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Dissipative collisions in 16O¿27Al at E labÄ116 MeV
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The inclusive energy distributions of fragments (3<Z<7) emitted in the reaction16O1 27Al at Elab

5116 MeV have been measured in the angular rangeu lab515° –115°. A nonlinear optimization procedure
using multiple Gaussian distribution functions has been proposed to extract the fusion-fission and deep-
inelastic components of the fragment emission from the experimental data. The angular distributions of the
fragments, thus obtained, from the deep-inelastic component are found to fall off faster than those from the
fusion-fission component, indicating shorter lifetimes of the emitting dinuclear systems. The lifetimes of the
intermediate dinuclear configurations have been estimated using a diffractive Regge-pole model. The lifetimes
thus extracted@;(1 –5)310222 sec# are found to decrease with the increase in the fragment charge. Optimum
Q values are also found to increase with increasing charge transfer, i.e., with the decrease in fragment charge.
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The phenomenon of fragment emission in light heavy-
collisions at energies<10 MeV/nucleon has evolved a lot o
interest in the recent years~see Ref.@1#, and references
therein!. The origin of these fragments extends from qua
elastic ~QE!/projectile breakup@2,3#, deep-inelastic~DI!
transfer and orbiting@4–10#, to fusion-fission~FF! @1,10–15#
processes; and in some cases the structure of the nucle
been found to play an important role. The distinction b
tween different reaction mechanisms, in general, and the
and FF processes, in particular, is very difficult for light sy
tem (Acn<40) @1,10# as in these cases there is a strong ov
lap in the elemental distributions of the fragment emitted
the two processes. The DI components are characterize
large energy damping, and the fully damped yields, in g
eral, correspond to the FF components. The energy dam
observed in the DI processes is due to the manifestatio
nuclear viscosity. Thus, by a systematic study of the DI fr
ments, it is possible to extract information on the nucle
viscosity parameters that are important for understand
nuclear fission dynamics. This is usually accomplished
studying the systematics of optimumQ values vs mass trans
fer and angle of rotation of the dinuclear complex. Thus, i
very much essential to decipher the data to extract the c
tribution of each component~e.g., DI and FF! present in the
fragment emission spectra, in order to understand the un
lying reaction dynamics.

Several studies made earlier for16O127Al system at in-
cident energies in the range of;60–100 MeV have indi-
cated that fragments emitted in the reaction are mainly or
nating from cluster transfer@16#, projectile sequentia
breakup@2#, and multinucleon transfer@7–9# processes. The
roles of direct two-body and three-body projectile breaku
in the fragment emission from16O127Al reaction in the
energy range of;70–125 MeV have also been investigat
recently @3#. However, none of the earlier workers did a
tempt to estimate the contribution of fusion-fission proc
as a competing process for fragment emission in16O
127Al reaction. It is well established, both theoretical
@10,17# and experimentally~e.g., Ref.@1#!, that for systems
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lying below the Businaro-Gallone point, asymmetric fissi
of the compound nucleus contributes significantly in t
fragment emission scenario. In the present work, we h
studied the fragment emission spectra from the reac
16O127Al at Elab5116 MeV, and we report here on
simple prescription to extract the FF and the DI compone
of the fragment yield following the decay of light composi
systems (Acn<43).

The experiment was performed using a 116-MeV16O51

ion beam from the Variable Energy Cyclotron at Kolkat
which was recently upgraded with electron cyclotron re
nance heavy-ion source. The target used was 420mg/cm2

self-supporting 27Al. The fragments were detected usin
three solid state@Si~surface barrier!# telescopes (;12-mm
DE, 300-mm E) mounted in one arm of the 91.5-cm sca
tering chamber. Typical solid angle subtended by each de
tor was;0.3 msr. A monitor detector@;300-mm Si~surface
barrier!# was placed in the other arm of the scattering cha
ber for normalization purpose. The telescopes were c
brated using an elastically scattered16O ion from Au target
and ana particle from~Th-a) source. Typical energy reso
lution obtained for the elastic16O peak was;375 keV.

Inclusive energy distributions for various fragments
<Z<7) were measured in the angular range 15° –115°. T
energy spectra of the emitted fragments (3<Z<7) have
been shown in Fig. 1 foru lab520°. The systematic errors in
the data, arising from the uncertainties in the measurem
of the solid angle, target thickness, and the calibration
current digitizer have been estimated to be'10%.

