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Complete and incomplete fusion in the reaction35Cl112C at the energy range 70–154 MeV
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~Received 3 December 1996!

Velocity spectra of evaporation residues produced in the35Cl112C reaction have been measured at bom-
barding energies of 125, 140, and 154 MeV using time-of-flight techniques. These distributions were used to
identify evaporation residues and to separate complete fusion and incomplete fusion components. The results
show the presence of small contributions of incomplete fusion components which appear to be due to a cluster
transfer reaction mechanism. Angular distributions and total and complete fusion evaporation residue cross
sections were extracted at 70, 90, 110, 125, 140, and 154 MeV. The complete fusion cross sections and the
deduced critical angular momenta are compared with other experimental data and the predictions of existing
models.@S0556-2813~97!04105-8#

PACS number~s!: 25.70.Jj
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I. INTRODUCTION

In previous recent works@1,2#, we studied the32S,
28Si112C reactions around 5 MeV/nucleon in order to inve
tigate the existence of an incomplete fusion component in
evaporation residue cross section also at this low ene
Indeed, from the kinematical analysis of the inclusive velo
ity spectra, we deduced that the main contribution to
evaporation residue cross sections originated from a c
plete fusion mechanism, but incomplete fusion compone
were also present. In addition, we suggested that it was
sible to interpret these incomplete fusion events as gener
by cluster-transfer reactions@2#. Our conclusions were in
agreement with the results of other authors@3#, and the val-
ues of the incomplete fusion cross sections we determ
agreed with a previously established systematic@4#, which
correlates the fraction of incomplete fusion with the cent
of-mass velocity at contact with the lighter reaction partn
and with the mass asymmetry in the entrance channel.

Following the same research line, in the present paper
extend our study on the35Cl112C system in the energy rang
70–154 MeV, also in order to reduce the lack of the expe
mental data in the first and second regions of the fus
excitation function because, until now, the reacti
35Cl112C has been investigated only at the bombarding
ergiesE(35Cl)5180 and 200 MeV@5# and more recently a
E~35Cl!5280 MeV @6#.

The experimental procedures are described in Sec. II.
experimental results and the analysis of the velocity spe
are presented in Sec. III. In Sec. IV the results of these an
sis are discussed and compared to the predictions of the
ical models. Finally, the conclusions are summarized in S
V.

II. EXPERIMENTAL PROCEDURE

The experiments were performed at the SPM Tandem
celerator facility of the Laboratorio Nazionale del Sud~LNS!
in Catania. Self-supporting12C targets 40mg/cm2 thick were
bombarded with beams of35Cl at 70, 90, 110, 125, 140, an
550556-2813/97/55~5!/2482~10!/$10.00
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154 MeV. The targets were placed perpendicular to the be
direction.

The evaporation residues were identified in charge
mass by using a particular experimental apparatus descr
in detail in Ref. @7#. We remind the reader briefly that
consists of a sliding seal scattering chamber, 45 cm in dia
eter, which can be rotated around the target axis, and is
idly connected to aDE-E multianode ionization chamber. A
time-of-flight telescope, consisting of a microchannel-pla
and a parallel-plate avalanche counter as start and stop
nals detectors, respectively, is coupled to the ionizat
chamber. Utilizing a flight path of 118 cm an overall tim
resolution of 400 ps is achieved.

Typical examples of charge and mass resolution
shown in Figs. 1 and 2, respectively. The relative normali
tion between runs at different angles settings was establis
by using the elastic yields observed by two silicon surfa
barrier monitor detectors placed at69° with respect to the
beam axis.

The absolute normalization of the differential cross s
tions was determined at all energies by comparing the ela
scattering data to the Rutherford scattering cross sectio

FIG. 1. Scatter plot ofDE versus energy at 140 MeV bombard
ing energy and a laboratory angle of 3°.
2482 © 1997 The American Physical Society
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55 2483COMPLETE AND INCOMPLETE FUSION IN THE . . .
very forward angles. The systematic uncertainty in this n
malization procedure has been estimated to be less than

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Elastic scattering

The elastic scattering angular distributions were measu
over the angular range 2.5°<qL<12°, in steps ranging from
0.5° at small angles to 2° at the larger ones.

