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Velocity spectra, angular, and mass distributions of the evaporation residues produced in the
reaction 28Si+'2C at E(?®Si)=104, 115, and 154 MeV have been measured in the angular range
2.5° < 91 < 14°. The results show for all the studied bombarding energies the presence of small
contributions of incomplete fusion reactions. These small incomplete fusion components present in
the evaporation-residue cross sections appear to be due to a cluster transfer reaction mechanism.
Similar results have been obtained bombarding a '*C target. The obtained results are compared
with earlier measurements and the predictions of some existing models.

PACS number(s): 25.70.Jj

I. INTRODUCTION

The fusion reaction 28Si+!2C has been extensively
studied at energies above the Coulomb barrier [1-9]. Par-
ticularly, many experimental data [1-6] are available in
the literature at bombarding energies not far from the
Coulomb barrier, in the so-called [10] first region of the
fusion excitation function, where the fusion cross section
is nearly equal to the total-reaction cross section. At
higher energies (second and third regions of the excita-
tion function) the experimental data are less numerous
[6-9] and the exact determination of the fusion cross sec-
tions is complicated due to the presence of other com-
peting processes such as incomplete fusion reactions. In
fact, the fraction of incomplete fusion for systems with
different mass asymmetry can be correlated [11] to the
center-of-mass velocity at contact of the lighter reaction
partner and an onset value vy, = (0.06 & 0.02)c (where ¢
represents the velocity of light) has been suggested.

In this paper we report on a study of the fusion reac-
tion 28Si+12C in the energy range 3.7-5.5 MeV /nucleon.
At these energies, the corresponding vy values vary from
0.046¢ to 0.063c, so one can expect the presence of in-
complete fusion components in the evaporation-residue
cross section. We note that, in a recent study [9] of the
fusion reaction 28Si+'2C at bombarding energies F(?8Si)
varying between 60 and 425 MeV, incomplete fusion pro-
cesses have been found at the highest measured ener-
gies. At the lower energies, the authors assume that the
complete fusion cross section is equal to the evaporation
residue cross section. Indeed, according to the system-
atics of Morgenstern et al. [11], at bombarding energies
around 170 MeV the cross sections may include as much
as 10% incomplete fusion so that quite smaller incomplete
fusion contributions are expected in the present work.
Moreover, we remember that in our previous study [12]
of the fusion reaction 32S+12C at a bombarding energy
E(325)=4.5 MeV /nucleon, we also found evidence for
small incomplete-fusion contributions in the evaporation-
residue cross section.

The purpose of the present work is to increase the num-
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ber of experimental data available in the second region
of the excitation function, to estimate the incomplete fu-
sion cross sections at these low bombarding energies, and
to identify the reaction mechanism, (e.g., cluster trans-
fer [13] or breakup fusion [14,15]) responsible for these
incomplete-fusion components. Moreover, we have bom-
barded a '3C target with 28Si at 156 MeV to investigate
possible structure effects in the incomplete-fusion cross
section.

The experimental procedures are described in Sec. II.
The experimental results and the analysis of the velocity
spectra are presented in Sec. III. The comparison of the
experimental data with theoretical models and discussion
are presented in Sec. IV. Finally, the conclusions are
summarized in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experiments were performed at the SMP Tandem
accelerator facility of the Laboratorio Nazionale del Sud
(LNS) in Catania. Self-supporting thin (40 p/cm?) tar-
gets of 12C were bombarded with 28Si ions at 104, 115,
and 154 MeV. The self-supporting target (50 p/cm?) of
13C was bombarded with 28Si ions at 156 MeV. The tar-
gets were placed perpendicular to the beam direction.

The heavy ions were detected and identified by using
the Gas Detector System described in detail in Ref. [16].
Briefly, the Z identification was obtained by stopping
the ions in a AE — E ionization chamber. The mass
identification was obtained by using the energy deposited
in the ionization chamber and the time of flight measured
between a micro-channel plate (MCP) placed at the exit
of the scattering chamber and a parallel-plate avalanche
counter (PPAC) in front of the ionization chamber. The
flight path was 118 cm. Typical examples of charge and
mass resolution are shown in Figs. 1 and 2, respectively.