It is evident from Fig. 1 that the shapes of the ener
spectra of the heavier fragments~viz., C, N! are quite differ-
ent from those of the lighter fragments, viz., Li and Be. It
mainly due to variation of the relative contributions of D
and FF processes for different fragments. We adopt the
lowing prescription for the estimation of FF and DI comp
nents present in the spectra. The energy spectra of diffe
fragments at each angle have been fitted with two Gaus
functions in the following way. In the first step, the FF co
tributions have been obtained by fitting the energy distrib
©2002 The American Physical Society01-1
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tions with a Gaussian having centroid at the energies
tained from Viola systematics@18,19# of total kinetic
energies of mass-symmetric fission fragments duly corre
for asymmetric factor@20#. The width of the Gaussian wa
obtained by fitting the lower energy tail of the spectra,
suming it to be originating purely from the FF process. T
FF component of the energy spectrum thus obtained is
subtracted from the full energy spectrum. In the next st
the DI component is obtained by fitting the subtracted ene
spectra with a second Gaussian. The above procedure
lustrated in Fig. 1 for the fragments ranging from Li to N
20°. The dotted line in Fig. 1 shows the contribution of t
FF component and the dashed dotted line shows the co
bution of the DI component. The solid line shows the su
total contribution of both FF and DI components. In ea
spectrum, the arrow at lower energy corresponds to the
troid of the Gaussian for the FF component obtained fr
Viola systematics and the arrow at higher energy correspo
to the centroid of the Gaussian for the DI component.

The FF and the DI components of the fragment angu
distributions have been obtained by integrating the respec
energy distributions obtained in the manner discussed ab
The center-of-mass~c.m.! angular distributions of the FF
components of the fragments (3<Z<6) have been dis-
played as a function of c.m. angleuc.m. in Fig. 2 ~left!. The
transformation from the laboratory system to the c.m. sys
has been done with the assumption of a two-body kinema
averaged over the whole range of c.m. angles. The FF c
ponent has been extracted using the fission systematics@18–
20# that inherently assumes that the fragments are em
through the decay of a fully equilibrated system. Therefo
it is expected that the fragment angular distributions wo
reflect the same@1/sinuc.m. type of dependence—solid line

FIG. 1. Energy spectra of different fragments obtained at 20°
the 16O1 27Al reaction ~solid lines!. Dotted and dash-dotted line
are the Gaussian fits to FF and DI components, respectively.
and right arrows correspond to the centroids of the FF and DI c
ponents, respectively.
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in Fig. 2 ~left!#. The total elemental yield of the FF compo
nent of the fragment emission cross sections has been c
pared with the theoretical estimates of the same obtai
from the extended Hauser-Feshbach method~EHF! @12,20#.
The EHF calculations have been performed by using a c
cal angular momentum value ofl crit534\ and a neck pa-
rameter consistent with the systematics given in Ref.@20#.
The calculated fragment emission cross sections are sh
in Fig. 3~a! as a solid histogram, and are compared with
experimental estimates of the same~filled triangles!. It is
seen from the figure that the theoretical predictions are in
agreement with the experimental results.

The c.m. angular distributions of the DI components
the fragments (3<Z<6) have been displayed as a functio
of c.m. angleuc.m. in Fig. 2 ~right!. A rapid fall of the angular
distribution, than predicted by 1/sinuc.m. distribution, indi-
cates a shorter lifetime of the composite system. Such l
times are incompatible with the formation of an equilibrat
compound nucleus, but may still reflect significant ene
damping within a deep-inelastic mechanism. From the m
sured forward peaked angular distribution, it is possible
estimate the lifetime of the intermediate dinuclear comp
using a diffractive Regge-pole model@8,20#. The angular dis-
tributions are fitted with the following expression:

ds/dV5~C/sinuc.m.!~e2uc.m./vt!, ~1!