In Fig. 3 the experimental ratiossel /sRuth between the
elastic and Rutherford cross sections at energiesE(35Cl)
570, 90, 110, 125, 140, and 154 MeV versus the laborat
angle are reported. The solid lines in the same figure co
spond to optical model fits obtained by using the co
PTOLEMY @8# with the parameters of Table I. In the sam
table the total reaction cross sectionss r(OM) obtained by
means of the optical model analysis are reported.

B. Velocity spectra

At the three highest energiesE(35Cl)5125, 140, and 154
MeV, the velocity spectrum for each residue mass (38<A
<44) was decomposed with a Gaussian fitting proced
@1,2,9–11# to determine the complete fusion contributio
For the lower energiesE(35Cl)570, 90, and 110 MeV, no
attempt was made to separate the evaporation residue c
sections into complete fusion and incomplete fusion comp
nents, because, as is well known at these energies, the
reaction cross sections, in practice, coincide with the co
plete fusion cross sections.

FIG. 2. Scatter plot ofZ versusA at 140 MeV bombarding
energy and a laboratory angle of 3°.
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Figures 4, 5, and 6 exhibit typical velocity spectra
separated individual masses atqL53° andE(35Cl)5125,
140, and 154 MeV, respectively. The shape of the veloc
spectra was found to be consistent with the assumption
the main contribution arises from the evaporation resid
following complete fusion. In fact, in the Galilean-invaria
representation 1/V2

•d2s/dV dV, the structures are sym
metrical with respect to the compound nucleus velocity@9#.
The position and width of the complete fusion compone
further confirm the previous considerations. In Fig. 7 a
reported for each evaporation residue, atE(35Cl)5125, 140,
and 154 MeV, the ratios of velocity centroidsVCNcosqL ,
expected in the case of complete fusion, to theV̄R ones ob-
tained by fitting the experimental velocity spectra with sta
dard formula@9,11#.

Figure 8 shows the ratios of the standard deviations of
the velocity distributions, obtained by means of the fit pr
cedure, to the ones expected in the case of complete fu
sCF @11#. In thesCF formula the valuea5A/10 was assumed
for the level density parameter.

FIG. 3. Elastic scattering cross section normalized to Rutherf
scattering. The solid lines are the results of optical model fits.
m the
TABLE I. Elastic scattering optical model fit parameters and total reaction cross sections derived fro
fits. Only the well depthVR andVI were allowed to vary during the fit.

Elab

~MeV!
VR

~MeV!
VI

~MeV!
r 0R
~fm!

r 0I
~fm!

aR
~fm!

aI
~fm!

s r(OM)
~mb!

70 3.05 2.38 1.30 1.16 0.62 0.61 329
90 14.9 2.10 1.30 1.16 0.62 0.61 686
110 8.87 14.9 1.30 1.16 0.62 0.61 969
125 12.7 11.0 1.30 1.16 0.62 0.61 1115
140 8.9 19.9 1.30 1.16 0.62 0.61 1260
154 11.7 25.8 1.30 1.16 0.62 0.61 1417
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FIG. 4. Invariant velocity
spectra of evaporation residues
E~35Cl!5125 MeV and qL53°.
The curves centered atVCNcosqL

~vertical line! represent the contri-
butions of complete fusion fol-
lowed by evaporation of nucleon
(xN) anda particles plus nucleon
(ya1xN). The histograms are
the experimental data. The
hatched areas originate from clus
ter transfer reactions.
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In both graphics the experimental values agree, within
errors, with the theoretical expectations.

For some masses (A538,39,41,42), we observe furthe
structures~hatched areas in Figs. 4, 5, and 6! which cannot
be explained as due to complete fusion. The velocities c
responding to these structures are larger than the velo
centroid VCNcosqL expected in the case of compoun
nucleus so that, since we studied the system in reverse k
matic, we expect that these structures originated from inc
plete fusion@4#.