Two silicon surface-barrier detectors, placed at +9°
with respect to the beam axis, were used to monitor the
elastic scattering during the experiment in order to ob-
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FIG. 1. Scatter plot of AE vs energy for the reaction
28Gi+12C at 154 MeV bombarding energy and a laboratory
angle of 5°.

tain the relative normalization of the measured differen-
tial cross sections. The absolute normalization constant
was obtained normalizing to 1 the ratio oe1/0Ruth at the
very forward angles.

III. EXPERIMENTAL RESULTS AND ANALYSIS
A. Elastic scattering and total-reaction cross section

The elastic scattering for the 28Si+!2C system was
measured over the angular range 2.5° < 9 < 14° in
steps ranging from 0.5° at small angles to 2° at the larger
ones.

The optical-models fits to the measured elastic-
scattering angular distributions were obtained by using
the code PTOLEMY [17], and are shown in Fig. 3. The
experimental data at 148 MeV have been obtained in
our previous elastic-scattering measurement [18]. The fit
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FIG. 2. Scatter plot of mass vs energy for evaporation
residues with Z=17 at 154 MeV bombarding energy and a
laboratory angle of 5°.
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FIG. 3. Elastic-scattering cross section normalized to

Rutherford scattering at various energies. The solid lines are
the results of fits to the data calculated by using the code
PTOLEMY.

parameters obtained are given in Table I.

In the same table the values of the total-reaction cross
section 0,.(OM) obtained by means of the optical-model
analysis are compared with those o,.(MSOD) obtained
by using the modified sum of differences method (MSOD)
[19-21]. The two values of the total-reaction cross section
are in good agreement within experimental error.

B. Analysis of the velocity spectra
and incomplete fusion

Representative inclusive invariant-velocity spectra of
separated individual masses for the target !2C at
E(?8Si)=154 MeV are shown in Fig. 4. We note that
the main contributions, with typical structures due to
nucleon and a-particle plus nucleon evaporation, are due
to evaporation residues following complete fusion.

Assuming isotropic angular distributions and
Maxwellian velocity distributions for the evaporation
residues recoiling in the CM, when the observed velocity
distribution of the heavy residues is a symmetric Gaus-
sian, we can conclude that these residues are formed
purely by nucleon emission (zp,yn) [22,24]. In these
cases, the measured invariant-velocity spectra have been
fitted with the following formula obtained [24] consider-
ing the two above-mentioned assumptions:

2 2 02 9
_1_2 do — kexp _ Vénsin® 9t
VZ dQrdVa 252
(VR — VCN COs 19L)2
X exp (—- 242 - (@)

Here Von cos 91 is the Gaussian centroid, s is the stan-
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TABLE I. Elastic-scattering optical-model fit parameters and reaction cross sections calculated

from the fit [0.(OM)] and with the MSOD method [0.(MSOD)]. Only the well depths Vg and V;
were allowed to vary during the fit.

ELAB VR V[ TOR ToI ar ar Or (OM) Op (MSOD)

(MeV) (MeV) (MeV) (fm) (fm) (fm) (fm) (mb) (mb)
104 20.0 7.61 1.30 1.30 0.55 0.55 1298 1220120
115 15.0 9.50 1.30 1.30 0.55 0.55 1358 1280+120
148 8.00 18.0 1.30 1.20 0.55 0.55 1391 1420+100
154 11.5 20.3 1.30 1.20 0.55 0.55 1446 1430+70

dard deviation, Vg and ¥ are the laboratory velocity
and the detection angle of the heavy residue, respectively,
and k is a normalization constant. If a emission and «
mixed with nucleon emission(xzp,yn,za) compete with
(zp,yn) decay channels, the complexity of the velocity
spectra increases. Particularly, the velocity spectrum of
a residue originated from one a and N nucleon’s evapora-
tion shows a characteristic double peak [23,24] due to the
a-particle emission in the forward and backward direc-
tions. The centroids of these two peaks are shifted away
from Ve cos ¥ by the average recoil given to the residue
by the emitted a particle. To include the evaporation
of the a particle in the fitting procedure, as previously
pointed out in the literature [23,24], we simply replaced
in the exponent of Eq. 1 [(Va—Von cos91,)2—VEy sin 91

by

{(VR — Von cos 91)% 4+ Viysin? 9]Y2 — V,}? .

(2)

Here Vo is related to the average kinetic energy re-

moved by an alpha particle. When two a particles are
evaporated, the spectra show three peaks due to the pos-
sible combinations of the a-particle directions: forward-
forward, forward-backward, and backward-backward.
Experimental velocity distributions of single-residue
masses originating from (zp,yn,za) have been repro-
duced in Egs. (1) and (2).

