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Mechanism for the disassembly of excited 60 projectiles into four alpha particles
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The decay of excited 0 projectiles into the four alpha particle exit channel has been investigated.
The projectiles, with bombarding energies of E/A = 25 MeV, were excited through peripheral
interactions with ' Tb target nuclei. A 4' counter was used to detect both the projectile alpha
particles and the light charged particles evaporated from the target nucleus. Criteria for selecting true

0~4o. events with the minimum contamination from incorrectly identified events were examined.
The distribution of relative angles between the four alpha particles in their center of mass frame was

compared to simulations of 0 decay by sequential decay mechanisms. The relative angles were
shown to be consistent with a sequential evaporation mechanism if a nonzero angular momentum
is assumed for the excited projectile. The momentum distribution of the alpha particles in the
reaction plane was examined and found to be anisotropic for high projectile excitation energies.
This anisotropy was shown to be consistent with Coulomb interactions between the first emitted
alpha particle and the target nucleus, which would indicate that the lifetime of the projectile is very
short, on the order of 10 s.

PACS number(s): 25.70.Lm, 25.70.Mn

I. INTRODUCTION

The decay of nuclei into many pieces is a topic of much
interest at present. Mechanisms proposed to explain the
disintegration process include both prompt breakup sce-
narios and models where the fragments are emitted se-
quentially. Also theories based on both statistical and
dynamical ideas are available. It is important in studies
of many fragment events to find clear signatures for the
diferent modes of disassembly. Such signatures may be
obtained from correlations between the fragments. If the
fragments produced by the disassembly process are ini-
tially in close proximity and their subsequent interaction
is dominated by their mutual Coulomb repulsions, then
one expects a suppression of events with small relative
velocities. On the other hand, for a sequential process,
if the time steps between emissions are suKciently long,
then the emitted fragments will not experience any mu-
tual interactions. Small relative velocities will therefore
not be suppressed. Trockel et aL [1] measured the cor-
relation between intermediate mass fragments produced
in violent collisions of isO (E/A = 84 MeV) on " 'Ag
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and is7Au targets as a function of their relative velocities
and deduced a time interval between fragment emissions
of (0.6—3.0)x10 2i s.

The mechanism for the breakup of E/A = 32.5 MeV
0 projectiles excited through peripheral interactions

with a is7Au target has been studied by Harmon et at.
[2, 3]. They measured the distributions of relative angles
between the pieces produced in the breakup and com-
pared these to predictions from prompt, sequential, and
dynamical models.

Also some studies [2, 4] have attempted to use event
shape analysis [5] as a signature to distinguish the two
classes of decay mechanisms. Such analyses are ex-
tremely sensitive to finite particle number effects [6].
Nevertheless, some tentative statements have been made.
Harmon et al. [2] find that the event shape analysis in-

dicates a sequential decay mechanism in agreement with
their conclusion from the analysis of the relative angles
mentioned above. Cebra et at. [4] conclude that the frag-
mentation process for central collisions in the Ar + V
reaction is consistent with the sequential mechanism at
E/A = 35 MeV. For higher bombarding energies, the
event shape analysis gives results intermediate between
predictions for the prompt and sequential mechanisms.

For projectile disassembly, correlations between the
projectile fragments and the target nucleus are of in-
terest. Interactions between the target and projectile
fragments can modify the energy and emission pattern
of the fragments. Glassel et at. [7] have studied sequen-
tial fission-like reactions and interpreted deviations of the
separation velocity between the fission fragments as due
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to the proximity of a third fragment during the fission de-
cay. They used the magnitude of this effect to estimate
the time scale of the fission-like process.

In this work, we report on a study of the disassembly of
0 projectiles into the four alpha particle exit channel.

The projectiles, with bombarding energies of E/A = 25
MeV, were excited through peripheral interactions with
the 5 Tb target nuclei. The present work is more exten-
sive than previous studies [2, 8] of ~sO breakup in that
the measurements were performed with a nearly 4x de-
tection system allowing the decay of the excited target
nucleus to be studied as well. The detection of all light
charged particles proved useful in distinguishing events
with four alpha particles originating from the projectile
from other events with four alpha particles. Correlations
between the alpha particles and between the alpha par-
ticles and the target nucleus were used to infer the decay
mechanism and the time scale for the decay.

This paper is divided into six sections. In Sec. II,
Monte Carlo simulations of the disassembly process are
presented. Predicted relative angle distributions and the
dependence of the target proximity effect on the decay
width and angular momentum of the projectile are dis-
cussed. Section III describes the experiment, while the
selection of 60~4o, events and their possible contami-
nation by other 4n events are discussed in Sec. IV. The
experimental relative angle distributions and the obser-
vation of a target proximity effect are discussed in Sec. V
and compared to predictions obtained from the simula-
tions. Finally, the conclusions of this work are surnrna-
rized in Sec. VI.

II. SIMULATIONS

A. Relative angle distributions

To study the disassembly of excited 0 projectiles
and to learn the signatures of the various types of decay
modes, Monte Carlo simulations were performed. The
sequential decay of an 60 projectile into four alpha par-
ticles can proceed by two possible routes. Either the
alpha particles can be sequentially evaporated, forming
in turn a C and then a Be intermediate, or the decay
sequence can be initiated by the fission of the projectile
into two Be fragments. Rather than allowing both of
these possibilities to be included in a single sequential
simulation as in Ref. [2], two separate simulations were

performed. The former of these routes will be called se-
quential evaporation and the latter sequential fission.

For the sequential evaporation simulation, alpha par-
ticle emissions from the 0 projectile and the C in-

termediate were described by the statistical model. The
Hauser-Feshbach formalism was used to choose the emit-
ted alpha particle's kinetic energy and orbital angular
momentum and also the excitation energy and angu-
lar momentum of the daughter. If the level densities
of the daughters (i.e. ,

~2C and sBe) for the two evap-
oration steps are taken from the Fermi gas model and
the emission directions are chosen isotropically, then the
predicted relative angle distribution is shown in Fig. 1
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FIG. 1. Simulated probability distributions of the six rel-
ative angles between the four alpha particles produced in
the disassembly of 0 projectiles with excitation energy of
40 MeV. The dashed curve was obtained with the sequential
evaporation simulation using Fermi gas model level densities
for both the ' C and Be intermediates and an initial exci-
tation energy of 40 MeV. The solid curve was obtained with
the random simulation.

(dashed curve). This particular simulation is for a pro-
jectile with 40 MeV of excitation energy and zero angular
momentum. The predicted distribution was found to be
relatively insensitive to the initial excitation energy and
angular momentum, This distribution is very similar in
form to that obtained by the sequential simulation in
Ref. [2] where the transition-state formalism was used
instead of the Hauser-Feshbach formalism and the level
density of the transition states were taken from the Fermi
gas model. Thus, the choice as to which statistical model
formalism to use in the simulations is not important.

The relative angle distribution generated with this se-
quential evaporation simulation is almost identical to a
random distribution of relative angles with the constraint
of momentum conservation. To illustrate this, relative
angles were obtained by first choosing four points ran-
domly in a spherical volume. The relative angles were
constructed from the center of mass of these four points
and the resulting distribution (solid curve) is compared
to the above described sequential simulation in Fig. 1.
The two distributions are very similar, indicating that
momentum conservation is determining the shape of this
sequential distribution.

The use of Fermi gas model level densities for such light
nuclei as C and Be is questionable and therefore must
be investigated. For a 0 excitation energy of 40 MeV,
which is typical of that found in this work (see Sec. V)
and in Ref. [2], the ~2C daughter will be formed with
an average excitation energy of 22 MeV. The density of
known levels for ~2C [9] peaks around 19 MeV indicat-
ing the presence of many undiscovered levels with energy
above 19 MeV. Therefore, the use of a continuous level
density seems appropriate at 20 MeV of excitation en-

ergy and above. When Fermi gas model level densities
are assumed, the average excitation energy of the Be
daughter after the evaporation of another alpha particle
is = 5 MeV. As the first (2+&) and second (4+) excited
states of sBe occur at E*= 3.04 and 11.4 MeV [10], re-
spectively, the use of a Fermi gas model level density
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for this daughter nucleus is inappropriate. These con-
siderations suggest that a reasonable approach for the
sequential evaporation simulation is to employ Fermi gas
model level densities for the C daughter, but only the
known levels should be considered for the Be daughter.
Furthermore, as only the four alpha exit channel is of in-
terest, only the known alpha-unstable levels of Be were
included in the simulation.