Particularly, we interpreted the hatched areas as a c
section due to an incomplete fusion reaction governed b
cluster transfer reaction mechanism: the41K, 41Ca, 42Ca,
and 42Sc masses originating from 8Be transfer
~ 35Cl112C→43Sc*1a; 43Sc*→41K12p, 41Ca11n11p,
42Ca11p, 42Sc11n, respectively! and the 39K and 38Ar
masses froma transfer~ 35Cl112C→39K*18Be; 39K*→39K
1g and 39K*→38Ar11p!.

We draw these conclusions by comparing the implicatio
derived from simple reaction models proposed for inco
plete fusion, i.e., breakup fusion~BUF! and massive transfe
~MT!.

We recall that assuming the BUF mechanism@12,13#, the
12C must break into ana particle and a8Be in the first stage
of the reaction and, successively, one of these fragm
e
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fuses with the projectile while the other fragment continu
to move with almost the same velocity in the c.m. syste
Refering to the laboratory energyE~35Cl!5154 MeV, an in-
complete fusion reaction with ana particle, e.g.,35Cl1a,
leads to an excitation energyE* (39K)5 4

39E(
35Cl)

1Qgg~20.148 MeV!'16 MeV. Similarly, the35Cl18Be re-
action leads to an excitation energyE* (43Sc)5 8

43E(
35Cl)

1Qgg~4.75 MeV!'33 MeV.
In the picture of the MT model@14–16#, the production of

a given residual nucleus can be considered as the result
two-step process. First, a nucleon or a group of nucleon
transferred from the projectile to the target. Second, this
termediate nucleus dissipates its excitation energy by eva
rating neutrons or emitting photons. These massive tran
reactions, as is known, form a class of reactions which fo
a bridge between the complete fusion processes and
inelastic and direct processes.

The reaction is characterized by a ‘‘Q value window’’
centered at so-called ‘‘Q optimum.’’ In this case the excita
tion energy is calculated asE*5Qgg2Qopt, whereQopt

5(Z3Z4 /Z1Z221)Ec.m.
i , in which the indices 1,2 and 3,4

indicate the entrance (i ) and the exit channel, respective
@17,18#. By using the previous formulas, we found the ex
tation energiesE* ~43Sc!'28 MeV, for a 8Be transfer, and
FIG. 5. Same as Fig. 4 atE~35Cl!5140 MeV
andqL53°.
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FIG. 6. Same as Fig. 4 atE~35Cl!5154 MeV
andqL53°.
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E* ~39K!'10 MeV, for ana transfer.
For the incomplete fusion contributions originating fro

43Sc* ~ 42Sc, 42Ca, 41Ca, 39K residues!, the above excitation
energiesE(43Sc* )'33 and 28 MeV, calculated, respe
tively, in the BUF and MT frameworks, are enough f
1N, 2N, or 1a-particle evaporation. In fact, in this mas
region, the mean excitation energy removed by a nucleo
an a-particle evaporation is about 16 and 22 MeV, resp
tively @10#. Therefore the excitation energies are not able
discriminate between the two mechanisms.

As regards the incomplete fusion contributions originat
from 39K* ~ 39K, 38Ar residues!, the BUF excitation energy
E~39K* !'16 MeV is enough for a single nucleon evapor
tion so that we should detect only the38Ar nuclide produced
in the reaction~ 35Cl112C→39K*18Be; 39K*→38Ar11p!
and not the39K nuclide which indeed we observed expe
mentally. This last result is confirmed by the calculation p
formed with the codeCASCADE @19#, which predicts the pos

FIG. 7. Ratio of velocity centroids expected in the case of co
plete fusion to those obtained by fitting the experimental veloc
spectra, plotted for different evaporation residues.
or
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sibility of 1p decay only. So that, in the BUF framework, w
cannot justify the presence of the39K nuclide, experimen-
tally observed.

On the other hand, the MT excitation energ
E~39K* !'10 MeV, and this value, in principle, does not a
low nucleon evaporation, so that we cannot justify the38Ar
nuclide contribution, even if in this case theCASCADE calcu-
lations predict the possibility of gamma and 1p decays.

