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The inclusive energy distributions of fragmentss4øZø7d emitted in the reactions16Os116 MeVd+27Al,
28Si, 20Nes145 MeVd+27Al, 59Co have been measured in the angular rangeulab=10° –65°. The respective
fusion-fission and deep inelastic contributions have been decomposed from the experimental fragment energy
spectra. The angular momentum dissipations in fully damped deep inelastic collisions have been estimated
assuming exit channel configuration similar to those for fusion-fission process. It has been found that, the
angular momentum dissipations are more than those predicted by the empirical sticking limit in all cases. The
deviation is found to increase with increasing charge transfer(lighter fragments). Qualitatively, this may be due
to stronger friction in the exit channel. Moreover, for the heavier system20Ne+59Co, the overall magnitude of
deviation is less as compared to those for the lighter systems, i.e.,16O+27Al, 28Si, 20Ne+27Al. This may be due
to lesser overlap in time scales of fusion and deep inelastic time scales for heavier systems.
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I. INTRODUCTION

Several experimental studies have been made in the recent
years to understand the reaction mechanism of fragment
emission in light heavy ion collisions[1–15] at low bom-
barding energies s&10 MeV/nucleond. The fragments
(mostly binary in nature at these energies) are emitted with
different degree of dissipation of the entrance channel kinetic
energy between the two colliding ions —ranging from quasi-
elastic to deep inelastic(DI) to the fully relaxed fusion-
fission (FF) processes. Thus the fragments carry the signa-
tures of nuclear dissipation, which, if deciphered, may bring
out valuable information on the nature of nuclear dissipation.

In addition to kinetic energy dissipation, dissipative
heavy-ion collision processes also result in significant dissi-
pation of relative angular momentum in the entrance chan-
nel. Phenomenologically, the kinetic energy dissipation origi-
nates from friction (radial and tangential) between the
surfaces of the rotating dinuclear system; on the other hand,
angular momentum dissipation is decided solely by the tan-
gential component of the friction, and the magnitude of dis-
sipation is expected to lie between two limits(rolling and
sticking). However, very large dissipation of relative angular
momentum in excess of the sticking limit predictions has
also been reported in the literature[12]. This anomaly, as
pointed out by several authors[10,14,16–18], is due to the
ambiguity in the determination of the magnitude of angular
momentum dissipation(and vis-a-vis the rotational contribu-
tion to the fragment kinetic energy). Estimation of the angu-
lar momentum in the exit channel is strongly dependent on
another poorly known factor, i.e., the scission configuration
of the rotating dinuclear system. This apparently hinted at the
incompleteness of our understanding of the dynamics of
nuclear dissipation process, which prompted us to make a
systematic study of angular momentum dissipation in light
nuclear systems where Coulomb and rotational contributions
to the fragment kinetic energies are comparable.

It is clear from the above that an independent estimation
of the scission configuration is necessary to make a proper

estimate of the angular momentum transfer. Generally, it is
estimated from the total kinetic energy of the rotating di-
nuclear system,Ek, which is given by

Ek = VNsdd + f2"2l isl i + 1d
2md2 , s1d

whereVNsdd is the contribution from Coulomb and nuclear
forces at dinuclear separation distanced, m is the reduced
mass of the dinuclear configuration,l i is the relative angular
momentum in the entrance channel, andf is the numerical
factor denoting the fraction of the angular momentum trans-
ferred depending on the type of frictional force. Since it is
not possible to determine bothf andd by solving Eq.s1d, in
the earlier works, one of them was estimated phenomeno-
logically susually for f, its value corresponding to sticking
limit was takend and the other was estimated from the ex-
perimental fragment kinetic energy data using Eq.s1d. It is
however well knownssee, for example, Ref.f1g and refer-
ences thereind that, apart from dissipative collision process,
fusion-fission process also contributes significantly in the
fragment emission scenario. Thus, it is required to estimate
and separate out the FF part of the fragment energy spectra
in order to extract the kinetic energy distribution of the DI
part of the rotating dinuclear system. In the present work, we
have studied fragment emission from16Os116 MeVd+ 27Al,
28Si, 20Nes145 MeVd+ 27Al, 59Co and report on how angu-
lar momentum dissipation can be estimated from the FF
and DI components extracted by nonlinear optimization
procedure using multiple Gaussiansf1g. Some parts of the
16Os116 MeVd+ 27Al data have already been published in
Ref. f1g, where it has been shown that the FF component
is quite competitive, in agreement with the previous work
f19g.