In Fig. 5 are reported for each evaporation residue, at
the different measured energies, the ratios of the velocity
centroids Vo cos 91, expected in the case of complete fu-
sion, to the Vg ones obtained by fitting the experimental
velocity spectra using the above-mentioned formulas. As
one can see, this ratio is equal to one, within the error,
for all the evaporation residues. The error bars include
the effect of the statistics in the fitting process and the
uncertainties in the calibration procedure.

Figure 6 shows the ratios of the standard deviation s
of the velocity distributions, obtained by means of the fit
procedure, to the one expected in the case of complete
fusion Scr [23,24]:
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FIG. 4. Velocity spectra of evaporation residues from the reaction ?®Si+'?C at 9, =

5° and E(*®Si)=154 MeV. The

histograms are the experimental data, while all the curves represent the results of the fits performed as explained in Sec. III B.
The vertical lines indicate the centroids expected in the case of complete fusion Ven cos . The hatched areas originate from
incomplete-fusion processes. For each residue, the number of evaporated « particles, protons (p), and neutrons (n) is indicated.
In the case of 3°Cl, the continuous curve is obtained by summing the two dashed curves corresponding to the kinematic formulas
reported in Sec. III B and representing the two different decay modes indicated in the figure (1o + 1p and 3p + 2n).
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FIG. 5. Ratio of the velocity centroids expected in the case
of complete fusion to those obtained by fitting the experimen-
tal velocity spectra, and plotted for the different evaporation
residues.

32 — TNevap
CF (AER)2

Here Nevap = AcnN — Agr is the number of evap-
orated nucleons and T is the compound-nucleus tem-
perature, computed T = [9.5Eex/Acn]'/?, where the
value Acn/9.5 for the level-density parameter is as-
sumed. Also, in this case the experimentally extracted
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FIG. 6. Ratio of measured standard deviations (s) ob-
tained by fitting the velocity spectra of residues produced

with nucleon evaporation to the values expected in the case
of complete fusion (scr).

values of s appear to be in agreement with the theoretical
expectations, within the errors.

For some masses (A = 31, 32, 34,35) we observe other
remaining structures (hatched areas in Fig. 4), which can-
not be explained as due to complete fusion. The veloci-
ties corresponding to these structures are larger than the
velocity centroid Von cos ¥ expected in the case of com-
plete fusion so that, since we studied the system using
reverse kinematic, we expect these structures originating
from incomplete fusion [11].

Particularly, we have interpreted the hatched areas as
a cross section due to incomplete-fusion reactions gov-
erned by a cluster-transfer reaction mechanism: the 3°Cl
mass originating from ®Be transfer (28Si+!2C—3Ar* +
a;3Ar* —3% Cl+p) and the 32S mass from o trans-
fer (28Si+12C—328*+8Be). Also, for the 34S and 3'P
masses the small contributions of incomplete fusion could
be caused by ®Be transfer followed by two protons and
la + 1p evaporation, respectively.

We draw these conclusions by comparing the implica-
tions derived from simple reaction models proposed for
incomplete fusion, i.e., breakup fusion (BUF) and cluster
transfer.

In fact, assuming a BUF mechanism, the 2C must
break into an a particle and a ®Be in the first stage of the
reaction and, successively, one of these fragments fuses
with the projectile while the other fragment continues
to move with almost the same velocity in the c.m. sys-
tem. Following the previous description, the incomplete
fusion contributions present in the 3*Cl and 32S spectra,
for example, should originate from the fusion of the pro-
jectile 28Si with a 8Be or an « particle, respectively. In
this frame, at an incident energy of 154 MeV, the ex-
citation energies of the created compound nuclei should
be E*(3¢Ar)=40.5 MeV and E*(32S)=18.9 MeV. More-
over, these compound nuclei should have recoil velocities
#(32S) =2.85 cm/ns and 9(3¢Ar)=2.53 cm/ns, and pos-
sible evaporation products should be centered around a
velocity equal to 9cn cos?¥r. As we are going to show,
these calculated values imply some contradictions with
the experimental results.

In fact, in the first case (22Si+®Be—3€¢Ar*) one of the
most probable decay modes for 36 Ar* should be a single-
proton evaporation, but that is unacceptable with an
excitation energy of about 40 MeV. We note that, in
this mass region, the mean excitation energy removed
by a nucleon or an a-particle evaporation is about 16.4
MeV and 22.1 MeV, respectively [23]. In the second
case (28Si+a —328*) the calculated excitation energy is
enough for a single-nucleon evaporation, but this evapo-
ration is not observed experimentally.

