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Dissipation of angular momentum in light heavy-ion collision
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The inclusive energy distributions of fragmeris<Z<7) emitted in the reaction$®0(116 MeV)+27Al,
283j, 20Ne(145 MeV)+27Al, %9Co have been measured in the angular rafigg=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 tranBégiter fragments Qualitatively, this may be due
to stronger friction in the exit channel. Moreover, for the heavier sygfm+3°Co, the overall magnitude of
deviation is less as compared to those for the lighter systemg80et27Al, 28Si, 2°Ne +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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[. INTRODUCTION estimate of the angular momentum transfer. Generally, it is
estimated from the total kinetic energy of the rotating di-
Several experimental studies have been made in the recemticlear systemE,, which is given by
years to understand the reaction mechanism of fragment
emission in light heavy ion collisiongl-15 at low bom-
barding energies (=10 MeV/nucleon. The fragments
(mostly binary in nature at these energiase emitted with
different degree of dissipation of the entrance channel kineti¥vhereVy(d) is the contribution from Coulomb and nuclear
energy between the two colliding ions —ranging from quasi-forces at dinuclear separation distartten is the reduced
elastic to deep inelasti¢Dl) to the fully relaxed fusion- mass of the dinuclear configuratioijs the relative angular
fission (FF) processes. Thus the fragments carry the signamomentum in the entrance channel, an the numerical
tures of nuclear dissipation, which, if deciphered, may bringfactor denoting the fraction of the angular momentum trans-
out valuable information on the nature of nuclear dissipationferred depending on the type of frictional force. Since it is
In addition to kinetic energy dissipation, dissipative not possible to determine bofhandd by solving Eq.(1), in
heavy-ion collision processes also result in significant dissithe earlier works, one of them was estimated phenomeno-
pation of relative angular momentum in the entrance chanlogically (usually for f, its value corresponding to sticking
nel. Phenomenologically, the kinetic energy dissipation origilimit was taken and the other was estimated from the ex-
nates from friction (radial and tangentinl between the perimental fragment kinetic energy data using Ex. It is
surfaces of the rotating dinuclear system; on the other handiowever well known(see, for example, Refl] and refer-
angular momentum dissipation is decided solely by the tanences thereinthat, apart from dissipative collision process,
gential component of the friction, and the magnitude of dis-fusion-fission process also contributes significantly in the
sipation is expected to lie between two limig®lling and ~ fragment emission scenario. Thus, it is required to estimate
sticking. However, very large dissipation of relative angular and separate out the FF part of the fragment energy spectra
momentum in excess of the sticking limit predictions hasin order to extract the kinetic energy distribution of the DI
also been reported in the literatuf#2]. This anomaly, as part of the rotating dinuclear system. In the present work, we
pointed out by several authof40,14,16—18 is due to the have studied fragment emission frof?0(116 MeV)+27Al,
ambiguity in the determination of the magnitude of angular?®Si, 2Ne(145 MeV)+27Al, *°Co and report on how angu-
momentum dissipatiofand vis-a-vis the rotational contribu- lar momentum dissipation can be estimated from the FF
tion to the fragment kinetic energyEstimation of the angu- and DI components extracted by nonlinear optimization
lar momentum in the exit channel is strongly dependent orprocedure using multiple Gaussiarg. Some parts of the
another poorly known factor, i.e., the scission configuration®0(116 MeV)+2Al data have already been published in
of the rotating dinuclear system. This apparently hinted at th&ef. [1], where it has been shown that the FF component
incompleteness of our understanding of the dynamics ofs quite competitive, in agreement with the previous work
nuclear dissipation process, which prompted us to make EL9].
systematic study of angular momentum dissipation in light The paper has been organized as follows. Experimental
nuclear systems where Coulomb and rotational contributiondetails and results have been described in Sec. Il. Discus-
to the fragment kinetic energies are comparable. sions of the results have been given in Sec. Ill. Finally, the
It is clear from the above that an independent estimatiosummary and concluding remarks have been given in
of the scission configuration is necessary to make a propesec. IV.