The paper has been organized as follows. Experimental
details and results have been described in Sec. II. Discus-
sions of the results have been given in Sec. III. Finally, the
summary and concluding remarks have been given in
Sec. IV.
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II. EXPERIMENTS AND RESULTS

The experiment was performed using 116 MeV16O5+ and
145 MeV 20Ne6+ ion beams from the variable energy cyclo-
tron at Kolkata. Self-supporting targets of 420mg/cm2 27Al,
,1 mg/cm2 28Si, and ,2 mg/cm2 59Co were used in the
experiment. The fragments were detected using three solid
state[Si(SB)] telescopes(,12 mm DE, 300mm E) mounted
on one arm of the 91.5 cm scattering chamber. Typical solid
angle subtended by each detector was,0.3 msr. A monitor
detectorf,300 mm SisSBdg was placed on the other arm of
the scattering chamber for normalization purpose. The tele-
scopes were calibrated using elastically scattered16O and
20Ne ions from Au target anda particles froms229Th-ad
source. Energy losses of the incoming beam as well as the
outgoing fragments in the target have been properly taken
care of.

Inclusive energy distributions for various fragmentss4
øZø7d were measured in the angular range 10° –65°. Typi-
cal energy spectra of the fragmentss4øZø7d emitted in the
reaction16Os116 MeVd+ 27Al have been shown in Fig. 1 for
ulab=15°. The systematic errors in the data, arising from the
uncertainties in the measurements of solid angle, target
thickness and the calibration of current digitizer have been
estimated to be<10 %.

a. Decomposition of FF and DI components. The contri-
butions of fusion-fission and DI components are estimated
by fitting the measured spectra with Gaussian functions as
per the procedure laid down in Ref.[1]. The energy spectra
of different fragments at each angle have been fitted with two
Gaussian functions in two steps. In the first step, the FF
contributions have been obtained by fitting the energy distri-
butions with a Gaussian having centroid at the energies ob-
tained from Viola systematics[20], adapted for light nuclear
systems[21], of total kinetic energies of mass-symmetric
fission fragments duly corrected for asymmetric factor[5].

The width of the Gaussian was obtained by fitting the lower
energy tail of the spectra. The FF component of the energy
spectrum thus obtained was then substracted from the full
energy spectrum. In the next step, the DI component was
obtained by fitting the substracted energy spectra with a sec-
ond Gaussian. This is illustrated for16Os116 MeVd+ 27Al
system in Fig. 1, where the extracted FF and DI components
for Be, B, C, and N fragments have been displayed(dotted
and dash-dotted curves, respectively) along with the experi-
mental data forulab=15°. It is clear from Fig. 1 that the
experimental energy spectra for all the fragments are nicely
fitted with two Gaussians representing FF and DI compo-
nents. To investigate further the applicability of the scheme
over the whole angular range of the data, experimental en-
ergy spectra of carbon and nitrogen fragments for the same
system at two other angles(20° and 40°) have also been
displayed along with the respective estimates of FF and DI
components in Fig. 2. It is clear from the figure that in these
cases too, the above scheme is fairly successful in estimating
the experimental energy spectra. For further illustration, ex-
perimental energy spectra of carbon and nitrogen fragments
at two different angles for the other systems[i.e.,
16Os116 MeVd+ 28Si, 20Nes145 MeVd+ 27Al, 59Co] have

FIG. 3. Same as Fig. 2 at 15° and 40° for the16O+28Si reaction.