Moreover, the experimental velocity values are incom-
patible with those calculated, as one can see by looking at
Fig. 7. In this figure we report for 3°Cl and 328 the ratios
between the experimental velocity values of the incom-
plete fusion component and those calculated assuming a
breakup fusion (open rhombi) or a cluster-transfer (black
points) mechanism, respectively, at various angles and at
154 MeV bombarding energy. For both masses, the ex-
perimental values are larger than those calculated in the
BUF frame at small angles and they are smaller at larger
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FIG. 7. Ratio of the experimental velocities of the incom-
plete-fusion contributions to those expected in the case of
breakup fusion (open rhombs) and cluster transfer (closed cir-
cles), plotted vs laboratory angle, at E=154 MeV.

angles.

On the contrary, we obtain a satisfactory agreement
when we interpret the observed incomplete-fusion com-
ponents as products following cluster-transfer reactions.
In this picture the reactions are characterized by a “Q-
value window” centered at a so-called “Q-optimum.”
Following Refs. [25,26], we can estimate a Q-optimum
value, Qopt = (Z3Z4/Z1Z5 — 1)E{"™ [where the indices
1, 2 and 3, 4 indicate the entrance (i) and exit chan-
nel, respectively] and a corresponding excitation energy
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E* = Qg9 — Qopt, Where Qg  is the ground-state Q
value of the reaction. By using the previous formulas,
we found the excitation energies E*(3¢Ar)> 32 MeV and
E*(328)= 11 MeV. These calculated values are in sat-
isfactory agreement with those [E*(3¢Ar)=27 MeV and
E*(328)=11 MeV] which in two-body kinematics calcu-
lations reproduce, within the experimental error (see full
points of Fig. 7) the experimental velocity values.

The excitation energy E*(32S)=11 MeV does not al-
low nucleon evaporation, so it is possible to detect the 323
nuclide produced in the reaction [28Si+!2C—32S*+-5Be)].
The excitation energy E*(36Ar)=27 MeV is con-
sistent with a decay mode involving the evapo-
ration of one or two nucleons in the reactions
(36Ar* —35Cl+p,*®Ar* —34542p). This result is in satis-
factory agreement with a calculation performed with the
code CASCADE [27], which predicts also the possibility of
an la+ 1p decay. That could explain the asymmetry ob-
served in the 3!P velocity spectrum. The observed pref-
erence of the proton emission in the 3 Ar* decay could be
imputed to the differences between the binding energies
of the last proton and the last neutron in the considered
nuclide.

Following the previous considerations, we obtained
similar results for all the studies bombarding energies.

In Fig. 8 we show the invariant-velocity spectra of the
evaporation residues produced in the reaction 28Si+!3C
at 156 MeV bombarding energy, which can be compared
with those of the reaction 28Si+'2C at 154 MeV. We
do not observe significant differences in the evaporation
residue spectra. With both targets, similar structures
with comparable intensities are measured for ya + zN
evaporation following complete and incomplete fusion.
The only difference in the velocity spectra of the complete
fusion evaporation residues is imputable to the higher ex-
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FIG. 8. Velocity spectra of evaporation residues at 9, = 5° of ®Si +!3C at E=156 MeV. The vertical lines indicate the
centroid expected in case of complete fusion Vcn cos®dr, for this reaction. The hatched areas originate from incomplete-fusion
processes. For each residue, the number of evaporated « particles, protons (p), and neutrons (n) is indicated.
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citation energy that in the case of the 3C target favors
the nucleon emission with respect to the alphas (com-
pare the velocity spectrum of 3°Cl from the 28Si+13C)
reaction with that of 36Cl from 28Si+13C).

Also in this case, similar to the case of the 12C target,
we have interpreted the hatched areas in Fig. 8 as due
to incomplete-fusion reactions originating from cluster-
transfer processes with a “He or a 8Be in the exit channel
(i-e., 9Be or 5He transfer, respectively). Possible incom-
plete fusion events due to an *He transfer are not evident
in the spectrum of 33S. Nevertheless, as previously ob-
served in the *°Ar+13C reaction at 7 MeV /nucleon [13],
this fact could be explained by the higher excitation en-
ergy, as compared to the 2C target, for the correspond-
ing transfer reaction. In fact, at the estimated excitation
energy of 333, the evaporation of a neutron is possible,
and that can also explain the presence of the small, broad
contribution in the 32§ spectrum.

