13' and
8 =21 in the left figure, which covers the very
similar range of primary fragment emission an-
gles, 15.9'-17.1'. These two measurements can,
therefore, be used to assess the left-right asym-
metry of the light particle emission. Again we
have to stress that the comparison is not strictly
quantitative since there remain differences be-
tween the other kinematic variables, and the
range of 8& is not weighted identically for the two
measurements. However, we feel safe in con-
cluding that, within a factor of 2, we do not find
evidence for any left-right asymmetry for the
light particle emission in the heavy ion-alpha
particle center-of-mass frame.

We have attempted to correct the E» spectra
by assuming the angular distribution of the pri-
mary fragments to have the form

W(8&) =exp(-8&/ct)/ sin8&.

We used e =5' in order to make this parametri-
zation consistent with the slope of the single par-
ticle inclusive angular distribution for outgoing
carbon nuclei' and divided the observed cross
sections by W(8&) to generate E» spectra as de-
scribed above. The resultant spectra for "C +o,
coincidences are shown in Fig. 19. With these
corrections we find very good agreement with the
assumption of forward-backward and left-right
symmetry of the light particle emission as viewed
from the "| +a center-of-mass system. In order
to reveal the effects of asymmetries due to more
exotic reaction mechanisms, the comparison with
a theory must be made at a level of accuracy bet-
ter than a factor of 2. In view of the difficulties
mentioned above, it will be more appropriate to
match the theoretical predictions to the experi-
mental data in the laboratory frame.

As already mentioned in the Introduction, one
can explain some of the similarities (and dif-
ferences) observed for peripheral reactions of
"0at 20 MeV/u and 2.1 GeV/u with a model that
assumes the reaction to proceed in two stages. "
In the first stage, calculated within the framework
of the Glauber model, a few surface nucleons in
the overlap volume of projectile and target scatter
and exchange energy and angular momentum. At
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the energy of 20 MeV/u, the knocked-on nucleons
are not free to leave the prefragment but deposit
all their energy and angular momentum into the
prefragments which subsequently thermalize and

decay statistically. The calculated" excitation
energy spectrum for "0~ prefragments can. be
converted into an E» spectrum for»C +a coinci-
dences. The E» spectra shown in Fig. 20 cor-
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FIG. 20. Eg2 spectra for C+ 0. coincidences predicted
from Glauber model calculations (Ref. 72). Part (a)
shows the distribution due to a single knock-on process;
part (b) shows the result of including up to three knock-
on processes in the calculation. The solid curves are
calculated by assuming the decay to the ground state of

C only (when energetically allowed), and the dashed
curves are the results from complete statistical model
calculations.

FIG. 19. Comparison of fore-aft and left-right emis-
sion asymmetries for the reaction Au( 80, CG') at
310 Mev as viewed from the C+ n center-of-mass
system. The estimated effects of the angular dependence
of the primary cross sections have been corrected as
described in the text. Detection limits are indicated by
dashed lines. The quadrant labels BL, FL, BB, and FR
are described in the text and depicted in Fig. 21.
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respond to the excitation energy spectra of "0*
that are calculated including one or up to three
knocked-on nucleons. The solid curves were ob-
tained by assuming that all states above threshold
decay to the ground state of »C; the dashed curves
are the result of a complete statistical model
calculation. For comparison, we show the data
of Fig. l9 which pertain to the situation FL, —60
MeV ~ Q, & —20 MeV. (The choice of this region
of Q value seems most appropriate since both
target and projectile, should be excited according
to the theory we are considering. ) The experi-
mental E» distributions are seen to be in reason-
able agreement with this simple model. Future
investigations will have to show whether the mo-
del can also account for the observed angular cor-
relations and Q, spectra.