Therefore, from the previous considerations we can c
clude that, in our case, the excitation energies, calculate
the BUF and MT models, are not a discriminant argumen
distinguish between the two mechanism of the incompl
fusion.

As a consequence, the observation of the trend of
incomplete fusion residue velocities constitutes a good pr
to discriminate among the various reaction mechanism
Fig. 9 we report the ratios between the experimental velo

-
y

FIG. 8. Ratio of measured standard deviation (s) obtained by
fitting the velocity spectra of residues produced with nucle
evaporation to the values expected in the case of complete fu
(sCF).
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FIG. 9. Ratio of the experimental velocities o
the incomplete fusion contributionsVICF to those
expected in the case of break up fusion~open
squares! and cluster transfer~solid circles!,
plotted versus laboratory angle atE~35Cl!
5154 MeV.
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values of the incomplete fusion component and those ca
lated assuming a breakup fusion~open squares! or a massive
transfer ~solid circles! mechanism, respectively, at variou
angles and at 154 MeV energy. For all masses, the ra
calculated in the MT frame are equal to 1, within the expe
mental errors, while the trends of ratios obtained in the B
frame show at small angles values larger than 1 and at la
angles values smaller than 1. We note that similar results
obtained for the other bombarding energiesE(35Cl)5125
and 140 MeV also.

A further argument which confirms the hypothesis that
incomplete fusion components originate from cluster trans
reaction can be derived from the slope of the angular dis
butions, as we will show in the next subsection.

C. Angular distributions

Figure 10 shows the differential angular distributions
the residues formed by complete and incomplete fusion
the 35Cl112C reaction at 140 MeV. The exponential slope
the angular distributions of incomplete fusion produ
~lower part of the figure! differs markedly from complete
fusion ~upper part of the figure!, thus indicating a reaction

FIG. 10. Angular distributions of evaporation residues fro
complete fusion~upper part! and incomplete fusion~lower part!.
The solid lines are drawn only as a guide for the eye.
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mechanism different from fusion. Particularly, this mech
nism seems to be attributed to a massive transfer reac
because, as is well known, the breakup fusion mechan
shows fusionlike angular distributions.

The angular distributions at 125 and 154 MeV energ
show the same trend.

By integrating the angular distributions, we obtain the a
solute cross sections for complete and incomplete fus
Partial and total cross sections are listed in Table II
E(35Cl)5125, 140, and 154 MeV. We point out that th
possible contribution of the evaporation residue35Cl to the
complete fusion cross section has not been experimen
determined because of the intense background present in
35Cl spectra. The values predicted by codeLILITA @20# for
the cross section of this residue at the various energies
reported in the same Table II.

IV. COMPARISON WITH THEORY AND DISCUSSION

The experimental fusion angular distributions for ea
atomic number (18<Z<22) detected atE(35Cl)570, 90,
110, 125, 140, and 154 MeV are shown in Fig. 11 toget
with the statistical model calculations~open histograms! ob-
tained by using the Monte Carlo codeLILITA . We used as
input data for the codeLILITA the measured total fusion cros
sections as reported in Table III and the valuea5A/10 for
the level density parameter. The spin cutoff parameter is
culated assuming a radiusr 051.2 fm. In general, there is a
satisfactory agreement for all the considered energies.

Similar good comparisons between experimental and
culated relative mass and charge yields are shown in Fig.

In Fig. 13 we display the experimental fusion cross s
tions available to date on the35Cl112C system as a function
of Ec.m.

21 . There, the solid circles are the present results, wh
the open circles are taken from Becket al. @5,6#.

In the same figure we report the predictions of the M
suseet al. @21# and the Bass@22# models as dashed and sol
curves, respectively.

In the framework of the critical distance model of Ma
suseet al. @21#, the fusion cross section is evaluated in t
three different energy regions by means of the following e
pressions:
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FIG. 11. Comparison of ex-
perimental angular distribution o
the complete fusion ~closed
circles! with the prediction of
evaporation LILITA code ~histo-
grams! for eachZ.17 detected at
E(35Cl)570, 90, 110, 125, 140,
and 154 MeV.