C. Angular distributions

Figure 9 shows the differential angular distributions
do /dQ2 of the residues formed by complete and incom-
plete fusion as well, for the 28Si+!2C reaction at 154
MeV. In the upper part of the figure it is easy to recognize
the typical bell-shaped distributions of complete fusion
products centered at ¥ = 0°. In the lower part the dif-
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ferential angular distributions of incomplete-fusion prod-
ucts (the points are restricted to those angles where the
subtraction of the incomplete fusion component has been
possible) appear to have a very different shape, which
indicates a reaction mechanism different from “breakup
fusion” since, assuming this mechanism, the angular dis-
tributions should be fusionlike. Thus the hypothesis that
the incomplete fusion components originate from cluster-
transfer reaction, previously suggested by kinematical ar-
guments and by excitation energy calculations, is further
confirmed.

The obtained angular distributions do/d¥ for evapo-
ration residues following complete fusion show the typ-
ical broadening with decreasing mass due to the emis-
sion of more light particles. Integrating these angular
distributions, the fusion cross sections for each evapo-
ration residue were determined. The uncertainty in the
obtained cross sections arises mainly from the normaliza-
tion procedure of the data. Other small sources of error
are due to the statistics of the experimental data and the
uncertainty in the extrapolation of the angular distribu-
tions to small and large angles. In the same way, by inte-
grating the angular distributions, we obtain the absolute
cross sections of the evaporation residues produced in in-
complete fusion reactions. The uncertainty of these latter
cross sections is mainly due to the subtraction procedure
of the incomplete fusion components and to the extrapo-
lation of the angular distributions. Partial and total cross
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FIG. 9. Angular distributions do/dS2 of the residues from complete-fusion (top) and incomplete-fusion (bottom) reactions.
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TABLE II. Values of complete-(ocr) and incomplete-(o1cr) fusion cross sections for each evaporation residue at the three
studied energies. The reported value for 28Si (a) represents the cross section predicted by the evaporation code CASCADE for
this residue. In the last line we report the total-fusion cross section obtained considering the measured and calculated cross

sections.
E =104 MeV E =115 MeV E = 154 MeV
OCF (mb) OICF (mb) OCF (mb) OICF (ﬂlb) OCF (mb) OICF (mb)
30si 68+8
30p 4145
3ip 117+12 189+19 232445 1747
32p 440.7
33p 3+0.6
319 10+1.3
32g 129+14 1747 110+13 10+4 4145 1245
339 144+1.7 30+3 217422
34g 139+15 166418 104420 8+3
33¢1 6+0.8
3¢l 48+5 8149 89+10
35¢1 225+45 (33+13) 185437 (26+10) 4849 6+2
3¢l 8+1 10+1.2 5346
37¢C1 12+1.7 13+1.6 11+1.3
35Ar 8+1 6+0.8
36Ar 20+2.5 1542 3244
3TAr 191421 185420 7348
38Ar 80+10 4845 440.6
38K 37+4 2242
Yo 1028+123 50420 1060+127 36+15 1034+124 43+17
28gje 30 70 80
> o+ o(**Si) 1058+123 11304127 11144124

sections for complete and incomplete fusion are listed in
Table II. We notice that the possible contribution of the
evaporation residue 28Si to the complete-fusion cross sec-
tion has not been experimentally determined because of
the intense background present in the 28Si spectra. The
values predicted by CASCADE for the cross section of 28Si
are 30, 70, and 80 mb at E(28Si)=104, 115, and 154 MeV,
respectively. We also have to notice that, at E(28Si)=104
and 115 MeV, the subtraction of the small incomplete fu-
sion component in the 3°Cl spectra has been possible only
at the two small measured angles, and the correspond-
ing cross sections (reported between brackets in Table II)
have been estimated by supposing a trend of the angu-
lar distributions similar to that obtained at E(28Si)=154
MeV. This procedure leads to a very large error in the
incomplete fusion component which can explain the de-
creasing cross section with increasing incident energy, in
contrast to theoretical expectations.

IV. COMPARISON WITH THEORY
AND DISCUSSION

The experimental cross sections of the different evap-
oration residues following complete fusion produced at
104, 115, and 154 MeV bombarding energies are shown
in Fig. 10 together with the statistical-model predictions
computed by using the code CASCADE [27].