FIG. 1. Typical energy spectra of different fragments obtained at
15° for the 16O+27Al reaction. Dotted, dash-dotted, and solid
curves represent contributions of FF, DI, and their sumsFF+DId,
respectively. Left and right arrows correspond to the centroids of FF
and DI energy distributions, respectively.

FIG. 2. Energy spectra of carbon and nitrogen fragments at 20°
and 40° for the16O+27Al reaction. Dotted, dash-dotted, and solid
curves represent contributions of FF, DI, and their sumsFF+DId,
respectively. Left and right arrows correspond to the centroids of FF
and DI energy distributions, respectively.
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been displayed along with the respective estimates of FF and
DI components in Figs. 3, 4, and 5, respectively. It is evident
that in all cases the above scheme for the decomposition of
FF and DI components works fairly well in estimating the
experimental energy spectra.

b. Total elemental yields. The FF and DI components of
the total elemental yields, extracted using the procedure out-
lined above, have been displayed in Fig. 6 for all the reac-
tions under present study. The FF components of the frag-
ment emission cross sections have been compared with the
theoretical estimates of the same obtained from the extended
Hauser-Feshbach method(EHFM) [22]. The values of the
critical angular momentum for fusionlc and the grazing an-
gular momentumlg for the systems considered here have
been given in Table I. The values of critical angular momenta
have been obtained from experimental fusion cross-section
data, wherever available[23,24]. Otherwise, they have been
obtained from dynamical trajectory model calculations with
realistic nucleus-nucleus interaction and dissipative forces
generated self-consistently through stochastic nucleon ex-
changes[25]. The lc values predicted by the dynamical
model have been cross checked with the respective available
experimental values and they were found to be in excellent
agreement(e.g., for 16O+28Si and 20Ne+27Al systems, pre-
dicted values oflc were 35" and 37", respectively, which

were same as their respective experimental estimates—see
Table I). The calculated fragment emission cross sections are
shown in Fig. 6 as solid histogram and compared with the
experimental estimates of the same(different symbols corre-
spond to different reactions). It is seen from the figure that
the theoretical predictions are in fair agreement with the ex-
perimental results.

c. Angular distributions. The center of mass angular dis-
tributions of FF and DI components for a typical ejectile
carbon emitted in the reactions mentioned above have been
displayed in Fig. 7 as a function of center of mass angleuc.m..
The center of mass(c.m.) angular distributions of the FF
components, as expected, are found to be symmetric
s~1/sin uc.m.d, whereas those of the DI components are fall-
ing off more rapidly indicating shorter lifetime of the di-
nuclear composite(Fig. 7).

d. Average Q values. The averageQ values for the DI

FIG. 4. Same as Fig. 2 at 12.5° and 30° for the20Ne+27Al
reaction.

FIG. 5. Same as Fig. 2 at 20° and 45° for the20Ne+59Co reac-
tion.

FIG. 6. Variation of total elemental yieldsssZd of FF (left) and
DI (right) components, plotted as function of fragment chargeZ for
different systems. Circle, square, triangle, and inverted triangle cor-
respond to the experimental estimates ofssZd for the reactions
16Os116 MeVd+27Al, 16Os116 MeVd+28Si, 20Nes145 MeVd+27Al,
and 20Nes145 MeVd+59Co, respectively. The solid histograms are
the corresponding EHFM predictions of the total elemental FF
yields.

TABLE I. Values of critical and grazing angular momenta
(lc, lg).

