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In-plane angular correlations have been investigated in the Si(' 0, ' C n), Al(' 0, ' C a), and
Al(' B, Li a) reactions at 64, 64, and 48 MeV, respectively. Two sequential processes have been

clearly identified, namely, projectile sequential decay and incomplete fusion followed by particle
reemission. The analysis is based on three-body kinematics and model fits of experimental angular

correlation functions.

Over the last few years studies of light-particle emis-
sion were used to probe early stages of heavy-ion reaction
mechanisms yielding both to inclusive and coincidence
data. There has been increasing interest in unambiguous
identification of projectile fragmentation, preequilibrium
emission, and incomplete fusion mechanisms. ' The
controversy found in the literature concerning the
identification of these mechanisms and their competition
in light systems rejects the experimental difticulties
and calls for alternative and systematic studies. The

Al(' 0, ' Ca) system has received most of the attention,
although no conclusive interpretation has been drawn.
While some authors pointed out the dominance of a-
transferlike processes followed by preequilibrium decay,
others suggested the occurrence of incomplete fusion pro-
cesses. ' A difFerent approach, which still does not allow
for a clear identification, has been adopted by Sasagase
et al. by tentatively postulating out the coexistence of
two different sequential processes. Therefore systematic
studies, based on exclusive measurements which reveal
projectile and target dependence of these mechanisms,
are necessary in order to establish a unified picture for
sequential processes in light heavy-ion reactions.

In this study we present results on the investigation of
the Si(' 0, ' Ca) Al(' 0 ' Ca), and Al(' B Lia) re-
actions. The experiments were performed using ' Q
(Ei,b =64 MeV), and ' B (E„b=48 MeV) beams supplied
by the University of Sao Paulo Pelletron accelerator.
Self-supporting Al (1 mg cm ), and ""Si (750 pg cm )

targets were used. Carbon and lithium particles were
identified with a 2.3 msr solid angle telescope consisting
of a 15 pm hE and a 1 mm E solid state detector fixed at
+30 and +20, respectively. Alpha particles in coin-
cidence were detected, in the reaction plane, at angles
varying from —100' to +60', using three (b,E-E) tele-
scopes ( b.E =20 pm, E =2 mm), each subtending a 5 msr
solid angle. At forward angle measurements, the elasti-
cally scattered particles were suppressed by using thin Ta
absorbers (=50 mgcm ) located in front of the light-
particle detectors.

Experimental angular correlation functions are shown
in Fig. 1. These functions have well-defined maxima at
forward negative angles, and are asymmetric. It is im-
portant to note that one of the systems investigated,
namely Al(' 0, ' Ca) at 64 MeV, has been previously
measured by Harris et al. and Tsang et al. , and that
these two measurements disagree significantly. In the
first case the angular correlation peaks at 0" = —40,
while in the second case the maximum is found at
0" = —10. The angular correlation function for the

Al(' 0, ' Ca) system, obtained in the present work, is
consistent with the data from Tsang et al. The ob-
served asymmetry could, in principle, be attributed to
contributions from different processes. In order to
characterize these contributions we have performed
kinematical and model analysis. The first allows
verification of the existence of an intermediate state in
the sequential processes, and the second permits deter-
mination of the mechanism by which the intermediate
state has been populated. The following three-body pro-
cesses were considered:

(a) Projectile sequential decay (PSD):

16Q+28Si 16QA+28Sj12C+~ +28Sj

~6Q+ 27Al ~ ~6Q+ + 7Al~ 2C+ (y+ 27Al

' B+ Al —+' B*+ Al~ Li+a+ Al .

(b) Incomplete fusion (ICF):

' Q+ Si—+' C+ S*~' C+a+ Si

Q+ 7Al~' C+ 'P*~' C+a+ Al,

B+ Al~ Lj+ P+ ~ Lj+ty+ Al .