VI. SUMMARY AND DISCUSSION

In this paper, we investigated the correlations
between projectile residues and energetic alpha
particles produced in "0 induced reactions on

heavy targets at 20 MeV/u incident energy. At
the outset it was anticipated that correlation ex-
periments at this incident energy might lead to
enhanced contributions from reaction mechanisms
such as the piston model, hot spot formation and

decay, promptly emitted particles, or Fermi jets.
However, within the limitations of the present
experiment, our data do not show positive evi-
dence for effects due to spatial localization or
any other exotic reaction mechanism.

The shapes of the energy spectra were shown

to depend strongly on the coincidence require-
ment and exhibited characteristics similar to those
expected for isotropic emission from projectile-
like fragments. The transformation of the cross
sections into the center-of-mass system of the
two coincident particles showed that the spectra
of relative kinetic energies have pronounced mi-
nima at E» =0 and maxima at E» values of only
a few Me7. These results suggest that, for the
majority of coincident particles detected in this
experiment, the space -time separation at the
point of emission is very small, which is con-
sistent with the pictures of breakup reactions or
decay of excited primary fragments.

The experimental angular correlations observed
in the laboratory frame are not symmetric about
the direction of the detected projectile residue. It
was pointed out that such asymmetries could very
well arise from the strong angular dependence
of the primary fragment cross sections. The in-
vestigation of symmetric or asymmetric emission
in the center-of-mass frame of the two coincident
particles was found to be rather difficult due to the

interdependence of the various kinematic varia-
bles. Because of these difficulties a definite proof
of symmetric emission is lacking. However, no

large deviations from left-right and fore-aft sym-
metry of the light particle emission could be de-
tected when the cross sections were transformed
into the center-of-mass system of the coincident
alpha particle and projectile residue and if the
effects of the estimated primary heavy-ion angular
distributions are taken into account. In particular,
no evidence for more exotic effects like hot spots
or shadowing could be established in our data.

The majority of alpha particles that are pro-
duced in coincidence with a projectile fragment
do not originate from the elastic breakup process.
The large negative values of Q, and the large cross
sections for "C+a coincidences, as well as sig-
nificant "N+n cross sections, show that the in-
teraction with the target (inelastic scattering,
nucleon transfer) is a dominant aspect of the re-
action mechanism.

In the present experiment, only in-plane cor-
relations were measured. Since these correla-
tions are very sharply peaked in the forward di-
rection and, furthermore, are asymmetric about
both the beam axis and the direction of the coin-
cident projectile residue, a complete set of out-
of-plane measurements would be needed to pro-
vide reliable information about the alpha particle
multiplicities. Such a measurement is beyond
the scope of the present paper. However, rather
large linear momentum transfer to the target
residue has been observed'4 in peripheral re-
actions induced by "0on "'U at 20 MeV/u. This
large momentum transfer (=—, of the momentum
lost by the projectile residue is transferred to the
target) is not consistent with pure breakup re-
actions, in which all fragments are emitted as
free particles in the exit channel. Instead, there
must be a large probability for absorption by the
target nucleus. These observations are reminis-
cent of the recent discovery ' ' "that light par-
ticle breakup reactions are dominated by "in-
elastic" and "absorptive" breakup processes. It
should also be noted that energetic light particles
are not only emitted in "peripheral" reactions
in which the projectile residue is emitted into the
exit channel but also in "central" collisions in
which the major part of the projectile is captured
by the target nucleus. """"'" Rather similar
energy spectra have been observed" for these
two processes.

A uniform reaction mechanism might underlie
al]. these phenomena —the breakup of the projec-
tile, accompanied by a strong interaction with the
target nucleus. This strong interaction could
manifest itself by absorption of one of the frag-
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ments, by inelastic excitation of the target re-
sidue or by nucleon transfer. An extension of
the theories" developed for light particle break-
up reactions to the case of heavy ions must be a
first step towards an understanding of heavy ion
reactions in the energy range above 10 Me&/u.