Reaction lc lg

16O+27Al 34a 43
16O+28Si 35b 44
20Ne+27Al 37c 50
20Ne+59Co 55a 63

aFrom theoretical calculation, Ref.[25].
bFrom experimental fusion data, Ref.[23].
cFrom experimental fusion data, Ref.[24].
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fragmentsskQDIld have been displayed in Fig. 8 as a function
of c.m. anglesuc.m.d. TheQ values have been estimated from
fragment kinetic energies assuming two body kinematics.
The fragment kinetic energies were appropriately corrected
for particle evaporation from the excited primary fragments
assuming thermal equilibrium of the dinuclear composite
system. The values ofkQDIl for Be and B are found to be
nearly constant as a function of angle, whereas those for C
and N are found to decrease at forward anglessuc.m.&40°d

and then the two gradually tend to become constant; these
imply that, beyond this point, the kinetic energy damping is
complete and dynamic equilibrium has been established be-
fore the scission of the dinuclear composite takes place. In
the following, we try to explore these completely damped
collisions further to extract the magnitude of angular mo-
mentum damping.

III. DISCUSSION

As mentioned earlier, magnitude of angular momentum
damping may be estimated from Eq.(1) only if scission con-
figuration can be estimated independently. Assuming the fric-
tion to be at its limit(sticking limit), the extracted scission
configuration for 20Nes120 MeVd+ 27Al was found to be
,11 fm [13], which is much larger than the sum of nuclear
radii. However, experimental study of DI collision in the
reaction 20Nes151 MeVd+ 27Al [10] indicated that scission
configuration of the fully damped component(at larger
angles) may be quite compact, whereas that for the partially
damped component(at smaller angles) may be quite elon-
gated having neck length,3.7 fm. This may be intuitively
justified as follows. Deep inelastic collisions are believed to
occur within the angular momentum window between the
critical angular momentum for fusionlc and the grazing an-
gular momentumlg. The partially damped part of it(at for-
ward angles) originate in near peripheral collisionssl , lgd,
which correspond to small overlap and thus a fairly elon-
gated dinuclear configuration; on the other hand, fully
damped components(at larger angles) correspond to more
compact collisions nearl , lc. Interestingly, fusion-fission
yield is also most predominant in the vicinity ofl , lc. It is,
therefore, likely that the exit channel configurations of both
the processes are similar and it appears to be fairly reason-
able to assume a compact scission shape for the fully
damped component of the data. In the present work, we es-
timated the scission configuration from the extracted fusion-
fission component of the measured fragment energy spectra.
The separation distanced between the two fragments at the
scission point is calculated from the energy centroid of the
FF energy spectra which obeyed Viola systematics[20] cor-
rected for asymmetric mass splitting[21]. The mean values
of d thus estimated are; 7.0±0.7 fm for16O+27Al,
7.2±0.7 fm for 16O+28Si, 7.7±1.2 fm for 20Ne+27Al, and
10.9±1.9 fm for20Ne+59Co. Assuming these scission con-
figurations corresponding to each mass splitting to be “fro-
zen,” Eq.(1) may then be used to extract the mean angular
momentum dissipation factorf in the case of DI collisions.
The values off extracted for different systems are displayed
in Fig. 9 (filled circles) along with the rolling and sticking
limit predictions (dotted and solid curves, respectively) for
the same. For the purpose of evaluation off, the value of
initial angular momentuml i was taken to be equal to the
critical angular momentum for fusionlc.

It is apparent from Fig. 9 that for all the reactions consid-
ered, there is discrepancy between the experimental and em-
pirical estimates of angular momentum dissipation. In all
cases, the experimental estimates of the mean angular mo-
mentum dissipation are more than their limiting values pre-

FIG. 7. Variation of cross sections of FF and DI components for
carbon fragment, plotted as function of center of mass angleuc.m.

for different systems. Circle, square, triangle, and inverted triangle
correspond to 16Os116 MeVd+27Al, 16Os116 MeVd+28Si,
20Nes145 MeVd+27Al, and 20Nes145 MeVd+59Co, respectively.
The dotted curves correspond to fissionlike angular distribution
sds /dV,a/sin uc.m.d fit to the FF component of the data.