#2;(1;+ 1)

E, = Vy(d) + f2 ,
k N() 2Md2

1)
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0 30 60 % 0 30 60 90 120 FIG. 2. Energy spectra of carbon and nitrogen fragments at 20°
Energy (MeV) and 40° for the'®0+27Al reaction. Dotted, dash-dotted, and solid
curves represent contributions of FF, DI, and their @R +DI),

FIG. 1. Typical energy spectra of different fragments obtained atespectively. Left and right arrows correspond to the centroids of FF
15° for the %O+2Al reaction. Dotted, dash-dotted, and solid anq pi energy distributions, respectively.

curves represent contributions of FF, DI, and their sgaf+DI),
respectively. Left and right arrows correspond to the centroids of FFThe width of the Gaussian was obtained by fitting the lower

and DI energy distributions, respectively. energy tail of the spectra. The FF component of the energy
spectrum thus obtained was then substracted from the full
II. EXPERIMENTS AND RESULTS energy spectrum. In the next step, the DI component was

i ) - obtained by fitting the substracted energy spectra with a sec-
The experiment was performed using 116 ME®*"and 54 Gaussian. This is illustrated f3PO(116 MeV)+27Al

145 MeV *Ne® ion beams from the variable energy cyclo- system in Fig. 1, where the extracted FF and DI components
tron at Kolka;[a. Self-supporting targets of 4p@/cn? 2_7AI, for Be, B, C. and N fragments have been displayeotted
~1 m_g/cn"F *Si, and ~2 mg/cnt **Co were used in the on4 gash-dotted curves, respectiyedjong with the experi-
experiment. The fragments were detected using three soli ental data forf,=15°. It is clear from Fig. 1 that the
state[Si(SB)] telescopeg~12 um AE, 300um E) mounted oy horimental energy spectra for all the fragments are nicely
on one arm of the 91.5 cm scattering chamber. Typ|cgl soli itted with two Gaussians representing FF and DI compo-
angle subtended by each detector was.3 msr. A mONitor  onts 7o investigate further the applicability of the scheme
detector{ ~300 um SiSB)] was placed on the other arm of /o the \whole angular range of the data, experimental en-
the scattering chgmber for _normallzatlon purpose. The teleérgy spectra of carbon and nitrogen fragments for the same
%:ope_s were calibrated using elast|_cally scatte;f@i and system at two other angle@0° and 407 have also been
Ne ions from Au target andv particles from(***Th-a) gisplayed along with the respective estimates of FF and DI
source. Energy losses of the incoming beam as well as thggmponents in Fig. 2. It is clear from the figure that in these
outgoing fragments in the target have been properly takegases too, the above scheme is fairly successful in estimating
care of. o _ the experimental energy spectra. For further illustration, ex-
Inclusive energy distributions for various fragmert®  erimental energy spectra of carbon and nitrogen fragments
<Z<7) were measured in the angular range 10° —-65°. Typixt two different angles for the other systenfse.,
cal energy spectra of the fragmefis< Z<7) emitted in the 160(116 MeV) +28Si, 2ONe(145 MeV)+27Al, 5%Co] have
reaction'®0(116 MeV)+27Al have been shown in Fig. 1 for

6p=15°. The systematic errors in the data, arising from the ~ 2F ; ; e
uncertainties in the measurements of solid angle, targe S | Bap = 15 o] 8,4 = 15 N -
thickness and the calibration of current digitizer have been% (L los
estimated to be=10 %. . ; ]

a. Decomposition of FF and DI component$e contri- g i //P ]
butions of fusion-fission and DI components are estimated £ o N e e L
by fitting the measured spectra with Gaussian functions asg | N 1
per the procedure laid down in Réfl]. The energy spectra © 92 1008
of different fragments at each angle have been fitted with two B o1 L o =400
Gaussian functions in two steps. In the first step, the FFef | " e 0.04
contributions have been obtained by fitting the energy distri- © 0.0 N R 74 I\ VI 0.00
butions with a Gaussian having centroid at the energies ob 0 50 100 o0 50 100
tained from Viola systematid®0], adapted for light nuclear Energy (MeV)
systems[21], of total kinetic energies of mass-symmetric
fission fragments duly corrected for asymmetric fadioy: FIG. 3. Same as Fig. 2 at 15° and 40° for #©+28Si reaction.
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been displayed glong with the respective es_tlmates_ of F_F ani 3 4 5 6 7 8 3 4 5 6 7 8 9
DI components in Figs. 3, 4, and 5, respectively. It is evident v4

that in all cases the above scheme for the decomposition ot
FF and DI components works fairly well in estimating the  FIG. 6. Variation of total elemental yields(Z) of FF (left) and
experimental energy spectra. DI (right) components, plotted as function of fragment chatder