TABLE II. Values of the complete (sCF) and incomplete (s ICF) fusion cross sections for each evapora-
tion residue atE(35Cl)5125, 140, and 154 MeV. The reported value for35Cla represents the cross section
predicted by the evaporation codeLILITA for this residue. In the last line we report the total fusion cross
section obtained considering the measured and calculated cross sections.

E5125 MeV E5140 MeV E5154 MeV
sCF ~mb! s ICF ~mb! sCF ~mb! s ICF ~mb! sCF ~mb! s ICF ~mb!

37Ar 461 561 1662
38Ar 45610 662 55611 1062 97620 1964
38K 661 761 1762
39K 56611 662 3667 1062 55611 1162
40K 1261 1662 4064
41K 3768 16.5 66613 561 79616 461
40Ca 2362 2162 2763
41Ca 165633 1463 204640 862 222644 1162
42Ca 210642 261 172634 1363 109621 1162
43Ca 1863 2462 4164
44Ca 1361 1762 1461
42Sc 3467 261 2966 361 2262 461
43Sc 4565 4464 5866
44Sc 167617 232623 169617
45Sc 5666 2462 2562
43Ti 561
44Ti 2563 2663 2162
45Ti 4364 2963 1261
46Ti 761
Ss 9706160 31610 10076156 59611 10246155 60612
35Cla 0 6 12
Ss1s(35Cl) 9706160 10136156 10366155
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FIG. 12. Upper part: experimental relativ
mass yields of the fusion residues~hatched bars!
compared withLILITA calculations~open histo-
grams! for E(35Cl)5110, 125, and 140. Lower
part: same as upper part for charge and for
studied energies.
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region I~low energy region! sCF
I 5pRB

2 S 12
VB~RB!

Ec.m.
D ,

region II ~central energy region! sCF
II 5S pI

m D F11
Q2DQ

Ec.m.
G ,

region III ~high energy region!

sCF
III 5p^d2&S 11

@ 1
2mvd

2^d2&2UC@~^d2&!1/2#1Q#

Ec.m.
D ,

where (̂ d2&)1/2 is the critical distance between the collidin
nuclei.

In the present calculations, the following parameters h
been used: ForsCF

I , VB(RB)5VC(RC)5Z1Z2e
2/RC , RC

5R01DRC , and RB5R01DRB , with R05R11R2 , Ri
e

51.12Ai
1/320.86Ai

21/3, DRB53.05 fm, andDRC53.70 fm.

For sCF
II , I52/3AM^r 2&Aa, whereM is the nucleon mass

^r 2&A5 3
5(1.12A

1/3)2(113.84A22/3), a50.80, and DQ
513 MeV. For sCF

III , vd5bv, with v540A21/3/\ and b
50.72.

The theoretical prediction of the Bass model is obtain
by using the following empirical nuclear potential:

Vn~s!5
R1R2

R11R2
g~s!,

where

g~s!5@A exp~s/d1!1B exp~s/d2!#
21.

The parameters used in the calculations are those report
Ref. @22#, based on a global fit to fusion data, i.e.,A
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50.03 MeV21 fm, B50.006 MeV21, d153.30 fm, d2
50.65 fm, andRi51.16Ai

1/321.39Ai
21/3.

Both calculations reproduce the experimental data q
well in the first and second energy regions so that the
crimination between the two models depends essentially
the experimental points in the third energy region. In t
region, at present, there is only the experimental data
E(35Cl)5280 MeV, which is better fitted by the Matsus
curve. However, a more convincing argument in favor of t
last model should be derived only from the knowledge
other new experimental data at the highest energy.

The critical angular momenta, extracted from the co
plete fusion cross sections using the sharp cutoff approxi
tion, are listed in Table III, where the uncertainty in thel cr
represents the experimental uncertainty in the cross sec

A plot of excitation energy as a function of thel cr for
fusion is shown in Fig. 14, for the present data and for d
extracted from previous results@5,6,10,23#, relative to differ-
ent entrance channels that populate the same comp
nucleus47V.