We used in the input of CASCADE the complete fusion
cross sections reported in Tables II and III and a dif-
fuseness for the transmission coefficients in the entrance
channel d = 2. A level-density parameter a = A/9.5 has

been used in the high excitation energy region. In general
there is good agreement at all the considered energies.

For the evaporation residues formed by a evaporation,
we compared the average kinetic energies of the evapo-
rated a particles, extracted from the distance of the two
peaks in the experimental velocity spectra, with those ob-
tained by using the case CASCADE at all the studied bom-
barding energies. The results are in satisfactory agree-
ment, even though the o energies predicted by CASCADE
are slightly greater than the experimental ones.

In Fig. 11 we plotted most of the available fusion cross
sections for the 28Si+!2C system as a function for E7}, .
We notice that the present results, shown as full sym-
bols, are obtained by summing the measured values of
the evaporation-residue cross section following complete
fusion with the cross section for 28Si predicted by the
code CASCADE.

As one can see, our experimental results, located in
the second energy region of the fusion excitation func-
tion, link up very well with the data of Nagashima [4]
and appear to be in good agreement with the results of
Vineyard et al. [9].

In the same figure we reported the predictions of the
critical-distance fusion model [28] (dot-dashed curve),
the proximity fusion model [29] (solid curve), and the
Bass model [30] (dashed curve).

We note that the empirical nuclear potential of Bass is
specified by the function

R, R,

)= R R

(s)



FIG. 10. Mass distributions of evaporation residues.
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hatched bars are the yields predicted from the evaporation code CASCADE.

where

g(s) =

The parameter values used in the calculation are those
reported in Ref. 30, based on a global fit to fusion data,
i.e., A=0.03 MeV~! fm, B = 0.006 MeV~'fm, d; = 3.30
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The experimental data are plotted as open histograms, while the

fm, and d; = 0.65 fm. The choice of these parameters,
rather than those used in Ref. [7], is due to the better
agreement that we obtain within the theoretical curve
with our experimental data and the high-energy data
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[9). A much better agreement is obtained comparing our
experimental points and the high-energy data [9] with
the predictions of the proximity fusion model [29], which

FIG. 11. Complete-fusion
cross sections for the ?8Si+'2C
system as a function of Egy
The squares are the data re-
ported by Harmon et al. [7,8],
the open circles those by Gary
and Volant [2], the open squares
with diagonal cross those by
Vineyard et al. [9], and the
crosses those by Nagashima et
al. [4]; all the data are quoted
with the errors indicated by the
same authors. The full sym-
bols are the data of the present
work. The curves represent
the predictions of the criti-
cal-distance fusion model (28]
(dot-dashed), the proximity fu-
sion model [29] (solid), and the
Bass model [30] (dashed).
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reproduce very well the excitation function’s maximum
value.

The critical angular momenta [, extracted from the
complete-fusion cross sections, which include the 28Si
yields, using three sharp cutoff approximation are re-
ported in Table III. The uncertainty in the l.. repre-
sents the experimental uncertainty in the cross section.
In Fig. 12 we report the critical angular momenta for the
fusion of several systems 28Si+12C [2,4,7-9], 2°Ne+2°Ne
[31], and %0+2*Mg [32], leading to the same compound
nucleus 4°Ca at various excitation energies; the present
results are marked by arrows. The solid curve shown in
the figure is the statistical yrast line [33] calculated with
ro = 1.2 fm and AQ = 10 MeV.

We see that our experimental results are reproduced
rather well by this parametrization. Owur point at
E(?8Si)=154 MeV appear to be larger than the satura-
tion value of about 227, extracted by Harmon et al. [7,8],
which indicates the existence of an entrance-channel im-
posed limit on the high-energy fusion cross section. Be-
cause of the limited energy range we explored and the
experimental uncertainties, we are not able to rule out
the possibility of an entrance-channel limitation on the
complete-fusion cross section. However, we observe that,
as can be seen in Fig. 11, our data are in very good agree-
ment with the Bass-model calculation [30] and the prox-
imity fusion model [29], which leads to a critical angular
momentum in the entrance channel Ifi* of 294 [7].

The value is confirmed from the high-energy experi-
mental data of Vineyard et al. [9], which show a satu-
ration value of the critical angular momentum at about

N. ARENA et al.
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TABLE III. Critical angular momenta for complete fusion
and corresponding cross sections at the three measured ener-
gies. The reported cross sections include the contribution of
the evaporation residue 2®Si predicted by the code CASCADE.

