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Binary channels of the 19F-on-12C reaction at 92 MeV
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Binary-reaction channels of19F1 12C have been studied atElab(
19F)592 MeV using kinematic coincidence

techniques. The results are discussed in the light of previous inclusive measurements performed at the same
incident energy and for which the occurrence of an important incomplete fusion mechanism after projectile
breakup was proposed. Evidence for strong damped binary, especially quasisymmetric, decay processes is
found. @S0556-2813~97!04701-8#

PACS number~s!: 25.70.Jj, 25.70.Lm, 25.70.Mn
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The reaction products of19F on 12C at 92 MeV have
been studied by Kohlmeyeret al. @1# in an inclusive experi-
ment in which the cross sections of both direct reaction
fusion channels have been measured after mass identific
of the fragments. In particular, a strikingly large yield w
observed for the production of15N fragments. A breakup
process, following inelastic excitation of the projectile19F
into 15N1 a, which should be favored due to the unusua
small separation energy (4.01 MeV) of thea particle, was
then invoked and considered as the strongest direct cha
The importance of this process was confirmed by Sm
et al. @2# in a study of the19F a-decaying states through th
sequential breakup reaction12C(19F,19F* → 15N 1 a) at
Elab582 and 144 MeV. But the assumption made in Ref.@1#,
that an important contribution of incomplete fusion resulti
from the fusion of 15N with the 12C target following the
breakup process should be included to improve the desc
tion of the evaporation residue mass distribution, seems t
surprising at an energy as low as 4.8 MeV/nucleon. The
fore, by focusing our interest on the binary products,
intend to learn more about the direct reaction mechani
and, more generally, to improve our global understanding
the reaction mechanisms at an energy where the limitatio
the fusion cross section should be accompanied by the
crease of the direct reaction cross section from quasiela
and deep-inelastic processes.

We thus undertook an ‘‘exclusive’’ experiment using t
kinematic coincidence method where the fragments from
binary channels were detected in coincidence using two
con position sensitive detectors. The 92 MeV19F beam was
provided by the Strasbourg Tandem accelerator and s
supporting carbon targets of 20mg/cm2 thickness were used
The Si detectors were located on both sides of the be
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direction at a distance of 9 cm from the target and we
covering angular ranges from 15° to 47° and from261° to
220°. This geometry was chosen to optimize the detectio
of the most important binary channels expected to be pop
lated in angular ranges above the grazing angles.

First we would like to make some remarks concerning th
analysis of the mass distribution of the fusion-evaporatio
products reported in Ref.@1#. These experimental data were
compared to Monte Carlo statistical calculations using th
codeLILITA @3#. In our calculation special care was taken t
include the complete discrete level schemes of the resid
nuclei and in particular their yrast levels. This allowed us, a
shown in Fig. 1, to improve the agreement between the da
and the statistical calculations, although discrepancies a
still visible. The authors of Ref.@1#, on the other hand, have
made the hypothesis that an important contribution from i
complete fusion,;30% of the evaporation cross section
should be included so that the resulting calculations we
able to reproduce the experimental data nearly perfect
However, the above assumption is very far away from wh
can be expected according to the more recent systematics
Morgensternet al. @4#, which predict that the contribution of

-

FIG. 1. Calculated~solid histograms! and measured~open his-
tograms! mass distribution of fusion products in the12C119F reac-
tion atElab592 MeV. The data are from Ref.@1#.
516 © 1997 The American Physical Society
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55 517BRIEF REPORTS
the incomplete fusion process in the system under study
comes effective only above 5.6 MeV/nucleon.

Let us now present the results of our exclusive measu
ments. After mass identification, it has been possible fro
the Q-value spectra combined to the well-known energ
schemes of the produced nuclei to fully identify both ex
fragments. The resultingQ-value spectra of the two most
important channels are represented in Fig. 2. The12C119F
channel shows a selective feeding of the yrast bound and
mutual excitation states up to a total excitation energy
EX;9 MeV (EX54.65 MeV in19F andEX54.43 MeV in
12C). Above this excitation both nuclei are unbound and fo
low a particle-decay mode, leading to nonbinary process
which are rejected by our analysis. For the16O115N chan-
nel, which is energetically favored (Q053.15 MeV) and re-
sulting from the exchange of nucleons or clusters (a or t),
four prominent groups of states are populated up
EX;19 MeV. This is allowed by the nuclear structure o
both 15N and 16O where a large number of bound states a