Total energy spectra were constructed on the basis of a
three-body final state kinematics consisting of a light-ion
(L denotes alpha particle), a heavy-ion (H denotes ' C or
Li), and a residual nucleus (R denotes Si or Al) (see

Fig. 2). Derived Q-value spectra based on the relation
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FIG. 1. In-plane angular correlation functions for (' C-a) and ( Li-u) products measured at Oc=+30', OL;=+20. Fits based on
ICF and PSD mechanisms are shown by dashed and dash-dotted lines, respectively. Total contributions are indicated by solid lines.
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FIG. 2. Schematic velocity diagram for the "Si(' 0, ' Ca) reaction showing ICF (upper) and projectile sequential decay PSD
(lower).
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FIG. 3. (a) Two-dimensional representation of the coin-
cidence events, for the Al{' B, Lia) reaction, as a function of
the EL; and E energies. The solid line labeled Q~gz describes
the expected trajectory of the events corresponding to final
configurations with all three products ( Al, Li,n) in their
ground state. (b) Q value vs E'L'+H spectrum derived from the
part (a). Events corresponding to the [ Al(g. s.), Li(g.s.),a] and

[ Al(g. s.), Li*(3+,2. 185 MeV), a] configurations are identified

by their respective Q values, i.e., Qggg
= —4.46 Me V and

Q~~,
= —6.66 Me V, respectively.

Q =EI.+EH+ER Eprojectile

indicate that most of the events correspond to final state
configurations with all three products (L, H, and R) in
their ground state [see Fig. 3(a)].

Kinetic energies of relative motion EL+8, EL+R, or
EH'+R between (L +H), (L +R), or (H+R) pairs of
particles, were also obtained for all the events [e.g. , see

Fig. 3(b)] in the case of the 8+ Al system. Figure 4
shows the average values (EL'+R and EL'+H) for the rela-
tive kinetic energies calculated for all angular
configurations. These values are seen to be constant at
negative backward angles (8 (—40') only in the (L +R)
cases, i.e., (a- Si) and (a- Al) pairs (represented by filled
circles), thus indicating that the intermediate nucleus

S* ( 'P*) was formed and the incomplete fusion (ICF)
process is dominant at g" +40'.

On the other hand, in the angular range where the
E'L+R varies, (8) —30 ), the relative energies referred to
the ' 0' (' 8*) rest frame for the a-' C (a- Li) breakup
configuration (described by empty circles) tend slowly to
a constant value (especially in the 8+Al system). This
constancy is not always evident due to the kinematical
limitations imposed on the angular observation range
which suppress the contribution of some of the excited
states in ' 0 (' 8). In other words, the average excitation
energy of the recoiling intermediate nucleus is not strictly
constant due to the contribution of different states at
different angles. It should be mentioned that there exist
well-defined peaks associated with the projectile excited
states in the relative energy spectra (see Fig. 5), at all a-
particle detection angles (8 ) —30 ), whose average en-
ergies are affected by the predicted kinematical limits in-
dicated by the horizontal dashed lines in Fig. 4. These
results suggest the presence of an intermediate stage
which leads to the subsequent projectile decay (PSD).

The constant values of EI'+R at 0 & —40', extracted
from Fig. 4 allow one to infer values of the average exci-
tation energy EiN of the intermediate nucleus S" (i'P*)
prior to the a emission (see Table I).

On the other hand, the observation of discrete states in
the relative energy spectra Ez'+0, for the 0 ) —20' an-
gular region, which can be associated to excited states of
the ' 0' (' 8 ) intermediate nucleus, supports the picture
of a breakup process.

Once the presence of a sequential process is estab-
lished, complementary information on the reaction mech-
anism can be obtained by means of model analysis of the
angular correlation functions, which permits identifica-
tion of the process responsible for the intermediate nu-
cleus formation. In the case of the ICF process the first
stage is described by the fusion of an a particle with a Si
(Al) target. The excitation energies and recoil angles of
the intermediate nuclei IN —= [ S' ( 'P')] are derived
from the experimental kinetic energies of the projectile
remnants C ( Li) at 8'; =+30' (8i';"=+20 ). The
probability (do IdEiN) for the population of a given state
in the intermediate nucleus in associated with the experi-
mental double differential cross section