In what has been described above, the emission direc-
tion at each step of the decay was assumed random as
in Ref. [2]. However, with a proper treatment of angular
momentum, the emission directions will be correlated.
As an example, consider the decay of a i~C daughter of
zero angular momentum into an alpha particle and a sBe
fragment in its first excited state. The angular momen-
tum of this excited state is 25 which ultimately becomes
the orbital angular momentum of the two alpha particles
when the Be decays. However, as the original C had
zero angular momentum, the orbital angular momentum
of the alpha particle evaporated from it must be equal in
magnitude but opposite in direction to the sBe angular
momentum vector. Thus, the orbital angular momentum
vectors of the three alpha particles must be either parallel
or antiparallel with respect to each other. Therefore clas-
sically, these alpha particles must all be emitted in the
same plane perpendicular to these angular momentum
vectors. Hence, the distribution of relative angles will
be more concentrated near 0' and 180' as compared to
when the two emission directions were chosen randomly.
In the sequential evaporation simulation there are three
emission directions, so the triple correlation function is
needed. The quantum mechanical treatment of the triple
correlations between emission directions from Refs. [11,
12] was used in the simulations.

The relative angle distributions predicted from the
sequential evaporation simulation, which included sBe
structure and a quantum treatment of correlations, are
shown in Fig. 2 for 8'=40 MeV and two initial isO angu-
lar momenta, I = Oh (dashed curve) and M (solid curve).
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FIG. 2. Predicted probability distributions of relative an-
gles obtained with the sequential evaporation simulation, in-
cluding a quantum mechanical treatment of correlations be-
tween emission directions. Predictions are shown for initial
angular momenta of I = Oh (dashed curve) and I = 5h (solid
curve) with an initial excitation energy of 40 MeV.

Unlike the distributions obtained without the Be struc-
ture and correlations (see above), there is a strong de-
pendence on angular momentum. Also, a sharp peak is
very prominent at small relative angles (P =10'). This
peak is associated with pairs of alpha particles produced
from the decay of Be fragments in their ground states.
A small shoulder at P —60' is associated with the decay
of the first excited state of Be. Increasing the initial 0
angular momentum from I = Oh, to Gh has two eEects.
Firstly, the intensity in the peak corresponding to sBe
ground state decay was reduced. Decay into the first two
excited states of sBe is favored as I increases because
these states have angular momenta of 2h and 4h, , respec-
tively. Secondly, the correlations are reduced at I = 5h.
This is somewhat surprising as one generally expects cor-
relations to increase with angular momentum and to be
minimal at zero angular momentum. However, the cor-
relations are stronger for I = Oh as the decay was more
likely to proceed through a path containing a i2C inter-
mediate of zero angular momentum which decays into
the first or second excited state of sBe as described in
the example above. The relative angle distribution for
I = Oh is subsequently enhanced at P —0' and 180'.
For the I = 5h simulation, the effect of the correlation is
much smaller and the distribution is more similar to that
obtained with random emission directions.

The quantum treatment of these correlations was very
time consuming in terms of computer usage. However,
the correlations can be more rapidly treated by using a
semiclassical approximation. At each decay step, classi-
cal angular momentum vectors were obtained from the
angular momentum quantum numbers chosen from the
Hauser-Feshbach formalism. A triangle of vectors, cor-
responding to the angular momentum of the decaying
system and the daughter nucleus and the orbital angular
momentum of the evaporated alpha particles, was con-
structed assuming the magnitudes of the vectors were
given by the corresponding quantum numbers. The emis-
sion direction of the alpha particle was then chosen ran-
domly in the plane perpendicular to its orbital angu-
lar momentum vector. Figure 3 shows a comparison of
the relative angle distributions derived with the quan-
tum (solid curve) and semiclassical (short-dashed curve)
treatments and for isotropic emission (long-dashed curve)
for I = Oh and E'=40 MeV. The semiclassical approxi-
mation predicts slightly more correlations between emis-
sion directions than the quantum treatment. However,
the semiclassical approximation is quite good except for
values of P close to 0' and 180'.

For the sequential fission simulation, the projectile fis-
sions into two Be fragments each of which later decay
into two alpha particles. The excited states of the Be
fragments, and their separation velocity, were again cho-
sen using the Hauser-Feshbach formalism and a quantum
mechanical treatment of correlations between the fission
axis and the two Be decay axes was used. The predicted
relative angle distributions are shown in Fig. 4 for I = Oh

(dashed curve) and 5h (solid curve). These predicted dis-
tributions contain many peaks corresponding to diferent
combinations of the excited states of the two Be frag-
ments. The most prominent of these peaks are labeled in
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FIG. 3. Comparison of relative angle distributions ob-
tained with the sequential evaporation simulation for an ini-
tial angular momentum of I = Oh and an initial excitation
energy of 40 MeV. The solid curve was obtained with a quan-
tum mechanical treatment of correlations between emission
directions, the short-dashed curve using the semiclassical ap-
proximation, and the long-dashed curve was obtained assum-
ing uncorrelated emission directions.

Fig. 4. For example, the first peak in the predicted dis-
tributions at P=8' labeled as g.s.-(g.s. ,2+&) is associated
with the alpha particles produced by the decay of the
ground state of a Be when the other Be fragment was
formed in its ground state or in its first 2+ state. The
levels listed inside the parentheses refer to the other Be
fragment, the one not producing the two alpha particles
which give the correlation. Prominent peaks are also ob-
tained from the decay of the first, second, and third 2+
states (2+&, 2z, 2&+). The first 4+ state is very broad and
does not produce a prominent peak. The peak labeled
g.s.-g.s. is also associated with events where two sBe frag-
ments are formed in their ground states, but the relative
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FIG. 4. Predicted probability distributions of relative an-
gles between alpha particles obtained with the sequential fis-
sion simulation. Predictions are shown for initial angular mo-
menta of I = Oh (dashed curve) and I = 5h (solid curve) with
an initial excitation energy of 40 MeV. The prominent peaks
in these distributions are labeled to indicate the levels of Be
from which the alpha particles were produced. The levels of
the other Be fragment are indicated in the parentheses.

1+A = d rqd rzg(rq) g(rz) ~C'»»(rq, r2)~ (2)

where g(r) is the initial space distribution of an emitted
particle and 4 is the relative wave function between the
fragments. The formula given above [Eq. (2)] assumes
the fragments are emitted promptly, i.e., there was no
time delay between the two emissions.

The functions g(r) were taken the same as for the
Lopez-Randrup prompt recipe, i.e. , the initial positions
were randomly selected within a spherical volume. The
radius of this volume was taken as 3.8 fm, 40%%uo larger
than the radius of a cold O. This source radius is
needed to reproduce the prompt simulation of Ref. [2].
Calculated two-body correlation functions are plotted in
Fig. 5 as functions of the final relative momentum be-
tween the fragments Lp. The short-dashed curve indi-
cates the distribution obtained when only a Coulomb po-
tential between the fragments was considered when cal-
culating C. The Coulomb interaction suppresses events

angle here is between alpha particles originating from
different Be fragments. The position of these peaks will
move as the excitation energy changes because the sep-
aration velocity between the Be fragments will change.
The relative distributions predicted with the evaporation
and fission simulations are quite distinctive and should
be easily distinguished if the resolution for measuring rel-
ative angles is sufhcient.

In simulating the prompt decay of the projectile, Har-
mon et at. [2] have followed the prompt decay recipe of
Lopez and Randrup [5]. In this recipe, initial positions of
four alpha particles are chosen randomly inside a source
volume. The initial velocity vectors of the alpha particles
are then chosen from a microcanonical distribution. The
classical trajectories of the alpha particles under their
mutual Coulomb interactions are then followed until the
velocity vectors approach their asymptotic values. The
initial relative angle distribution obtained from the mi-
crocanonical distribution is similar to the random dis-
tribution discussed previously. The repulsive Coulomb
interactions between the alpha particles modify this rel-
ative angle distribution tending to suppress small relative
angles and enhance intermediate values producing a sub-
sequent narrowing of the relative angle distribution [2].

