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Intermediate mass fragments emission in the reaction 96 Me\t°F on 12C
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The energy distributions of the complex fragmentss@<11) emitted in the reactiof®F(96 MeV) +
12C have been measured in the angular range<lf),<60°. The lighter fragments (8Z<6) have been
found to be emitted predominantly due to the asymmetric fissionlike decay of the compound nucleus, whereas
the heavier fragment<ZE& 10) have been identified as evaporation residues. The shapes of the fragment energy
distributions, as well as the total elemental yields for the lighter fragmerntsZ86) have been explained
fairly well by the asymmetric binary fission model. The binary fragment yields from the rea®6696 MeV)
+ 12C have been compared with those obtained (60 MeV) + 2’Al and Li (47 MeV) + ?*Mg reactions, all
producing the same compositéP at same excitation energy. No significant entrance channel asymmetry
dependence has been obsen{&N556-281®6)06211-5

PACS numbgs): 25.70.Jj, 25.70.Gh, 25.70.Lm

I. INTRODUCTION dependence of the energy-damped fragment yields have been
. ff h b d done for lighter composite system&<50). The strong en-

In recent years, extensive efforts have been made t0 Ufzance channel dependence of the back angle yield of the
derstand the reaction mechanism of fully energy-damped b‘rragments emitted in the reactiof€Si + 2C and %0 +

nary fragments emission from moderately hot, medium masé4\ig has been indicative of the signatures of orbiting pro-
nuclear systems A<100). The experimentally measured cess[2,3,6,1(. On the other hand, the experimental data for
yields of the energy-damped fragmefits-19 are generally the fragment yields from the nearby systefi® + 60,
interpreted as originating from either a fusion-fissi®tF)  35C| + °C, and ?°Na + 2*Mg [8,13)], could be explained
proces§20-23, or a deep inelastiDI) orbiting mechanism fairly well in terms of asymmetric binary fission of tHgV
[24]. In the case of fusion-fission process, an equilibrateccompound nucleus. Recent measurements of binary fragment
compound nucleu$CN) is formed, which decays into vari- yields by Anjoset al. [16], for the reactions'’O + B,
ous exit channels. The probabilities for such decay depend®0 + 1°B, and %F + °Be also have been found to be
on the available phase spaces and barrier penetration proexplained only in terms of the decay &PAI compound
abilities for the respective channels. The time scales for thesaucleus. Interestingly, back-angle enhancement of elastic
processes are typically of the order of the period of revoluand inelastic channels also has been observed in the reactions
tion of the composite system, which is required for the com-%0 + !B [11], which may be indicative of the presence
plete relaxation of the entrance channel energy and angulaf DI orbiting process in th&®2?Al composite system.
momentum. Deep inelastic orbiting, on the other hand, has It is, thus, evident that some amount of ambiguity still
been described in terms of the formation of a long-lived di-persists in understanding the nature of competition between
nuclear molecular complex with a strong memory of the entwo mechanisms in the mass regioh~30-50. This
trance channel. Both orbiting and fusion-fission processeprompted us to investigate the entrance channel asymmetry
occur on similar time scale. Moreover, for the light nucleardependence of intermediate mass fragmés) emission
systems in particular, shapes of the orbiting dinuclear comfrom the light mass nucleud'P, which is lying in between
plexes are also quite similar to the saddle and scission shapti® two previously studied systems in this mass region, i.e.,
obtained in course of evolution of the FF process. Therefore?®Al and °Ca. In the present paper, we report the measure-
it is not quite straightforward to differentiate the signaturesment of IMF yields from the composite systettP having an
of the two processes, though quite a few attempts have beexcitation energy of~60 MeV, produced in the reaction 96
made in this directio6,8,10. MeV °F on '%C. Fragment yields from the same composite
It is apparent from the above discussion that the study o§ystem at the same excitation energy, obtained from the re-
the entrance channel asymmetry dependence of the fragmeattions 60 MeVa + 2’Al [9] and 47 MeV'Li + %*Mg[17]
yield may provide us with some important clues regardingare compared with the present data to estimate the nature of
the competition between the fusion-fission and orbiting prothe entrance channel asymmetry dependence of IMF yields.
cesses. Experimentally, the entrance channel dependence ofThe paper has been arranged as follows. The experimental
the fragment yields may be estimated from the study of thesetup is described in Sec. Il, in brief. The experimental re-
decay of a given composite system at a given excitation ensults are presented in Sec. Ill. In Sec. IV, theoretical analysis
ergy, populated via different entrance channel routes. In reef the data are discussed in detail. Finally, the summary and
cent years, several measurements on the mass asymmetonclusion are given in Sec. V.
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The experiment has been performed at Bhabha Atomic 100 300
Research Centre — Tata Institute of Fundamental Research 50 :
14UD Pelletron Accelerator Laboratory, Mumbai using 96 L : 0
0 40 80 O 40 80