The solid line showed in the figure is the statistical yr
line @24#, calculated withr 051.2 fm andDQ510 MeV.
With the exception of the data of Becket al. @6# at
E* (47V)588 MeV, the behavior of all analyzed systems

TABLE III. Complete fusion cross sections (sCF) and critical
angular momenta (l cr) for all studied energies.

Elab

~MeV!
Ec.m.

~MeV!
sCF

~mb!
l cr
~\!

70 17.9 302660 8.160.8
90 23.0 7706125 15.061.2
110 28.1 9906150 18.961.4
125 31.9 9706160 20.061.6
140 35.7 10136156 21.761.6
154 39.3 10366155 23.061.7
te
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the intermediate excitation energy range@30 MeV
,E* (47V),90 MeV# is reproduced rather well by this line
The data of the20Ne127Al system @10# show a saturation
value in the critical angular momentum which agrees w
the calculated Sierk fission barrier limit@25,26# of the 47V
compound nucleus, represented by the vertical dashed lin
the figure. Thel cr527.5\ value reported in Ref.@6# might
indicate the existence of a limitation on high energy cro
section imposed by the entrance channel. We observe,
sides, that thisl cr value, extracted from the evaporation res
due cross section, should be lower, taking into accoun
contribution of about 20% of the incomplete fusion comp
nents in the evaporation residue cross section as predicte
the systematics of Morgensternet al. @4#.

V. CONCLUSIONS

In this paper we have presented the elastic scattering c
sections and the mass, charge, and angular distributions
the evaporation residues produced in the reaction35Cl112C
in the energy rangeE(35Cl)570–154 MeV.

From the analysis of the velocity spectra, performed at
three highest energiesE(35Cl)5125, 140, and 154 MeV, we
deduced that the main contributions to the evaporation r
due cross sections originate from a complete fusion mec
nism, but for all energies incomplete fusion components
also present. We interpret these incomplete fusion events
generated by cluster transfer reactions. This last result i
agreement with the ones obtained analysing the28Si112C at
bombarding energies ranging from 3.7 and 5
MeV/nucleon. Values of the incomplete fusion cross sectio
of about 3–6 % of the deduced complete fusion cross s
tions are in agreement with a previously established syst
atics @4#, which correlates the fraction of incomplete fusio
with the center-of-mass velocity at contact with the ligh
reaction partner and with the mass asymmetry in the entra
channel.
n

d
-

e-
FIG. 13. Complete fusion
evaporation residue cross sectio
as a function ofEc.m.

21 . The solid
circles are the present data, an
the open circles are the data re
ported from Becket al. @5,6#. The
dashed and solid curves are the r
sults of fusion model calculations
of Refs. @21# and @22#, respec-
tively.
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FIG. 14. Critical angular mo-
menta for different complete fu-
sion reactions leading to the47V
compound nucleus at different ex
citation energies. The solid curv
corresponds to the statistical yra
line @24# calculated with r 0
51.2 fm andDQ510 MeV. The
dashed line indicates the angula
momentum at which the fission
barrier vanishes as predicted b
the Sierk model@25,26#.
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The experimental excitation function constructed
present data and those available at present in the literatu
quite in agreement especially in the first and second ene
regions with the theoretical previsions derived in the fra
of the Bass and Matsuse models.

Finally, the critical angular momenta extracted from t
complete fusion evaporation residue cross sections sho
saturation at high energies which is consistent with the
culated Sierk fission barrier@25,26# limit of the 47V com-
pound nucleus. The valuel cr527.5\ at E* (47V)588 MeV,
deduced recently from Becket al., could indicate a satura
tion in the critical angular momentum at a different low
value and consequently the existence of a limitation on
fusion cross section imposed by the entrance channel.

Since thel cr values deduced from our experimental da
are confined in the 30 MeV,E* (47V),55 MeV excitation
.

.
v.

Z
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B
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e
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gy
e
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e

energy range, we cannot rule out the possibility of an
trance channel limitation in the complete fusion cross s
tions.

Additional measurements for systems leading to47V
compound nucleus at high excitation energies@E* (47V)
.90 MeV# are required to determine whether the observ
differences in the values of the critical angular moment
really reflect an entrance channel dependence.
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