The experiments described in this paper were
conducted at an incident energy in which previous
inclusive measurements had already suggested
the importance of projectile fragmentation. The
coincidence experiments broadly confirm this
picture. It is now clear, however, that absorp-
tive and inelastic breakup processes are more
important than the quasifree fragmentation model
which adequately described the inclusive data.
At lower incident energies, and for lighter sys-
tems, more exotic effects like emission from the
contact zone, hot spots, shadowing, promptly
emitted particles, and Fermi jets have been sug-
gested as an explanation for energetic light par-
ticles. Qur analysis shows that the problem of
unraveling these exotic processes from much
simpler mechanisms is nontrivial.

APPENDIX: COORDINATE SYSTEM
AND TRANSFORMATIONS

velocity of particles i and k. (See Fig. 21 for
illustration. )

The total kinetic energy is given by

E =p, '/2m, +p, '/2m, +p, '/2m

=P /2M+E;„+E, «»,

where

E«a =p~«a/2&«a

is the relative kinetic energy of the particles i
and k, and

E« «a =-P'« «a/2-& « «a-

(7)

(6)

is the kinetic energy of particle / in the center-
of-mass system of all three particles, corrected
for the recoil of particles i and k:
=E«M/(m;+m»). If we denote the projectile en-
ergy by E», we can define the three-body Q value

Q, as

Q =E (10)

At this point it is worth mentioning that all
quantities can be defined in terms of the momenta
and masses .of the two particles 1 and 2 that are
detected experimentally and in terms of the re-
lations

In this section we define the three-body co-
ordinate system and give explicit expressions for
the relevant transformations that were used for
the data reduction. (The notation and develop-
ment of Ref. 75 will be followed. )

In the following equations, the subscripts 1, 2,
and 3 denote the alpha particle, the outgoing pro-'

jectile residue, and the recoiling target residue.
Figure 21 shows the velocity vectors of these
particles in the center-of-mass frame. If m„p;,
and E,. denote the mass, momentum, and energy
of particle i, we define the following reduced
masses and momentum vectors:

and

p3=P -p, -p, =p~-p, -p,

m =M-m -m =m +m -m -m
3 1 2 P g 1 2 S (12)

where the indices p and t denote projectile and

target, respectively. If more than three particles
are produced in the exit channel, p, has to be
interpreted as the total momentum of all unde-

M=m, +m +m

p, »
=m ma/(m«+ma) ~

I««-«a =m, (m, +m»)/M,

P =p~ +p2 +p3 ~

P«a &.»(P«/m« —Pa/ma)

(1)

(2)

(2)

(4)

(5)
axis

P -«a =& «»~P /m —(P«+-Pa)/( «+ma)t

=(m,. +ma)P/M-p, -p»

=p« — Pm/M. (6)

Here, M is the total mass, P is the total momen-
tum p, ,~ is the momentum vector of particle l with
respect to the center-of-mass system of particles
1, 2, and 3, and p,„ is parallel to the relative

FIG. 21. Definition of velocity vectors for three-body
kinematics. The velocities P'~2 and p'3 f2 are defined in
terms of the momenta and generalized masses:

p f2/jtL$2, and V3 g2 =p3 f2/p 3 f2 The index c denotes vec-
tors in the center-of-mass system of the particles 1, 2,
and 3»
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tected particles and E, is the kinetic energy as-
sociated with the motion of ihe center-of-mass of
these particles.

For a fixed value of Q, we can transform the
triple differential cross sections as

&~kP'd'~ s-' P~Pk (m +'mk)PPk
dE,kdn;kdn, ,k m ppk, p, ' Mpk'

fact that the following Jacobians are unity:

3 ( P I Pl -ik. Pfk)

&(Pg» Pk~ Pi)

(Pr-&k. P&k)

~(Pc~ Pk)

(15)

d o

dE;dQ;dQ~ '

0'

dE, (dQ„dQq, ]
l P1J ski ~I]

mkPPk

mppk i Mpkk

d30

dE,dQ, dQ~

In deriving Eels. (13) and (14), we have used the
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