However, the above recipe ignores nuclear final state
effects and the symmetrization of the outgoing wave func-
tions for identical particles. For alpha particles, both the
nuclear and symmetrization final state effects work in
the opposite direction to that from the Coulomb inter-
action. To determine the magnitude of these effects, the
two-body momentum correlation function

~(pi p2)

~(» ~) ~(»)
was investigated, where o'(pq, p2) and u(p, ) are the two-
body and single particle emission probabilities. For two
fragments emitted initially uncorrelated from a source,
the correlation function arising from two-body final state
interactions between these fragments can be calculated
from the Koonin-Pratt formula [13—15]:
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FIG. 5. Two-body correlation functions calculated for al-

pha particles emitted promptly from a source of radius 3.8 fm.
The long-dashed curve gives the results obtained when only
the Cou1omb interaction between the fragments is considered.
The short-dashed curve indicates the prediction when the
Coulomb interaction and the symmetrization of the outgoing
wave function are included. The solid curve also includes the
efFect of a realistic nuclear potential between the fragments.

with small relative momenta, consistent with the sup-
pression of small relative angles in the previously men-
tioned prompt simulation. The long-dashed curve indi-
cates the effect of symmetrizing the wave function. The
symmetrization reduces the suppression a little, but this
is not a large effect. The solid curve shows the effect
of including a more realistic n-n potential. The poten-
tials of Refs. [16] and [17], both of which reproduce elas-
tic scattering phase shift data, were investigated. The
solid curve in Fig. 5 was obtained with the potential from
Ref. [17],but the result obtained with the other potential
was similar.

The two-body correlation function indicates that the
most important interaction between promptly emitted al-
pha particles is resonance scattering. The large peaks at
Ap=20 and 100 MeV/c correspond to scattering through
the ground and the first excited state (2+i) of sBe. If
the potential of Ref. [16] is used, then a broader peak
at higher b,p is also obtained corresponding to the 4+
state. The correlation function not only shows the ex-
pected peaks in the regions of the strong resonances,
but substantial difFerences between calculations with and
without a nuclear potential also exist in regions where
there are no resonances. For example, in the region
30(dp&60 MeV/c, where there are no resonances, the
suppression of correlations is greatly reduced relative to
that predicted with only a Coulomb interaction. This il-
lustrates that the use of the Lopez-Randrup prompt sim-
ulation is inadequate for exit channels containing more
than one alpha particle.

A proper treatment of prompt four alpha particle emis-
sion requires higher order correlations. However, one
might suspect that at high excitation energies, where the
probability of finding a pair of alpha particles with small
relative velocities in the region of these resonance scat-
tering peaks is small, two-body correlations would be ad-
equate. To estimate the probability that a pair of alpha

particles generated from a thermal source is involved in
resonance scattering, one can multiply the bp spectrum
predicted by a microcanonical distribution by the two-
body correlation function in Fig. 5. The area associated
with the resonance scattering peaks relative to the to-
tal area of the new spectrum gives an estimate of this
probability. For an excitation energy of 40 MeV, one ob-
tains that, on average, three pairs of alpha particles are
involved in resonance scattering interactions per event.
Considering that there are only six permutations of al-

pha particle pairs, if taken seriously, two alpha particles
must each be involved in two separate resonance scat-
tering interactions per event. This clearly indicates the
need to consider higher order correlations at this excita-
tion energy.

B. Target proximity

= Zte
Idol"

(4)

r = rp + br~~ + 6r~,

br~~ and b'rg are displacement vectors parallel and per-
pendicular to rp and Zqe is the charge on the target nu-
cleus. The first term is a uniform field which accelerates
all Z/A =1/2 fragments equally. The other terms give
rise to a force similar to the tidal force in gravity only
now, as the total force is repulsive, they produce a com-
pressional force in the direction parallel to rp (second
term) and try to pull apart the projectile in the direction
perpendicular to this (third term). The result of these
two terms is to make the momentum distribution of al-
pha particles anisotropic. Those particles emitted per-
pendicular to ro will, on the average, have an increased
momentum, while the momentum of those emitted par-
allel to ro will be decreased on average. For particles
emitted at intermediate angles, the net eEect of the two
terms will also be a focusing of the momentum vectors
towards perpendicular directions.

One must also appreciate that rp rotates (in the labo-
ratory or center of mass frame) as the projectile, and later
the projectile fragments, deflect in the Coulomb Beld of
the target. The direction of the momentum anisotropy
should reflect the orientation of the projectile-target axis

Information on the time scale of the decay process or
its "promptness" can be extracted from studying the ef-
fect of the target proximity on the decay. Prompt decays
might be expected to occur in the immediate vicinity of
the target and thus the emission angles of the alpha par-
ticles will be affected by the Coulomb field of the target.
The presence of the field has two effects. This can be il-
lustrated by performing a first order Taylor expansion of
the target's electric field around the projectile at position
ro.

ro br~~ Prl
E(r) = Ep —Ep + Ep

IroI IrpI Ir(

where
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when the projectile decays rather than the asymptotic
direction to the projectile fragment center of mass. For a
sequential decay, the decay process is extended in time so
the subsequent anisotropy of the momentum distribution
will be the combined effect of all the steps. However, the
magnitude of the first order terms in Eq. (3) decreases
rapidly, as lro l, and hence the anisotropy will be dom-
inated by the anisotropy of the first emitted particle. To
look for this anisotropy, the following momentum tensor
w88 considered:

1
N 4 3plk plk

4&, ;„- (lpl')'
(6)

( —I t
P(t) oc exp l (7)

where I' is the decay width of the 0 projectile. The
time intervals between the emissions of the first and sec-
ond alpha particles and between the second emission and
the breakup of the SBe were correspondingly taken from
exponential distributions determined by the decay v idths
for the C and Be intermediates. For the Be levels, the
measured decay widths listed in Ref. [10] were used. For
the C intermediate, the same decay width as for the

The index l is over all events where N is the total number
of events in the analysis. The index k is over the alpha
particles in an event and pI" is the ith component of the
kth fragment's momentum vector in the center of mass
frame of the projectile fragment in the lth event. The
quantity (lpl )' is the average squared magnitude of the
four alpha particles' momentum vectors in the Lth event.
The z axis is defined as the asymptotic axis between the
target and the center of mass of the alpha particles and
the x axis is defined to lie in the reaction plane such that
the orbital angular momentum vector of the target and
projectile lies along the y axis. With this definition of
the momentum tensor, an isotropic distribution will be
associated with the identity matrix. For an anisotropic
momentum distribution, the magnitude and direction of
the momentum anisotropy can be obtained by diagonal-
izing the tensor.

Even if there is no target proximity effect, some
anisotropy in the momentum distribution may be ex-
pected if the projectiles have, on average, an aligned
angular momentum. The anisotropy generated by an
aligned angular momentum favors in-plane emission rela-
tive to einission out of the reaction plane. The proximity
effect can be isolated from this effect by looking only at
the anisotropy of the in-plane components of the tensor.
Simulations were performed to study the target proxim-
ity effect assuming sequential evaporation decay with the
semiclassical treatment of angular correlations. The tra-
jectories of the target, projectile, and later the projectile
fragments were followed after the separation of the target
and projectiles using classical mechanics and assuming
only Coulomb interactions between these particles. The
time interval after this separation up until the emission
of the first alpha particle was taken from the exponential
distribution:
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FIG. 6. The predicted dependence of the momentum ten-
sor characteristics on the decay width of the projectile for a
projectile excitation energy of 40 MeV and a total kinetic en-

ergy of 263 MeV. The quantity R;„ is the ratio of the two
in-plane eigenvalues and the angle 0, gives the orientation of
in-plane eigenvectors relative to the z axis, the asymptotic
axis between the center of mass of the projectile fragments
and the target. The open circles indicate predictions obtained
with zero projectile angular momentum (I = Oh) while the
solid squares and triangles represent predictions for I = 5h
with the alignment of the angular momentum vector being
out-of-plane and isotropic, respectively.

0 system was assumed for simplicity, although if the
C decay width is smaller than this value, as might be

expected, the predicted anisotropy will also be smaller.
However, the above assumption is useful as the two de-
cay widths may not be that dissimilar and also that the
largest contribution to the anisotropy comes from the
first emitted alpha particle and thus the sensitivity to
decay width of the i2C intermediate is not as large.