and the fit to the DI component of the spectra is shown
Fig. 2 ~right!. This expression describes the decay of a
nucleus rotating with an angular velocityv5\ l /mR2, where
m represents the reduced mass of the system,l its angular

r

ft
-

FIG. 2. Center-of-mass angular distributions of different fra
ments: FF component~left! and DI component~right!.
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momentum@which should fall somewhere between grazi
( l g) and critical (l cr) angular momentum#, R represents the
distance between the two centers of the dinucleus, andt is
the time interval during which the two nuclei remain in
solid contact in the form of the rotating dinucleus. Sm
values of the ‘‘life angle’’a(5vt) lead to forward peaked
angular distributions, associated with fast processes; whe
large values ofa, associated with longer times as compar
to the dinucleus rotation periodt(52p/v), are conse-
quently associated with the long-lived configurations a
lead to more isotropic angular distributions. In the limitin
case of very long-lived configurations, the distributions a
proach ads/dV}(1/sinuc.m.) dependence. The time scale
thus obtained are given in Table I for a different fragme
chargeZ. As found in a previous study by Mikumoet al. @8#
for the same reaction at 88 MeV, the time scales decreas
the fragment charges increase. This is expected becaus
heavier fragments~nearer to the projectile! require less num-
ber of nucleon transfer and therefore less time; on the o
hand, the emission of lighter fragments requires exchang

FIG. 3. Fusion-fission fragment emission cross sections. Fi
triangles and solid lines correspond to the experimental and
calculated results~EHF!, respectively.

TABLE I. Lifetimes of the dinuclear systems for different emi
ted fragments.

Fragment Li Be B C N

Time
(10222 sec) 4.7 3.5 1.9 1.1 0.8
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more number of nucleons, and therefore longer times.
present analysis is consistent with a recent qualitative st
of the formation time in light heavy-ion reactions@21#.

In Fig. 4, the optimumQ values (̂ Q&) generated for the
FF and DI components of different fragments have be
plotted as a function of the fragment chargeZ for a typical
angleu lab520°. From the figure, it is observed that^Q& for
the FF fragments is more negative than for the DI com
nents, and does not show much variation. This is due to
fact that for the FF process, energy relaxation is comp
and the system is fully equilibrated. The small variation
^Q& is due to the variation of mass asymmetry of the fra
ments. In case of the DI component, the large variation
^Q& values is due to the different extent of energy damp
corresponding to a variation in the degree of mass trans
Similar results have been observed at lower incident ener
for the same reaction@4,8,9,16#. However, the (̂Q&) for
each fragment is much higher than those observed ea
@8,9,16# at lower projectile energies. Such energy depe
dence of (̂Q&) may be due to the long lifetime of the d
nuclear system.

The total fusion-fission (sFF) and the total deep-inelasti
(sDI) cross sections for different fragments have been
tained by integrating the energy distribution of the fusio
fission component and the DI component, respectively~as
discussed earlier!, over the corresponding energies and ov
the measured angles. The cross sections thus obtaine
different fragments have been displayed in Figs. 3~a! and
3~b!, respectively, as a function of fragmentsZ. Total uncer-
tainties in the estimation ofsFF due to the experimenta
threshold and the limited angular range of the data have b
shown by the error bars in Fig. 3. It has been found tha
large fraction of C and N cross section is due to the
mechanism.

In conclusion we have measured the inclusive doub
differential cross sections for fragments emitted in the re
tions 16O127Al at Elab5116 MeV. Total emission cross
sections for various fragments have been deduced from
double-differential cross-section data. The shapes of the
ergy spectra of lighter fragments, e.g., Li and Be, are qu
different from those of the heavier fragments. This may

d
e

FIG. 4. ^Q& value for FF and DI components of different frag
ments.
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due to additional contributions of QE and DI components
the spectra of heavier fragments. Besides, Li and Be exp
mental spectra may also have contributions from second
deexcitation of the heavier primary excited fragments. T
angular distributions of the FF component for different fra
ments are in fair agreement with a (1/sinuc.m.) type of de-
pendence, as they were assumed to have originated
fissionlike decay of equilibrated compound nucleus. The p
dicted fragment emission cross sections using the exten
Hauser-Feshbach method are in fair agreement with the
component of the same extracted from the data. The ang
distributions of the DI components~laboratory grazing angle
ugr;10°) have been fitted using the function (C/sinuc.m.)
3(e2uc.m./vt) and the time scales for the emission of diffe
ent fragments have been estimated. The emission tim
found to decrease as the fragment charge increases, wh
expected to be justified intuitively. The total fusion-fissio
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and deep-inelastic cross sections for different fragments h
been obtained by integrating the energy distribution of
fusion-fission component and the DI component~as dis-
cussed in the text! over the corresponding energies and ov
the measured angles. Although a large fraction of C and
cross section is due to the DI mechanism, the FF proces
found to be rather competitive in the16O127Al reaction, in
agreement with the previous studies of the neighboring16O
1 28Si system@10#.
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