FIG. 8. Variation of optimumQ values for deep inelastic reac-
tion kQDIl, plotted as function of center of mass angleuc.m. for
different systems. Circle, square, triangle, and inverted triangle cor-
respond to the fragments Be, B, C, and N, respectively. Curves are
drawn to guide the eye.
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dicted by the sticking condition(for 20Ne+59Co reaction,
however, the experimental estimates off and the correspond-
ing sticking limit predictions are within the ranges of experi-
mental uncertainties). The discrepancy is more for lighter
fragments, and gradually decreases for heavier fragments.
This may be intuitively understood as follows; it is known
from the study of dissipative dynamics of fission(see, for
example, Ref.[26] and references therein) that, strong fric-
tional forces in the exit channel cause considerable retarda-
tion of the scissioning process leading to increase in scission
time scale. As the exit channel configurations of the fully
damped DI process are taken to be similar to those for FF
process(except that the dinuclear system, in case of DI col-
lision, is formed beyond the conditional saddle point di-
rectly), the dynamics of DI process may also experience
stronger frictional forces. Microscopically, friction is gener-
ated due to stochastic exchange of nucleons between the re-
acting partners through the window formed by the overlap of
the density distributions of the two. Stronger friction, in this
scenario, essentially means larger degree of density overlap
and more nucleon exchange. Consequently, lighter DI frag-
ments(corresponding to more net nucleon transfer) originate
from deeper collisions, for which interaction times are larger.
Therefore, angular momentum dissipation too, originating
due to stochastic nucleon exchange, may be more which, at
least qualitatively, explains the observed trend. Moreover, it
is also seen that the difference between the experimental es-
timates and the corresponding sticking limit predictions is
more for lighter systems(16O+27Al, 28Si, 20Ne+27Al ), and

less for the heavier systems20Ne+59Cod. Qualitatively, this
may be due to entrance channel effect[27]; as the formation
time (of shape equilibrated fused composite) is smaller for
the lighter system at lower spin, the two time scales(of fu-
sion and DI processes) are closer. This may give rise to
larger angular momentum dissipation for lighter systems as
observed in the present work.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied fragment emission from
16Os116 MeVd+ 27Al, 28Si, 20Nes145 MeVd+ 27Al, 59Co re-
actions and extracted the contributions of fusion-fission and
deep inelastic components. Assuming a compact exit channel
configuration for the fully damped part of the DI reactions,
the exit channel configuration has been estimated from the
extracted FF part of the spectra. The angular momentum dis-
sipation for the fully damped DI reactions has then been
extracted using these scission shapes. The angular momen-
tum dissipations have been found to be more than the corre-
sponding sticking limit predictions in all the cases except for
the case of20Ne+59Co, where the mean values of the experi-
mental estimate of angular momentum dissipation are sys-
tematically less than the corresponding sticking limit values,
though they are within the range of experimental uncertainty.
This may be due to stronger friction in the exit channel
which may cause longer overlap of the dinuclear system and
consequently more nucleon exchange and dissipation of an-
gular momentum due to stochastic nature of nucleon ex-
change. The effect is more for lighter systems, as in this case
there is more overlap in the time scales of FF and DI pro-
cesses. However, further systematic studies for each system
at different bombarding energies are needed for a better un-
derstanding on the dissipation mechanism in light nuclear
systems. The inclusive yields for some fragments may have
additional contribution from other reaction mechanisms like
projectile breakup process(e.g.,a breakup in the case of Ne
projectile), which should be properly taken care of. The in-
clusive data presented in this paper may also be useful for
future exclusive experiments for which light charged par-
ticles are detected in coincidence with either fully damped
deep-inelastic or fusion-fission fragments.
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FIG. 9. Variation of angular momentum dissipation factorf with
fragment. The filled circles are extracted from the data, solid and
dotted curves correspond to sticking limit and rolling limit predic-
tions, respectively.
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