The anisotropy was calculated as a function of I' for
an initial projectile excitation energy of 40 Mev and
where the total kinetic energy plus Coulomb potential
of the projectile and target in the reaction center of mass
is 263 MeV. The results are presented as the ratio of
the two in-plane eigenvalues of the momentum tensor
Rin —T33/Tii ) where the eigenvalue Tss was taken to cor-
respond to the eigenvector which is located in the quad-
rant between the z axis and the z axis. The direction
of the anisotropy is given by the angle 8, between the
eigenvector corresponding to Tss and the z axis. These
are plotted in Fig. 6 as a function of I'. Predictions are
shown for two initial angular momenta of the 0 frag-
ment, Oh (circles) and 55. For the latter case, the direc-
tion of the angular momentum vector was assumed either
aligned perpendicular to the reaction plane (squares) or
isotropic (triangles). The predictions for R;„show little
dependence on the magnitude and alignment of the angu-
lar momentum. However, the eigenvalue for the out-of-
plane eigenvector is dependent on these quantities. The
ratio Rouf, =F2 jT33 ranged from unity for I = Oh or no
alignment to 0.35 for 55 of aligned angular momentum,
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with no observed dependence on I'. Thus, the quantities
R; and ~„t; give independent information on the values
of I' and the aligned angular momentum.

For I = Oh, the angle 8, reflects the orientation of the
target-projectile axis at the time the first alpha particle
is emitted. It increases with increasing I' (see Fig. 6)
approaching, for very large values of I', the orientation
of the target-projectile axis as they start to separate.
Whenever an alpha particle is emitted with nonzero or-
bital angular momentum, its emission direction will un-
dergo a rotation as it approaches its asymptotic direction.
This extra rotation must be considered when discussing
8, . The value of 8, for I$0 now reflects the orientation of
the projectile-target axis when the projectile decays plus
an average effect of the extra rotations. If the projec-
tile's angular momentum is not aligned (triangles), then
the extra rotations, on average, cancel and the value of
8, obtained is similar to that obtained for I = Oh (cir-
cles). However, if the projectile angular momentum is
aligned (squares), the extra rotations are, on average,
nonzero and add to the value of 8, . This explains the
larger values of 8, obtained in Fig. 6 for the simulation
with aligned angular momentum.

III. EXPERIMENTAL METHOD

The experiment was performed at the Holi6eld Heavy-
Ion Research Facility of the Oak Ridge National Lab-
oratory. Beams of isO projectiles with energy E/A =
25 MeV impinged on a Tb target of thickness
632 pg/cmz. Projectile fragments and other light charged
particles emitted in the reactions were detected and iden-
tified with the Dwarf Wall/Ball Plastic-CsI scintillator
array. A detailed description of this array is contained
in Ref. [18]. Briefly, the array consists of 104 counters
arranged to cover =85%%uo of the laboratory solid angle.
Scattering angles from approximately 4' to 32' were cov-
ered by the more Gnely grained Dwarf Wall detector ar-
ray, while the Dwarf Ball detectors subtended the more
backward angles. Each scintillator detector could iden-
tify protons, deuterons, tritons, alpha particles, sHe and
heavier ions. Energy calibrations for protons were per-
formed using elastic and inelastic scattering from a izC
target. The energy calibration for alpha particles was
obtained from these proton calibrations using the em-
pirical relationship given in Ref. [18]. In front of the
most forward ring of Dwarf Wall counters (4'+8iab+12'),
metal foils (=450 mg/cm2 Pb plus =10 mg/cm2 Ta) were
placed to stop elastically scattered projectiles. This re-
sulted in a threshold of =44 MeV for alpha particles
in these counters. All other counters had thresholds of
4 MeV or less for alpha particles. All events triggering a
Dwarf Wall counter were recorded on magnetic tape and
analyzed off-line.

IV. EVENT SELECTION

The recorded events were examined off-line to select
those which were compatible with the oxygen projec-
tile disassembling into four alpha particles. Care must
be taken to avoid contamination by incorrectly identified

events, e.g. , the detection of three alpha particles origi-
nating from the projectile and one evaporated from the
target nucleus. As a first step, candidate isO-+4n events
were selected by requiring that four, and only four, alpha
particles were detected„ in the Wall array (4'& 8~,b & 32').
For each detected alpha particle, a laboratory angle cor-
responding to the central angle of the detector was as-
signed [19] and the velocity vector of the center of mass
of the four alpha particles was then obtained. This ve-
locity, in correctly identified events, is the velocity of the
excited projectile after its interaction with the target nu-

cleus. Values ranging from the beam velocity to half this
value were observed.

A. Angular distributions of Ball particles
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FIG. 7. Relative laboratory angular distributions of pro-
tons, deuterons, tritons and alpha particles detected in the
Ball counters for events where four, and only four, alpha par-
ticles were detected by the Wall counters. The curves guide
the eye.

If the primary reaction channel for correctly identified
candidate events contains just two bodies, then all the
particles detected in the Ball array must originate from
the decay of the excited target nuclei. Only -20'%%uo of
the candidate 4n projectile fragments are in coincidence
with charged particles detected in the Ball counters. This
is not surprising since the dominant decay mode of the
target nuclei is expected to be neutron evaporation. For
the range of reconstructed projectile velocities, the target
nuclei should be moving very slowly with laboratory ve-
locities of less than 0.35 cm/ns. The angular emission of
these particles should thus be approximately isotropic in
the laboratory frame assuming very little spin is trans-
ferred to the target nucleus. The experimental angu-
lar distributions for these charged particles are displayed
in Fig. 7. Rather than the expected nearly flat behav-
ior, these angular distributions are all strongly forward
peaked and are not consistent with evaporation from the
target nucleus. However for angles greater than 90', the
distributions are significantly flatter.

The angular distributions indicate that either some of
the candidate events are incorrectly identified or that the
interaction between the target and projectile nuclei is
more complex than assumed. In either case, it is useful
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to try to reject such events. Events in which a charged
particle is detected in one of the forward Ball counters
(e»b(90') are more likely to be of this nature; conse-
quently, all such events were removed from the sam-
ple of candidate events. Note that this condition does
not greatly reduce the number of candidate events as
most candidate events were not in coincidence with any
charged particle detected in the Ball counters.

The above discussion indicates the advantage of 4' de-
tector systems for studies of this type. Knowledge of the
full event characteristics allow cleaner samples of projec-
tile breakup events to be obtained. The above rejection
criterion of course not only rejects "bad events" but also
some valid events, Our sample is thus biased against
events with large target excitation energies as these are
more likely to emit charged particles.

Finally, the nature of the rejected "bad events" is not
clear. It is possible that they are associated with projec-
tile breakup events in which the primary reaction mech-
anism is not two body. For example, some of the forward
emitted charged particles may correspond to preequilib-
rium emission from the target nucleus. In such a case,
the rejection of these events further biases the selected
event sample. However, if these rejected "bad events"
are not associated with projectile disassembly, but are
from another class of reaction, then their rejection does
not contribute a bias. It is important to understand the
influence of such biases in order to extract the partition
of excitation energy between the target and projectile as
attempted in Ref. [8].

B. Multiplicities of Ball particles

As a further check as to the fraction of incorrectly
identified candidate events, the magnitude of the particle
multiplicities detected in the Ball counters was compared
to the expectation for target evaporation. Note that as
events in which a charged particle was detected in the for-
ward half of Ball are rejected, the comparison will be for
the back half of the Ball where the angular distributions
in Fig. 7 are almost flat and are consistent with target
evaporation. The spectrum of reconstructed target ex-
citation energy is indicated by the thick-lined histogram
in Fig, 8. Target excitation energies of up to 200 MeV
were observed. Due to the resolution of the detecting
apparatus, a few events were encountered where the re-
constructed target excitation energy was negative. Any
comparison of the predicted multiplicities must consider
the effect of this resolution.

Figure 9 shows the detected mean multiplicities of pro-
tons, alpha particles, deuterons, and tritons as a function
of the reconstructed target excitation energy for various
gates on the reconstructed projectile velocity. These mul-

tiplicities show a rapid increase with increasing target ex-
citation energy as expected for evaporation. The multi-
plicities for different projectile velocity gates at the same
reconstructed target excitation energy are equal within
the statistical error and thus consistent with decay from
a fully equilibrated system whose decay is independent
of its mode of formation.
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FIG. 8. Reconstructed target excitation energy distribu-
tions. The thick-lined histogram was obtained from all se-
lected 0~4n events while the thin-lined histogram corre-
sponds to events where all the alpha particles have laboratory
velocities greater than 4.5 cm/ns.