b. Total elemental yieldsSThe FF and DI components of different systems. Circle, square, triangle, and inverted triangle cor-
the total elemental yields, extracted using the procedure outespond to the experimental estimatesod®) for the reactions
lined above, have been displayed in Fig. 6 for all the reaci®0(116 MeV)+27Al, %0(116 MeV) +28Si, 2%Ne(145 MeV) +27Al,
tions under present study. The FF components of the fragand ?Ne(145 MeV) +°°Co, respectively. The solid histograms are
ment emission cross sections have been compared with tiilee corresponding EHFM predictions of the total elemental FF
theoretical estimates of the same obtained from the extendetelds.
Hauser-Feshbach methg@HFM) [22]. The values of the ) ] . ]
critical angular momentum for fusion and the grazing an- Were same as their respective experimental estimates—see
gular momenturr, for the systems considered here have Table D._ The_ calculated_fragment emission cross sectl(_)ns are
been given in Table I. The values of critical angular momentz28hown in Fig. 6 as solid histogram and compared with the
have been obtained from experimental fusion cross-sectiofXPerimental estimates of the saqidferent symbols corre-
data, wherever availab@3,24. Otherwise, they have been SPond to different reactionsit is seen from the figure that
obtained from dynamical trajectory model calculations Withthe_theoretlcal predictions are in fair agreement with the ex-
realistic nucleus-nucleus interaction and dissipative forceerimental results. _
generated self-consistently through stochastic nucleon ex- C- Angular distributionsThe center of mass angular dis-
changes[25]. The I, values predicted by the dynamical tributions qf FF and DI components for a typical ejectile
model have been cross checked with the respective availabf@rbon emitted in the reactions mentioned above have been
experimental values and they were found to be in excellenisplayed in Fig. 7 as a function of center of mass argle.
agreemente.g., for %0 +28Sj and2Ne+27Al systems, pre- The center of masgc.m.) angular distributions of the FF

dicted values of, were 3% and 37, respectively, which components, as expected, are found to be symmetric
(ec1/sin 6 ,,), whereas those of the DI components are fall-

0.8 0.6 ing off more rapidly indicating shorter lifetime of the di-
_ 65, = 20° 6,5 = 20° nuclear composit€Fig. 7).
> 1 d. Average Q valuesThe averageQ values for the DI
= 04 0.3
@ TABLE |. Values of critical and grazing angular momenta
o
ley g
g—oo 0.0 (o lg
; 0.08 0.04 Reaction e lg
‘En.m - s , 7002 160+27A! b e
Y 4 [ . N | 160 +28g; 35’ 44
0.00 A JI ¢\ M LA 0.00 20Ne+27Al 37°¢ 50
0 40 8 120 0 40 80 120 20Ne +59Co 55 63

Energy (MeV)

%From theoretical calculation, Ref25].
FIG. 5. Same as Fig. 2 at 20° and 45° for @%le+5°Co reac-  °From experimental fusion data, R¢23).
tion. °From experimental fusion data, R¢R4].
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FIG. 7. Variation of cross sections of FF and DI components forreaction °Ne(151 MeV)+2’Al [10] indicated that scission

20

PHYSICAL REVIEW C 69, 024607(2004)

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.

Ill. DISCUSSION

As mentioned earlier, magnitude of angular momentum
damping may be estimated from E@) 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 ?°Ne(120 MeW)+2’Al 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

configuration of the fully damped componerat larger

for different systems. Circle, square, triangle, and inverted triangleangleg may be quite compact, whereas that for the partially

correspond

to 160(116 MeV)+27Al,
2ONe(145 MeV)+27Al, and 2Ne(145 MeV) +5°Co, respectively.

160(116 MeV) + 285,

damped componenat smaller anglesmay be quite elon-
gated having neck lengtk-3.7 fm. This may be intuitively

The dotted curves correspond to fissionlike angular distributiofjustified as follows. Deep inelastic collisions are believed to

(do/dQ ~alsin 6. ) fit to the FF component of the data.

occur within the angular momentum window between the
critical angular momentum for fusiolg and the grazing an-

fragments(Qp,)) have been displayed in Fig. 8 as a functiongular momentur,. The partially damped part of i@t for-

of c.m. angle(é. ). TheQ values have been estimated from ward angley originate in near peripheral collisiorts~1,),
fragment kinetic energies assuming two body kinematicswhich correspond to small overlap and thus a fairly elon-
The fragment kinetic energies were appropriately correctegated dinuclear configuration; on the other hand, fully
for particle evaporation from the excited primary fragmentsdamped component@t larger anglescorrespond to more
assuming thermal equilibrium of the dinuclear compositecompact collisions neal~I.. Interestingly, fusion-fission
system. The values diQp,) for Be and B are found to be Yyield is also most predominant in the vicinity b 1. It is,
nearly constant as a function of angle, whereas those for therefore, likely that the exit channel configurations of both

and N are found to decrease at forward andis, <40°)

<Qp> (MeV)