d 0' d 0'

dQdEH dQdQH
a

which generates the S* ( 'P*) spectra. The excited S*
( 'P") nucleus will evaporate an a particle with an angu-
lar distribution given by the Hauser-Feshbach (HF) sta-
tistical theory (do /dQ) (Q~, 8H, 8 ) calculated with
the code sTATIS. Within this picture, this Hauser-
Feshbach cross section must be weighted by the probabil-
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ity of forming a S (E32, 03@) [ 'P (E3I,03I)] nucleus, as
given by the experimental double differential cross sec-
tion (d o /dQdQH)=P(QH, I9H) where Q represents the
Q value for the first step in the ICF process.

Determination of the initial angular momentum values
of the states in S* ( 'P*) was based on the picture of the
fusion of an a particle with the Si ( Al) target for the
bombarding energy needed to reproduce the observed

S* ( 'P*) excitation energy. The sharp cutoff' approxi-
mation has been used in all the calculations.

The resulting ICF angular correlation is written as

No free parameters were admitted in these calcula-
tions. The parameters used in the statistical model calcu-
lations indicated in Fig. 6 were extracted from the litera-
ture for this mass region. The e8'ect of the variation of
these parameters in the predicted angular correlation can
be visualized in Fig. 6, where it may be seen that the posi-
tion of the peak of the angular correlation is insensitive
to these variations, and is determined basically by the
recoil angle of the intermediate S* ( 'P*) nucleus.

For the PSD process, the observed ' C ( Li) nucleus is
not produced in the first step, and consequently, for each' C ( Li) kinetic energy value, a set of scattering angles
and excitation energies of the ' 0 (' B) particles is admit-
ted using kinematical considerations. In this case, the' C ( Li) spectra were used individually to calculate the
probability distribution for the ' 0* (' B*) scattering
of the intermediate nucleus at the corresponding angle

TABLE I. Values of the excitation energies observed in the ICF and PSD process.

System
Elab

(MeV) (MeV)

ICF
Q opt' Eopt EIF
(MeV) (MeV)' (MeV)

PSD

P
(MeV)'

' 0+ 'Si

' 8+ "Al

64

64

48

E32 ~ =12.5+1.0
E3]p+ 15 0 1 0

E3l ~ =21.7+1.0P

—10.7
—10.5
—15.7

10.5

13.0
20.9

19.2

21.6
24.9

E )*6 =9.7,10.4, 11.5,13.0,15.0
E i*6 =9.7,10.4,11.5, 13.0,15.0
E o =5 ~ 2 5.6 6.0 7.0

Most probable excitation energy for the intermediate nucleus obtained using the relative energies from
Fig. 4.
Optimum Q value for an a-transfer reaction.

'Most probable excitation energy (E,*„,} for the intermediate nucleus obtained on the basis of a Q, „„
value for the a transfer.
Expected excitation energy for a fusion process of a beam velocity a particle taking into account the

binding energies.
'Excitation energy of the projectile prior to the breakup.
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8„„,„„&, [see Fig. 2(b)]. Therefore, the angular correla-
tion function is obtained from the sum of the product of
two factors. The first

P(8~, Q~)=(d o IdQ~dQ~),

where the subscript p refers to the projectile, is related to

the probability of scattering the projectile at an angle 0
with an excitation energy E*=—Q . The second factor
refers to the ' 0* (' 8*) intermediate nucleus decay prob-
ability into the a-' C ( Li) channel at the observed angle
(8H, 8 ). According to the above hypothesis, the PSD
angular correlation can be written as
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FIG. 5. Spectra of relative energies EL for the
Al(' 8, Lia) reaction at several angular configurations.