The measured multiplicities are compared to statis-
tical model predictions. The decay widths for particle
emission were calculated from the Weisskopf formalism.
Inverse cross sections were obtained from the incoming
wave boundary condition model [20] using the real part of
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FIG. 9. Multiplicities as a function of the recon-
structed target excitation energy of protons, alpha particles,
deuterons, and tritons detected in the backward hemisphere
of the Ball for events where four, and only four, alpha parti-
cles were detected by the Wall counters and no other parti-
cles were detected in the forward hemisphere of the Ball. The
solid curves indicate statistical model predictions of the par-
ticle multiplicities evaporated from the target nucleus. The
dashed curves indicate the predicted multiplicities once the
effect of the incomplete detector angular coverage and the
selection criteria are considered.
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global optical model potentials for neutrons [21], protons
[22], alpha particles [23], deuterons [24], and tritons [25].
Evaporation from the target nucleus was followed until
its excitation energy was depleted. The predicted mean
multiplicities are indicated by the solid curve in Fig. 9.
However, these values should not be compared to the ex-
perimental results since the criteria for selecting the can-
didate events imposed large corrections to the predicted
multiplicities. These corrections were extensively studied
using Monte Carlo simulations which will be discussed in
Sec. VA. The predicted mean multiplicities of detected
fragments for events which pass the identical selection cri-
teria as the candidate events are indicated by the dashed
curves in Fig. 9. These multiplicities are also plotted
against the target excitation energies reconstructed in
the simulations and thus contain the effects of the de-
tector's energy and angular resolutions. The predicted
multiplicities show the same rapid increase with target
excitation as the experimental results. The agreement
between these multiplicities is quite good for low target
excitation energies, but at the higher excitation energies,
the predicted multiplicities are larger than the values for
the candidate events. This may indicate a problem with
event selection or with the statistical model predictions
at the higher excitation energies. However, the region of
disagreement occurs only for the tail of the reconstructed
target excitation energy distribution in Fig. 8. For the
bulk of the data [E'(~ssTb)(150 MeV], the predicted
and measured multiplicities are in agreement.

Events where alpha particles evaporated from the tar-
get nucleus or from some intermediate source are incor-
rectly identified as one of the four alpha particles origi-
nating from the projectile should lead to low values of the
reconstructed projectile velocity as such alpha particles
have velocities much less than the beam velocity. Incor-
rect identification should therefore be a greater problem
at the larger kinetic energy dissipations and thus larger
reconstructed target excitation energies. This may ex-
plain the deviation of the measured and predicted mul-
tiplicities at large excitation energies in Fig. 9. As an
extra criterion for removing such events, one can insist
that the four alpha particles detected by the Wall coun-
ters have velocities above a typical value associated with
target evaporation. This extra criterion was considered
when constructing the relative angle distributions.

The average laboratory velocity of alpha particles
emitted forward from a compound nucleus formed in a
fusion reaction is estimated to be 4.0 cm/ns. The ve-
locity for alpha particles emitted forward from excited
target nuclei formed in more peripheral reactions will be
less than this. Thus, the removal of events with alpha
particles of velocity 4.5 cm/ns or less should eliminate
most of the incorrectly identi6ed events which may still
be in the sample. The effect of insisting that all the can-
didate alpha particles have laboratory velocities greater
than 4.5 cm/ns (6570 of the beam velocity) is illustrated
in Fig. 8. The new reconstructed target excitation energy
distribution is indicated by the thin-lined histogram in
the 6gure. The extra condition has completely removed
the tail of the distribution above 150 MeV for which the
predicted and measured multiplicities were in disagree-

ment. Of course this extra criterion will also reject some
real ~s0~4a events and further biases the event sample
against those with large target excitation energies.

V. DISCUSSION

A. Monte Carlo simulations

In order to compare the experimental relative angle
distributions of the alpha particles to those of the sim-
ulations, the distortions due to the detector limitations
must be included. To this end, extensive Monte Carlo
simulations were performed taking into account the de-
cay of both the projectile and the target nuclei. The
projectile fragment was allowed to decay into four alpha
particles following one of the recipes described in Sec. II.
The recoiled target nucleus was also allowed to decay
by an evaporative cascade of light particles as discussed
in Sec. IVB. All emitted light charged particles were
then passed through the detector filter. Only those par-
ticles whose paths intersected a counter and whose energy
was above the appropriate detection threshold were kept.
The remaining particles in a simulated event were then
checked to see if they satisfied the same criteria used for
selecting ~sO-+4n events experimentally: four, and only
four, alpha particles detected, each in a separate Wall
counter, and no other particles detected in the forward
Ball counters. Events with more than one fragment in
the same Wall counter were rejected as they were in the
analysis of the experimental events.

For simulated events which satisfy the selection crite-
ria, the angles corresponding to the center of the detect-
ing counter were assigned to the detected alpha particle
as was done for the experimental events. Also a 570 un-
certainty was introduced in the energy of these fragments
to take into account the energy resolution of the coun-
ters [18]. The velocity, angle, and excitation energy of
the projectile and target were then reconstructed. The
simulated multiplicities of charged particles detected in
the Ball as a function of the reconstructed target excita-
tion energy for the selected events are plotted in Fig. 9
and discussed in Sec. IVB. These predictions were not
sensitive to the mode of the projectile disassembly.

In order to perform reliable simulations, reasonable es-
timates of the distributions of the excited projectile and
target nuclei after their primary interaction must be as-
sumed. The scattering angle and excitation energy dis-
tributions of the projectile were estimated as a function
of the total kinetic energy loss (TKEI ) in the primary
reaction. The corresponding quantities for the target nu-
cleus were then calculated from conservation laws. These
distributions and the TKEL distribution were initially
taken as those of the experimentally reconstructed quan-
tities. After running the simulations, the efficiency of the
detecting apparatus was estimated and then used to cor-
rect the distributions of the experimental reconstructed
quantities. For example, the efficiency as a function of
the reaction TKEL was calculated by dividing the dis-
tribution of the reconstructed TKEL for the "detected"
events in the simulation by the primary distribution as-
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sumed in the simulation. This efficiency was then used
to correct the experimentally obtained spectrum and the
resultant spectrum was used as the primary distribution
in the simulation to obtain an improved estimate of the
efIiciency. This procedure was performed simultaneously
for the other distributions and after a couple of itera-
tions, the simulated "detected" and the experimentally
measured spectra were found to be identical within the
statistical errors.

The measured and final corrected TKEL distributions
are compared in Fig. 10. The efficiency for identifying
is0~4a events depends on the angular coverage and the
thresholds of the detecting apparatus and on the criteria
used to select these events. From Fig. 10, this efficiency is
at best 10% for intermediate values of TKEL. For larger
values of TKEL, the efficiency drops rapidly as the target
nucleus becomes more excited, emitting non-negligible
numbers of light particles and which, if detected in the
Wall or the forward Ball counters, cause the event to be
rejected. The efficiency also drops rapidly for small val-
ues of TKEL as a large number of the alpha particles are
emitted in the 0' to 4' angular range where there are
no counters. This dependence of the efficiency on TKEL
causes the corrected and measured distributions to be
quite different. The corrected distribution has features
which are expected for dissipative collisions, though it
should be remembered that this distribution is not rep-
resentative of all projectile-like fragments but only those
which decay via the 4n exit channel. The large peak
for small values of TKEL can be attributed to quasielas-
tic scattering. Actually only the tail of the quasielastic
peak is observed as the 4n exit channel has a threshold
of 22 MeV. For larger values of TKEL, the corrected
distribution increases in value. This may be associated
with the deep-inelastic peak.

Examples of the measured and corrected excitation en-

ergy and emission angle distributions of the projectile are
shown in Fig. 11 for two bins of TKEL. As expected for
dissipative collisions, the more strongly damped collisions
are less focused around the beam axis. Also note that the
measured and corrected excitation energy distributions
are very different in shape for the TKEL(50 MeV bin.
This emphasizes the fact that to obtain any information
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FIG. 11. The measured (thick-lined histograms) and cor-
rected (thin-lined histograms) distributions of reconstructed
projectile laboratory angle and excitation energy for two bins
of TKEL.

B. Relative angle distributions

about excitation energy sharing between the target and
projectile, the efficiency of the detecting apparatus must
be well known.

The simulations allow for some incorrect identification
of events as no check is made to determine whether all

four alpha particles detected in the Wall originated from
the projectile. It is possible for one of the projectile alpha
particles to miss the Wall counters while an alpha particle
evaporated from the target nucleus hits one. However,
the level of incorrect identification in the simulations was
minimal (-2%%uo). There may, of course, be other sources
of incorrectly identified events which are not included in
the simulation.
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FIG. 10. The measured (thick-lined histogram) and cor-
rected (thin-lined histogram) distributions of reconstructed
total kinetic energy loss for the selected 0—+4o, events.