Epas E. . OCF ler

(MeV) (MeV) (mb) (K)
104 31.5 1058+123 19.6+1.2
115 34.5 1130+127 21.3+1.3
154 46.2 1114+124 24.7+1.5

29h, consistent with the value at which the fission bar-
rier of the *°Ca compound nucleus vanishes, as calculated
with the Sierk model [34].

The ratios of the complete-fusion cross sections (ocF)
to the total evaporation-residue cross sections (ocr +
oIcF), extracted from the present data, appear to be in
agreement with the trend established by the incomplete-
fusion systematics of Morgenstern et al. [11], as shown in
Fig. 13. In this figure the present data are reported, to-
gether with the results of other authors, for 22Si-induced
reactions as a function of Vi /c. The full curves repre-
sent the systematic trend extracted in Ref. [11], where
it has been shown that the results for symmetric and
asymmetric systems fall mainly along the lower and up-
per curve, respectively. We notice that, for values of
VL /c near the suggested threshold, we still find evidence
for small incomplete-fusion components in the measured
velocity spectra.

200 T T T T ] T T T T ‘ T T T T T T T T T
| ®?°Si+'2C Present data ]
| X 83i+'*C  Vineyard et al.® i
| F 28si+12%C Nagashima et al.® h
0 %85i+'%C Gary et al.?!
150 | o 283i+!%C  Harmon et al."® T
R l(“’O+2‘Mg Tabor et al.®¥ [ S— i
| % **Ne+*NeShapira et al.®? ]
L Lee et al.®% |
— A
> 100 — 4 —
Q) —
2 ]
-
m -
i 1
40

1. (h)

FIG. 12. Critical angular momenta for different complete-fusion reactions leading to the formation of the compound nucleus
40Ca at different excitation energies; the present results are marked by arrows. The solid curve represents the statistical yrast
line [33] calculated with ro = 1.2 fm and AQ = 10 MeV.
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bg i : FIG. 13. Ratios of com-
+ L d plete-fusion cross section to the
5 06— — total evaporation-residue cross
) 5 T section as a function of Vi /c,
N i T for different 2%Si-induced re-
bb : ] actions. The full symbols
0.4 (— — are the present data. The
B 1 curves represent the systematic
; : trends extracted from the in-
i complete-fusion systematics of
0.2 F’__ — Ref. [11].
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V. CONCLUSION

We have presented the elastic-scattering cross sections
and the mass and angular distributions for the evapora-
tion residues produced in the reaction 28Si+!2C at bom-
barding energies ranging from 3.7 to 5.5 MeV /nucleon.
The total-reaction cross sections obtained by using the
modified SOD method are in good agreement with the
values extracted by means of the optical-model analysis.

From the analysis of the evaporation-residue velocity
spectra, we deduce that the main contributions to the
evaporation-residue cross sections originate from a com-
plete fusion mechanism, but for all studied energies in-
complete fusion components are present. The kinemat-
ical analysis, the excitation energies, and the trend of
the angular distributions suggest that we interpret these
incomplete fusion events as reaction products generated
by cluster-transfer reactions. This conclusion is in agree-
ment with the results of Ref. [13], where it is shown that,
in the mass range here considered, a “transferlike” mech-
anism is responsible for the incomplete fusion reactions at
low bombarding energies. The values of the incomplete-
fusion cross sections are in agreement with a previously

established systematic [11], which correlates the fraction
of incomplete fusion with the center-of-mass velocity at
contact with the lighter reaction partner and with the
mass asymmetry in the entrance channel. Similar veloc-
ity spectra with incomplete fusion components are ob-
tained by bombarding a !3C target. The experimental
data of the present work are in good agreement with
earlier measurements of the 28Si4+!2C system and with
theoretical predictions.

Finally, the critical angular momenta extracted from
the complete-fusion cross section seem to be consistent
with the fusion cross section limitation expected in the
frame of the liquid-drop limit, as suggested in Ref. [9].
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FIG. 1. Scatter plot of AE vs energy for the reaction
288i+12C at 154 MeV bombarding energy and a laboratory
angle of 5°.
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FIG. 2. Scatter plot of mass vs energy for evaporation
residues with Z=17 at 154 MeV bombarding energy and a

laboratory angle of 5°.