FIG. 8. Variation of optimun® values for deep inelastic reac-
tion (Qp,), plotted as function of center of mass angle,, for

-30 -40
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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 distanakbetween the two fragments at the
scission point is calculated from the energy centroid of the
FF energy spectra which obeyed Viola systemdi&t} cor-
rected for asymmetric mass splittifigl]. The mean values
of d thus estimated are; 7.0+0.7 fm fotO+27Al,
7.2+0.7 fm for 160 +285j, 7.7+1.2 fm for?®Ne+2’Al, and
10.9+1.9 fm for?°Ne+%°Co. 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 factdrin the case of DI collisions.
The values off extracted for different systems are displayed
in Fig. 9 (filled circley along with the rolling and sticking
limit predictions (dotted and solid curves, respectivefpr
the same. For the purpose of evaluationfpthe value of
initial angular momentuni; was taken to be equal to the
critical angular momentum for fusiol.

It is apparent from Fig. 9 that for all the reactions consid-
ered, there is discrepancy between the experimental and em-

different systems. Circle, square, triangle, and inverted triangle corpirical estimates .Of angular_ momentum dissipation. In all
respond to the fragments Be, B, C, and N, respectively. Curves aréases, the experimental estimates of the mean angular mo-
drawn to guide the eye.

mentum dissipation are more than their limiting values pre-
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08| less for the heavier systef@®Ne +°°Co). Qualitatively, this
06| may be due to entrance channel effgf]; as the formation
) time (of shape equilibrated fused compogite smaller for
0.4 the lighter system at lower spin, the two time scalefsfu-
sion and DI processgsare closer. This may give rise to
08| larger angular momentum dissipation for lighter systems as
0.6 - observed in the present work.
0.4
.
08|
06 IV. SUMMARY AND CONCLUSIONS
04| In summary, we have studied fragment emission from
) 160(116 MeV)+27Al, 28Si, 2ONe(145 MeV) +27Al, *°Co re-
08| actions and extracted the contributions of fusion-fission and
deep inelastic components. Assuming a compact exit channel
0.6 configuration for the fully damped part of the DI reactions,
04t the exit channel configuration has been estimated from the
0.2 extracted FF part of the spectra. The angular momentum dis-
4 5 6 7 sipation for the fully damped DI reactions has then been
Zf,ag extracted using these scission shapes. The angular momen-

tum dissipations have been found to be more than the corre-
FIG. 9. Variation of angular momentum dissipation fadtevith ~ sponding sticking limit predictions in all the cases except for
fragment. The filled circles are extracted from the data, solid andhe case of°Ne+%°Co, where the mean values of the experi-
dotted curves correspond to sticking limit and rolling limit predic- mental estimate of angular momentum dissipation are sys-
tions, respectively. 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-
ular momentum due to stochastic nature of nucleon ex-
hange. The effect is more for lighter systems, as in this case

dicted by the sticking conditiorifor 2°Ne+%°Co reaction,
however, the experimental estimated @nd the correspond-
ing sticking limit predictions are within the ranges of experi-
mental uncertaintigs The discrepancy is more for lighter
fragments, and gradually decreases for heavier fragmentg

This may be intuitively understood as follows; it is known there is more overlap in the time scales of FF and DI pro-

from the study of dissipative dynamics of fissigee, for cesses. However, further systematic studies for each system

gxample, Ref[26] and_ references there)lrthat,_ strong fric- at different bombarding energies are needed for a better un-
tional forces in the exit channel cause considerable retarda;

tion of the scissioning process leading to increase in scissio erstanding on the dissipation mechanism in light nuclear
: gp g : sttems. The inclusive yields for some fragments may have
time scale. As the exit channel configurations of the fully

damped DI process are taken to be similar to those for F'gddmonal contribution from other reaction mechanisms like

. . projectile breakup process.g.,« breakup in the case of Ne
rocesgqexcept that the dinuclear system, in case of DI col-" =~ " . ;
riJsion Tg fornr"n)ed beyond the congitional saddle point di- projectile), which should be properly taken care of. The in-

. clusive data presented in this paper may also be useful for
Suture exclusive experiments for which light charged par-

ireodngﬁreftr(')cg(t)ggl;g,:ize;(c'\(l]:;O‘chf'r?l?élﬁle’of:gt;aoer;\/\'lsegﬁTﬁg rtigles are detected in coincidence with either fully damped
g eep-inelastic or fusion-fission fragments.

acting partners through the window formed by the overlap o
the density distributions of the two. Stronger friction, in this
scenario, essentially means larger degree of density overlap

and more nucleon exchange. Consequently, Iight.er DI frag- ACKNOWLEDGMENTS
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