FIG. 6. Predicted angular correlations for the
Si(' 0, ' Ca) Si system for (a) incomplete fusion process: (i)

level density parameter a= A/8, critical angular momentum
for the fusion of a+ 'Si, J„;,=30fi and Q-value distribution of
P(QH, OH) obtained from the ' C experimental spectra (solid
line) (this parametrization has been used in Fig. 1); (ii) same pa-
rameters as (i) with Q-value distribution shifted artificially by
+3 MeV, i.e., P[(QH+3 MeV), 8H, (dashed line); (iii) same as
(i) with level densities given by Gilbert and Cameron (Ref. 11)
(dotted line); (iv) same as (i) with J„;,=12% (dot-dashed line).
The inferred ' S* recoiling angle is indicated by an arrow. (b)
projectile sequential decay: (i) Ho=20 and o.=7o. (solid line),
(ii) 00=20 and o.=4' (dotted line), (iii) OO=24 and cr=7'
(dashed line), (iv) Ho=24 and o.=4' (dot-dashed line). The car-
bon detection angle is also indicated. Figure inset: prediction of
coupled-channel calculations "Si['60,' O*(11.6 MeV)] for the
inelastic scattering (solid line) and the Gaussian approximation
(dashed line) utilized for the P~(O, Q) distribution, described by
its centroid 00 and width o..
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FIG. 7. Angular correlation functions for the ' 0+ Al systems from Ref. 7 (E =77 MeV) and Ref. 8 (EL =87.4 MeV). Curves
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where E~ denotes the energy of the heavy projectile-like
final fragment.

The projectile inelastic scattering cross section
P (0„,Q ) was calculated by using the shape of the angu-
lar distribution predicted by coupled-channel calcula-
tions. To simplify the computation of the angular corre-
lation function, P (H, Q ) was approximated by two ad-
jacent semi-Gaussians centered at a Oo angle near the
grazing angle. This approximation allows identification
in a simple way of the main parameters which define the
shape of the angular correlation associated with the PSD
process. The two semi-Gaussian widths o.

& and o.
& as

well as 00 were taken as free parameters. It may be seen
that the values used in the present calculation are very
similar to those predicted by the coupled-channels calcu-
lation based on the code ECIs (Ref. 12) [see insert in Fig.
6(b)].

The experimental angular correlation functions were
fitted by the incoherent sum of the contribution of

both ICF and PSD processes by means of the relation

d2
(@lab)

dA~dQ,

where a and b are normalizing parameters. The best fits
are shown by the solid lines in Fig. 1.

It should be noted that, regarding the ICF process, the
experimental values for the S* ( 'P') excitation energies
listed in Table I are consistent with expected values for a
direct a transfer with an optimum Q value (see Table I).
This result indicates that a direct transfer with subse-
quent emission of an a particle most likely occurs in the
first stage of the reactions rather than the process of a
beam velocity a particle fusing with the target.

Contributions due to ICF processes in which the heavy
fragment is transferred and subsequently reemitted were
found to be negligible, in comparison to the other two
processes considered here. This result can be easily un-
derstood in terms of the reduction of exit channel
Coulomb barrier penetrabilities, the very low Q values in-
volved and the expected inhibition of the correlation
function for the angular position of the particle detectors.
The results of the present analysis are summarized as fol-
lows:

(i) The angular dependence of relative energies clearly
points out the existence of a sequential reaction mecha-
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nism.
(ii) The fit of the angular correlation functions allows

for the identification of the presence of two different pro-
cesses, namely, incomplete fusion and projectile sequen-
tial decay.

Fits of the data available in the literature for the
' 0+ Al system (see Fig. 7) reinforce these con-
clusions. The comparison of our results, for the
27A1(' 0, ' Ca) system, with other studies of the same sys-
tem, leads to the following comments: With respect to
the conAicting data and interpretations between Harris
et al. and Tsang et al. ,

' this work agrees with the
latter author. Our results differ from those Ref. 7 in that
although the presence of an ICF process was identified in
our work, the main structure in the angular correlation
originates from a PSD process.

Concerning the inAuence of nuclear structure effects
upon ICF and PSD processes, we can conclude that while
ICF results show only a slight target dependence, PSD
results display a strong projectile dependence. It should
also be noted that the results shown in Fig. 5 suggest that
the present technique might be a convenient tool for
studying cluster structure in light heavy nuclei.
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