The inclusion of the detecting apparatus has a large ef-

fect on the simulated relative angle distributions. There
are two efFects, firstly, the rejection of events which do not
meet the experimental selection criteria and, secondly,
the angular and energy resolution associated with recon-
structing the relative angles of selected events. The first
of these effects has the largest influence on the predicted
distributions. To illustrate this, predicted raw (solid)
and "measured" (dashed) relative angle distributions are
shown in Fig. 12 for both the sequential evaporation and
fission simulations. The raw distributions differ from
those in Figs. 2 and 4 in that now they are associated
with a distribution of projectile excitation energies. This
washes out some of the structure which is evident in

Figs. 2 and 4, but the large peaks at P =10' which corre-
spond to pairs of alpha particles produced from the decay
of the ground state of SBe are still evident. However in
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FIG. 12. Relative angle distributions predicted for the
0+ Tb reaction with the sequential evaporation and the

sequential fission simulations assuming an initial angular mo-
mentum of I = Oh. The primary distributions are indicated
by the solid curves and the reconstructed distributions of
events which were completely "detected" in the simulated de-
tector are indicated by the dashed curves.

the laboratory frame, the relative angle between such a
pair is even smaller and both alpha particles generally
enter the same detector and the event is rejected. These
peaks are thus absent from the reconstructed distribu-
tions. Also the peak at the largest relative angles in the
sequential fission simulation is removed as it is also asso-
ciated with these rejected events. The conclusions of this
work thus refer mostly to the decay channels where Be
intermediates are formed in excited states. Futhermore,
prompt-like decay events, where alpha particles interact
via resonant scattering through the ground state of sBe,
will also be rejected.

The experimental relative angle distributions are com-
pared to simulated "measured" distributions in Fig. 13
for Oh and 5h of initial isO angular momentum. The sim-
ulated distributions have been normalized to the same
number of selected events as the experimental distribu-
tion. Relative distributions are shown for all selected
events and for those events where all the alpha particle
laboratory velocities are greater than 4.5 cm/ns. The
second group of events are less likely to be contaminated
by incorrectly identified events (Sec. IV B). However, the
experimental relative angle distributions are almost iden-
tical for both groups of events. Because of the sensitivity
of some of the simulations to the projectile excitation
energy, the distributions of reconstructed projectile exci-
tation energy are shown in Fig. 14. The thick-lined his-
togram was obtained from all of the selected events and
the thin-lined histogram results when the extra velocity
criterion was imposed. The mean reconstructed projec-
tile excitation energy is approximately 40 MeV and the
shape is similar to that obtained by Pouliot et at. (see
Fig. 8 of Ref. [8]). The shape of the relative angle dis-

FIG. 13. Experimental relative angle distributions (data
points) compared to predictions from the sequential evapo-
ration and the sequential fission simulations (curves). The
top two experimental distributions are identical and were ob-
tained for all selected 0~4a events and the bottom two
distributions for events where all four alpha particles have
laboratory velocities greater than 4.5 cm/ns. The dashed and
solid curves were obtained from the simulations assuming ini-
tial angular momenta of I = Oh and 5h, respectively.
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FIG. 14. Same as for Fig. 8, for the reconstructed projec-
tile excitation energy.

tributions obtained by these authors [2] is also in good
agreement with those of this work.

None of the predicted distributions obtained from the
fission simulations reproduced the experimental distri-
butions in Fig. 13. In contrast, the predictions from the
sequential evaporation simulation give a much better re-
production of the data. Specifically, the I = 5h predic-
tion, indicated by the solid curve, fits the data very well.
Owing to large CPU time requirements for these simu-
lations with quantum mechanical treatment of correla-
tions, no search was performed for the value of I which
produces the best fit to the data. However, from the
simulations using semiclassical treatment of correlations,
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the dependence of the predicted relative angle distribu-
tion on projectile angular momentum decreases rapidly
as I is increased past 5h. From this, it is concluded that
the value of I which is consistent with data is of the order
of 55 or larger.

The above conclusions refer, of course, to spectra of
projectile excitation energies sampled in the experimen-
tal relative angle distributions. It may be possible for
the fission decay mechanism to be a dominant mecha-
nism at the highest projectile excitation energies. To in-

vestigate this possibility, the relative angle distributions
for three gates on the reconstructed projectile excitation
energy were obtained. As all the distributions have the
same general shape, differences between the distributions
can be highlighted by dividing each distribution by one
such representative distribution. To this end, the exper-
imental and simulated relative angle distributions were
divided by the distribution obtained with the random
simulations. Figure 15 compares the resultant experi-
mental and simulated distributions for the three gates
on reconstructed projectile excitation energy.

The sequential evaporation simulation with I = 5h
gives the best fit of all the predicted distributions to the
data at all three excitation energy gates. Although for
the highest excitation energy gate (E')50 MeV), the
sensitivity of the predictions to the initial angular mo-

mentum or to the decay mechanism is diminished. For
this gate, the predictions from the sequential evapora-

tion simulation differ only by the presence of a "kink" at
P =30' for I = 5h. However, this kink is consistent with
the experimental data. A kink at slightly larger values of
P is also predicted with I = 5h for the other excitation
energy gates and these kinks are in good agreement with
the experimental data. The sequential fission simulations
fail to reproduce the experimental data for all three ex-
citation energy gates, although for E*)50 MeV, where
the predictions are closest to the experimental data, it
is difficult to exclude some small fraction of sequential
fission events. However, over the range of projectile ex-
citation energies sampled in this work, the relative angle
distributions for the four alpha particle exit channel are
well described by the sequential evaporation of these par-
ticles. Owing to the difficulty in calculating four-body
correlations for simultaneously emitted alpha particles,
no predictions are presented for prompt decay scenar-
ios. The extent to which the experimental relative angle
distributions are consistent with prompt decay modes, ei-
ther dynamical or statistical, for which n-n interactions
are important is still an open question.

Note that the highest excitation energy bin
(E*)50 MeV) contains significant numbers of events
where at least one alpha particle's laboratory velocity is
less than 4.5 cm/ns. This can be seen from Fig. 14. There
was some concern as to whether some of these events were
correctly identified as 0~4+ events in Sec. IVB and
could be 4a events containing some alpha particles emit-
ted from the target nucleus. The relative angle distribu-
tion for such events may be similar to the random distri-
bution as more of the alpha particles pairs are uncorre-
lated. This distribution would correspond to a constant
value of unity in Fig. 15. A substantial contamination of
such events should wash out the kink predicted by the se-
quential evaporation simulation (I = 55). As this kink is
still present in the experimental distribution, then there
is no evidence of any significant contamination. The low

multiplicities of coincident light particles detected in the
back of the Ball for these events (Sec. IV 8) probably re-
flect the fact that the interaction between the target and
projectile is not two body. In view of the fact that there
may be a non-evaporative component of light charged
particles emitted from the target (Sec. IVA), it would

not be surprising to find a similar component for neu-

trons. The presence of such neutrons, probably emitted
during the interaction of the target and the projectile,
would reduce the excitation energy which was assigned
to the target in the Monte Carlo simulations. The pre-
dicted multiplicities of particles evaporated from the tar-
get would thus be reduced giving a closer agreement with
the experimental values.

P (deg l (deg)

FIG. 15. Relative angle distributions P(P) divided by the
corresponding predictions obtained from the random simula-
tion P (P) for the three indicated bins of the reconstructed
projectile excitation energy. The experimental results (data
points) are compared to predictions of the sequential evapo-
ration and the sequential fission simulations assuming initial
angular momenta of I = Oh (dashed curves) and I = 5h (solid
curves .

C. Target proximity e8'ect

A search for an anisotropy in the in-plane emission of
the alpha particles was performed to determine if the de-

cay of the projectile took place in the Coulomb field of
the target nucleus. The momentum tensor of Eq. (6) was
constructed for the same three bins of projectile excita-
tion energy as used in the previous section. Before any
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information on the target proximity effect can be deter-
mined, the anisotropy induced by the incomplete angu-

lar coverage of the detector array and the event selection
criteria must be removed. The momentum tensor was
determined in simulations without any proximity effect,
for all events (Te]]) and for reconstructed events which
passed the event selection criteria (Tfi]«„d). The inclu-
sion of the instrumental biases in the simulation induced
a strong in-plane distortion for the reconstructed events.
This is illustrated in the upper panel of Fig. 16 for the
three bins of projectile excitation energy. Here the in-

plane projections of the ellipsoids of the momentum ten-
sors Tfi]t d are shown. The projection is an ellipse with
the semimajor and semiminor axes orientated according
to the directions of the two in-plane eigenvectors with
their lengths corresponding to the respective eigenval-
ues. Projections are shown in Fig. 16 (upper panel) for

three values of aligned angular momentum (solid curves).
The orientation of the distortion remains unaffected by
the magnitude of the angular momentum. The area of
the ellipse increases with increasing I as in-plane emis-

sion becomes more favored. Also the eccentricity of the
ellipse shows a small dependence on I. In comparison
to these simulated results, the projections obtained from

the experimental events are indicated by the dashed-lined

ellipses. Two of its eigenvectors were also found to lie in

the reaction plane. Its distortion is orientated at a dif-

ferent angle to those from the simulation and could not
be reproduced by varying the amount of aligned angular
momentum.