FIG. 2. Total energy spectra of the binary fragments for th
most important channels:19F112C and 16O115N. The relevant
excitation-energy scale for each channel is drawn on the top of
figure. The full zone of histograms corresponds to mutually excit
states.
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available up toEX;10 MeV and EX;9 MeV, respec-
tively. The excitation energy of the more damped group i
centered around the mean value^EX&516.5 MeV which
corresponds to a total kinetic energy of the fragment
^TKE&'22 MeV. This value is in good agreement with that
expected for a rotating dinuclear system at scission given b
@5,6#

TKE5VCoul~d!1Vnucl~d!1F2
\2Li~Li11!

2m fd
2 , ~1!

whereF5m fd
2/(m fd

21I 11I 2), m f is the reduced mass of
the exit channel,I i5 2/5miRi

2( i51,2), andd5R11R21d
is the distance between the mass centers of the two nucl
d being the neck length. The values ofLi which make the
dominant contribution to fully damped collisions lie between
the critical angular momentum for fusion,Lcr , and the graz-
ing angular momentumLgr . Making the assumption that
Li5(Lcr1Lgr)/2'20.7 and d5(Rcr1RB)/2'6.62 fm
which corresponds to d50.7 fm, we found TKE
'22.5 MeV, which is in good agreement with the observed
experimental value.

FIG. 3. 12C119F→16O115N reaction: angular distributions for
different groups of states indicated by their excitation energies. Th
upper part shows a comparison of the backward g.s. angular dist
bution with aPL

2(cosuc.m.) form with L521. The curve in the lower
part results from a fit with the expressionAexp(2muc.m.)/sinuc.m.
~see the text!.

e

e
d



a

te

w
-

th
si
tr

of

th
ic

i
p

se
cl
by

d to

res
els:
ro-

a-
ity
s.
ght
-
ral
ing
pen

-

nd
hat
ess
y
ac-

518 55BRIEF REPORTS
Other binary channels although weaker such
13C118F, 14N117O, and11B120Ne were also identified, they
show the same selectivity in the population of yrast sta
and mutual excitation states.

Among the measured angular distributions, Fig. 3 sho
those for the16O115N channel for different excitation ener
gies of the emitted fragments. While the ground-state~g.s.!
angular distribution displays a well-structured behavior,
distributions become less and less structured with increa
excitation energy . The comparison of the g.s. angular dis
bution at backward angles to thePL

2(cosuc.m.) forms gives a
rather good fit withL521 as displayed in the upper part
Fig. 3. This value corresponds to the higherL value of the
partial waves involved in the reaction and is equal to
expected grazing partial wave deduced from semiclass
calculations.

The angular distribution of the most damped group
nicely reproduced with the expression predicted by a sim
semiclassical model of a rotating dinuclear system@7#:

s~uc.m.!5Aexp~2muc.m.!/sinuc.m., ~2!

with the parametersA51.13 mb/sr andm50.26 indicating
the occurrence of an almost fully relaxed process. The ob
vation of such a strong process disagrees with the con
sions of Ref.@1# which exclude a deep-inelastic process
arguing that although the transfer of ana particle from and
to 19F should be equally probable, no23Na is produced with
.
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an intensity comparable to that of15N and that the expected
daughters (A512 andA514) from the disintegration of the
highly excited reaction partners16O and 15N, respectively,
are not observed with sufficient cross sections compare
the first-step nuclei.

Concerning the angular distributions, the general featu
mentionned above are also observed for other exit chann
They are structured for the g.s. groups, though less p
nounced than for16O115N, and they evolve towards a form
close to 1/sinuc.m. for the more excited groups. Such a vari
tion reflects an isotropic fragment emission probabil
which is a signature of long-lived dinuclear configuration
These configurations were also reported in other li
nuclear systems@8#. The interpretation of the dynamical na
ture of the process is still controversial although the gene
trend is to consider fusion and fission or orbiting depend
on the strength of the absorption, i.e., on the number of o
channels@9#.

We conclude thus that although the production of15N
in the 12C119F reaction at 92 MeV is probably mainly com
ing from the breakup of the19F projectile, the contribution
of 16O115N binary quasisymmetric decay is important a
cannot be neglected. Finally, there is strong indication t
the incomplete fusion process, if present, is certainly l
important than indicated in Ref.@1# at the energy under stud
even though breakup of the projectile is favored in the re
tion.
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