The instrumental distortion was removed by a correc-
tion transformation C giving the corrected momentum

tensor:

(8)

where T, is the momentum tensor obtained directly
from the reconstructed experimental data. The trans-
formation C was defined such that for the simulations,

Tall —C TfilteredC, where the amount of aligned an-T

gular momentum in the simulation was adjusted such
that the out-of-plane eigenvalues of Tfi]««fi and T,
were equal. The projections for the corrected tensors are
shown in the lower panel of Fig. 16. The ratios of the
in-plane and out-of-plane eigenvalues and orientation of
the residual distortion after correction are listed in Ta-
ble I. The errors listed in Table I are standard errors
associated with statistical fluctuations due to the finite
number of events analyzed. They were estimated by per-
forming 20 simulations each with the same number of
events as for the experimental results and then analyzing
these events in the same manner as for the experimen-
tal data to correct for the instrumental distortions. The
errors quoted are the standard deviations of the results
obtained from each of the 20 simulations. Apart from
these statistical errors, the largest uncertainty in the re-
sults is associated with the correction of the instrumental
distortion. The distortion induced by detector geometry
and selection criteria is larger than that expected from
the target proximity effect. Therefore, careful simula-
tions of this detector bias are required. The degree to
which this bias is determined should reflect the extent
to which the simulations model the angle and velocity
distributions of the projectile. As described in Sec. VA,
considerable efforts were made in this regard. It is be-
lieved that the results listed in Table I are not due to
some residual instrumental bias which was not fully re-
moved. To some extent this belief is supported by the
observation that the orientation of the instrumental dis-
tortion rotates towards negative angles with increasing
excitation energy (see Fig. 16 upper panel) whereas the
corrected momentum tensors show an in-plane distortion
which rotates towards positive angles (see Fig. 16 lower

panel).
The experimental momentum tensors are qualitatively

consistent with some aligned angular momentum and
with a perturbation due to the proximity of a target
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FIG. 16. Projections of the momentum
tensor ellipsoid on the reaction plane for the
three bins of reconstructed projectile excita-
tion energy. In the upper panel, the solid-
lined ellipses represent predicted momentum
tensors obtained from the simulations tak-
ing into account the detector geometry and
the event selection criteria. Predictions are
shown for I = Oh, 2h, and 5h of aligned
projectile angular momentum. The dashed-
lined ellipses, in the upper panel, indicate the
corresponding momentum tensors obtained
from the experimental data. The projections
in the lower panel are associated with the
experimental momentum tensors after they
were corrected for the instrumental distor-
tion. Also the definitions of the angle 8 and
the eigenvalues T&z and T33 are illustrated.



1964 R. J. CHARITY et al. 46

TABLE I. Parameters of the experimental momentum tensors [Eq. (6)] obtained for three bins
of reconstructed projectile excitation energy. The quantity R;„gives the ratio of the two in-plane
eigenvalues of the tensors while the quantity R „& is the ratio of the out-of-plane and one of the
in-plane eigenvalues (see text). The angle 8, indicates the orientation of the in-plane eigenvectors
relative to the z axis whereas the angle 0„ is between the out-of-plane eigenvector and the y axis.

@e(16O)
(MeV)

&35
35-+50

&50

0.92+0.07
0.86+0.03
0.83+0.04

0,
(deg)

32+21
56+3
69+3

0.69+0.02
0.66+0.02
0.63+0.04

Oy

(deg)

3.7+2.2
0.6+1.5
3.7+2.0

nucleus. These conclusions are the result of three ob-
servations: Firstly, for all excitation energy bins, two of
the three eigenvectors are located in the reaction plane
to within a few degrees and consequentially the other
eigenvector is close to the y axis which is directly out of
the reaction plane. In Table I, the angle between this
eigenvector and the y axis is listed as 8„. Secondly, the
ratio R,„t is less than unity for all bins indicating a pref-
erence for in-plane emission. This would be expected if
the angular momentum of the projectile was, on average,
aligned along the y axis. Lastly, the ratio R;„decreases
and the angle 8, increases as the projectile excitation en-
ergy increases. These trends are consistent with stronger
Coulomb interactions between the target and the alpha
particles with increasing excitation energy. Such trends
are expected because with increasing excitation energy
the projectile will decay closer to the target as its life-
time decreases and also the projectile-target separation
velocity, on average, decreases.

To understand quantitatively the magnitude of the
proximity effect, the data are compared to simulations
which include the decay of the projectile in the Coulomb
field of the target nuclei. These simulations are the same
as discussed in Sec. II B only now the separation velocities
between the target and projectile, after their interaction,
are determined assuming the interaction is two body as
in Sec. V A. The simulated events are passed through the
detector filter and the resulting instrumental distortion
is removed by correcting the momentum tensor [Eq. (8)]
as is done for the experimental data. The values of R;„
and 8, obtained from these simulations are plotted as a
function of the input parameter I', the decay width of the
projectile, in Fig. 17 for the three excitation energy bins.
The error bars shown on the predictions are statistical.
Simulations were performed for I = Oh and 55 and, in the
latter case, for when the angular momentum is aligned
out of the reaction plane and for random alignment. As
in Sec. IIB, the predicted values of R;„show little de-
pendence on I or the amount of alignment whereas 8,
is larger when the angular momentum is aligned. The
general trends of these predictions are indicated by the
dashed curves. Note that when the value of R;„equals
unity, the angle 8, becomes unde6ned. Hence, as R;„
approaches unity, the error associated with 8, greatly in-
creases.

The experimental data for each excitation energy bin
in Fig. 17 are represented by three horizontal lines in-
dicating the mean and the mean plus and minus one

standard error. For the lowest excitation energy bin
(E'(35 MeV), the large error associated with the ex-
perimental value of R;„does not restrict the range of I'.
The experimental result is even consistent with no target
proximity effect. For the higher excitation energy bins,
the statistical error is small and a comparison with the
simulated values of R;„suggests that the decay widths
for these events are of the order from 5 to 10 MeV. For
the intermediate excitation energy bin, the experimental
value of 8, is consistent with the simulated values ob-
tained with an aligned 5h of projectile angular momen-
tum for the same range of I'. The experimental value of
8, for the highest excitation energy bin is larger than all
the simulated values. However, it is expected that such
a value could be obtained in the simulation by increasing
the amount of aligned projectile angular momentum.

Before discussing the significance of the above results,
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FIG. 17. The predicted dependence of the momentum
tensor on the decay width of the projectile for three bins of
projectile excitation energy. The quantity R;„ is the ratio of
the two in-plane eigenvalues of the momentum tensor while
the angle 8, is the orientation of these eigenvectors with re-
spect to the z axis (see text). The predictions indicated by
open circles are for zero angular momentum of the projectile,
whereas the square and triangular points are associated with
5h of angular momentum aligned, respectively, out of the re-
action plane and isotropically. The error on the predictions
are from the statistics of the simulations. The dashed curves,
which are Bts to the predictions, guide the eye. The experi-
mental results are given by the horizontal lines which indicate
the mean and the mean +1 standard error.
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FIG. 18. Normalized relative angle distributions for
the reconstructed projectile excitation energy bin (35
(E'(50 MeV). The solid circles indicate the experimental
results while the curves were obtained from sequential evap-
oration simulations with I = 5h. The solid curve indicates
the predictions when Coulomb interactions between the al-
pha particles and between an alpha particle and the target
nucleus are included (see text). In comparison, the dashed
curve was obtained from a simulation which did not include
interactions.

it is worth noting the limitations of the simulations. (1)
The simulations assumed a two-body interaction between
the target and projectile to determine their initial sepa-
ration velocity. As discussed in Secs. IV and VC, there
are indications that this is not strictly true. If the sepa-
ration velocity is smaller, then the projectile will stay in
the target field longer and hence result in a larger eKect.
(2) The ~MTb target nucleus is assumed to be spheri-
cal in the simulations and no account is taken of its de-
formation. If the simulations were averaged over target
orientation, then it is expected that the predicted mag-
nitude of the effect would increase. This effect has not
been investigated quantitatively. (3) The initial emission
direction of the alpha particles was assumed unaffected

by the target field. However, it is possible that the target
field affects the decay process itself resulting in an initial
anisotropic emission pattern even before the alpha par-
ticles have moved away from the projectile. Here again,
the simulations would have underestimated the magni-
tude of the effect.

In view of these considerations, the decay widths may
be less than the range of 5 to 10 MeV obtained from the
comparison with the simulations. In any case, the obser-
vation of any target proximity effect at all indicates that
the projectile starts decaying very quickly after the inter-
action with the target nucleus. A decay width of 5 MeV
corresponds to a time interval of approximately 10 22 s.
Also if the decay width for the emission of the second al-

pha particle is of similar order, then it will be important
to consider final state interactions between the alpha par-
ticles. This raises some questions as to the validity of the
conclusion drawn from the relative angle distributions in
Sec. II A as no interactions between the alpha particles
were considered in those simulations. Figure 18 shows

simulated relative angle distributions obtained with the
inclusion of the target proximity effect for I'=5 MeV and
I = 5h (solid curve). There is only a small dependence
of the relative angle distributions on the alignment of
the projectile angular momentum. These simulations in-
clude Coulomb interactions of the target with the alpha
particles and also Coulomb interactions between the al-
pha particles. As in Sec. IIB, the decay width for the
~ C intermediate was taken to be the same as for the
~sO fragment. For comparison, the distribution obtained
without these interactions (dashed curve) and the experi-
mental data are also shown. The main difference between
the predictions, with and without interactions, can be at-
tributed to the interactions between the alpha particles
themselves. The interactions between the alpha particles
and the target have a much smaller effect on the rela-
tive angle distributions. However, the effect of including
the interactions between the alpha particles is similar to
that obtained by increasing the projectile angular mo-
mentum in Fig. 15, i.e. , it decreases the number of small
and large relative angles while increasing the number of
intermediate angles. As such, it would be difficult to de-
termine both the projectile angular momentum and its
decay width from relative angle distributions alone. Al-

though the fit to data in Fig. 18 is worse when interac-
tions are included, one should note that the simulations
were performed using the semiclassical treatment of cor-
relations. A corresponding simulation with the quantum
mechanical treatment of the correlations, but no target
proximity effect, is indicated by the solid curve (I = 5h)
in the middle-left panel of Fig. 15. The quantum mechan-
ical treatment of correlations results in more relative an-
gles near P=O' and 180' than the equivalent semiclassical
treatment. Also in this regard, it should be noted that
when the time interval between alpha particle emissions
is small, proper treatment of the final state interactions
between these particles should include resonance scatter-
ing and other effects associated with the a ninterac-tion
in addition to their Coulomb repulsion (Sec. II A).

D. Pickup and direct reactions

In the above analyses it is also important to consider
neutron pickup reactions leading to the formation of ex-
cited ~rO fragments. If such fragments disassemble into
four alpha particles and a neutron then it will be impos-
sible to differentiate them from ~sO-+4m events in this
study as neutrons were not detected. Neutron pickup
reactions were found to be quite important for ~sO +
~"sAu reactions at similar bombarding energies to that
used in this study [26, 27] and thus these events may con-
taminate the selected event sample used in the relative
angle analysis. In the statistical model, an excited 70
fragment is expected to decay predominantly by neutron
emission leading to an 60 intermediate or residue. If
the 4a events studied in this work arise from the decay of
the 0 intermediate, then the reconstructed quantities
such as the excitation energy and velocity and conclu-
sions about the decay width and angular momentum are
associated with the intermediate and not the primary
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0 fragment. Otherwise, the conclusions of this work
are still valid. Of course there will be some probability
for the neutron to be emitted later in the decay sequence.
If the decay sequence includes a Be rather than a Be
intermediate, then the predicted relative angle distribu-
tion will be affected. Firstly, the peaks associated with
Be decay will be missing, and secondly, the correlations

between emission directions will be lost. The relative an-
gle distribution will be more similar to that obtained in
the simulation of Sec. II A with no correlations between
emission directions and with Fermi gss level densities for
the sBe intermediate. This was shown to be almost iden-
tical with the results of the random simulation. However,
as the random simulation does not reproduce the experi-
mental relative angle distributions as well as the sequen-
tial evaporation simulation, most 4a events are probably
associated with a sBe intermediate.

Charged particle pickup reactions may also be impor-
tant in this study, but are less likely to contaminate
the event sample as the selection criteria rejects events
where four alpha particles and an additional charged par-
ticle are detected in the Wall counters. However, some
charged particle pickup reactions may be incorrectly
identified if the additional charged particle is not de-
tected. To investigate the possible magnitude of this in-
correct identification, analyses were performed for events
where five alpha particles or four alpha particles plus a
proton were detected in the Wall counters. The number
of these events was only 4'%%uo and 15%%uo, respectively, of the
number of selected isO-+4o, events. Now the probability
of detecting the extra particle in the Wall counters is ex-
pected to be greater than 50'%%uo and thus the percentages
of incorrectly identified events will be less than the above
values. Also not all of these events, with an additional
charged particle, will be associated with pickup reactions
as the extra particle may well have been evaporated from
the target nucleus. Therefore, these percentages must
be considered as maximum values for contamination by
charged particle pickup reactions.

The time scale extracted for the emission of the first
alpha particle is approaching the time scale for direct re-
actions. This may suggest a disassembly scenario where
the projectile breaks up promptly into an alpha particle
and an excited i2C fragment during its interaction with
the target after which the C fragment decays by statis-
tical alpha particle emission. However, it should be noted
that in extracting the decay width of the projectile, it was
assumed that the first alpha particle is emitted statisti-
cally, i.e., the initial in-plane momentum distribution is
isotropic and only became anisotropic due to Coulomb in-
teractions with target nucleus. If the Grst alpha particle
is emitted promptly, then the initial in-plane distribu-
tion may not be isotropic. A similar situation applies for
dynamical models such as Ref. [28] where all the alpha
particles may be produced in a direct reaction. Further
theoretical work should address the question whether di-
rect breakup models can reproduce the observed magni-
tude and orientation of the momentum anisotropy.

VI. SUMMARY'

The decay of excited projectiles produced in the reac-
tion E/A = 25 MeV isO + issTb into four alpha par-
ticles has been studied. The alpha particles and light
charged particles evaporated from the target nucleus were
detected with a large array of counters covering nearly
4m in solid angle. Candidate events associated with the
is0~4o. decay were chosen by selecting events with four,
and only four, alpha particles detected in the forward
(Wall) array (4'+a~~I, +32'). The multiplicities and an-
gular distributions of coincident light charged particles
detected in the backward (Ball) array were investigated
and compared to expectations for statistical emission
from the target nucleus.

The distribution of relative angles between the four
alpha particles were presented and compared to simula-
tions assuming either the sequential evaporation of alpha
particles from the projectile or the fission of the projectile
into two sBe fragments which subsequently decay. The
simulations took into account the known levels of sBe
and correlations between emission directions of the vari-
ous particles. The experimental distributions were found
to be inconsistent with the fission simulations. How-
ever for projectile angular momenta of the order of 5h or
larger, the sequential evaporation simulation reproduced
the data over the whole range of excitation energies sam-
pled in the experiment (E'/A +4.5 MeV).

The momentum distribution of the alpha particles was
examined. The distribution showed a preference for al-

pha emission in the reaction plane consistent with some
aligned projectile angular momentum. For the higher
projectile excitation energies, the in-plane momentum
distribution was found to be anisotropic about the pro-
jectile center of mass. Monte Carlo simulations includ-
ing Coulomb interactions between the first emitted alpha
particle and the target nucleus were able to reproduce
this effect if the lifetime of the projectile was of the order
of10 ~~s

In conclusion, the 4n exit channel is consistent with
the disassembly of the projectile by the sequential emis-
sion of n particles. For the higher excitation energies, the
first n particle is emitted very soon after the end of the
target-projectile interaction. Further theoretical work is
needed to determine whether the data are consistent or
inconsistent with prompt decay mechanisms, either sta-
tistical or dynamical.
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