MeV °F beam. The target was made by evaporation of natu-
ral carbon having a thickness ef125 ug/cn?. The beam E (MeV)
size on the target was typically 1-1.5 mm wide and the lab
typical beam current was 10—90 nA. The emitted fragments
were detected in two detector telescopes. One of them was a FIG. 2. Inclusive energy spectra of different fragments mea-
gas telescope consisting of a g&a& and a SiLi) E (2 mm) sured atf,,,= 12.5° (solid histogramp The vertical arrows corre-
detector, and the other one was a full solid st@&) tele- spond to the expected fission fragment kinetic energies. The dashed
scope consisting of 1om Si(SB) AE and a SiLi) E (2 mm) lines correspond to the average energy of the recoiling nuclei.
detector. The gadE detector was an ionization counter of
axial configuratior{25], continuous flow type and was filled 10°-60°. This covered backward angles in the center of
with P10 gas (90% A+ 10%CH;,) at 90 Torr nominal pres- mass(c.m, frame up to~140°, because of the inverse ki-
sure. Gas pressure was maintained constant to withia  nematics of the reaction. The energy spectra of the emitted
Torr. A thin polypropylene film of thickness 1.am was fragments (3Z=<9) at an angle 12.5° have been shown in
used for the window of the gas detector. Typical solid anglestig. 2. The systematic errors in the data, arising from the
were 1.3 msr and 1.5 msr for gas and SS telescopes, respeagicertainties in the measurements of solid angle, target
tively. Analog signals from the detectors were processed ughickness, and the calibration of current digitizer have been
ing standard electronics before being fed to the computer foestimated to bes 10%. The energy spectra for the lighter
on-line data acquisition. Carbon build up on the target wagragments (3<Z=<6) exhibit strong peaking in enerd¥ig.
monitored at regular intervals during the course of the ex2). The peaks are nearly Gaussian in shape centered close to
periment and was found to be negligible. the expected kinetic energies for the fission fragments ob-
The charge resolution obtained in this experiment are iltained from the Viola systematics corrected by the corre-
lustrated by theAE vs E plot displayed in Fig. 1. Well- sponding asymmetry factof40] (indicated by arrows The
separated ridges are clearly seen corresponding to elemenitereasing yields at lower energies are due to the second
having atomic numbers up td=11. The telescopes were kinematical solution which is a clear signature of the binary
calibrated using elastically scatter&dion from Au and C  nature of the emission process. In the following sections, the
targets. Absolute energy calibrations of thendAE detec-  properties of these binary fragments will be dicussed in
tors for the two telescopes were done separately using stagreater detail.
dard kinematics and energy-loss calculations. Typical energy The shapes of the energy spectra for the fragments with
resolutions obtained were 1.5%) and 10% QAE) for the Z=7-9 are found to differ from those observed for the
gas telescope and 2.1%) and 3.9% QE) for the SS tele- lighter fragments because in the former cases there may be
scope, respectively. The measured energies have been cadditional contributions from both deep inelagii) as well
rected for the energy losses at the tar@et both the tele- as quasi elastiCQE) processes. The quasi elastic bumps oc-
scopes and at the entrance windo(or gas telescope onlly  cur at the higher energy part of the spectra and their contri-
by incorporating a single average thickness correction fobutions fall off rapidly as one moves away from the grazing
each fragment energ9]. Experimental cutoffs thus ob- angle. On the other hand, the lower energy part of the energy
tained were typically 4 MeV for lithium, 10 MeV for oxy- spectra of these fragments arises predominantly from the

gen, and 14 MeV for sodium. deep inelastic processes. Moreover, there is a small contri-
bution from the evaporation residu¢ER) in the case of
lll. EXPERIMENTAL RESULTS flourine Z=9) fragments.

Figure 3 shows the energy distributions of the heavier
fragments(Ne, Na, which are essentially evaporation resi-
Inclusive energy distributions for various fragmentsdues. The predictions of the LILITA cod@6] calculations

(3<Z=11) have been measured in the angular range ofshown by histograms in Fig.)&re in good agreement with

A. Inclusive energy distributions
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FIG. 5. Angular disributiongla/d(), of the fragments Ne and
Na, plotted as a function of the laboratory an(flied circles. The

FIG. 3. Inclusive energy spectra for the fragments Ne and Nasolid histograms are the predictions of the statistical code LILITA.
measured ab,,,= 10° (filled circles. The solid histograms are the

results from the code LILITA and the arrows indicate the energy

corresponding t@ .,cOSH,4p -

the experimental datésolid points. The centroids of the
distributions lie close to the energieshown by the arrows in
Fig. 3 corresponding t@ .,c0S,, v n being the compound

nuclear velocity. This is in agreement with Morgenstern sys

tematicg27] for fusion reactions with full linear momentum

transfer.

B. Angular distributions

the c.m. systems have been done with the assumption of a
two-body kinematics averaged over total kinetic energy dis-
tributions [10]. It is seen from Fig. 4 that, for the lighter
fragments (3<Z=<6), the values ofdo/d6., are almost
constant over the whole range of c.m. angles. Alternatively,
da/dQ would have a~1/sind, ,, type of angular variation,
which is characteristic of the fissionlike decay of an equili-

brated compound nuclear system. The angular distributions

of the fragments withz=7 and 8, are found to be more
forward peaked, indicating the presence of contributions
from peripheral reactions.

The angular distributions of the heavier fragments

The center of mass angular distributions of the fragment$Z = 10,11) have been displayed in Fig. 5. The déiited
(3=<Z=8) have been displayed as a function of c.m. ang|

(6.m) In Fig. 4. The transformations from the laboratory to
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FIG. 4. Center-of-mass angular distributiods;/dé for differ-
ent fragmentdfilled circles. The dashed lines correspond to fis-
sionlike angular distributiondo/dQ~a/sing, ,,) fits to the data.

eC|rcle9 have been compared with the theoretical predictions

of the respective ER angular distributions obtained using the
statistical Monte Carlo code LILITAsolid histograms The
calculated values have been normalized to match the experi-
mental data at forward angles f@r=10. It is seen that the
experimental angular distributions are fairly well reproduced
by the calculations.

C. Fragment kinetic energies

The average total kinetic energies in the center of mass,
E' have been displayed as a function of scattering angle for
the fragments (8Z<®6) in Fig. 6. The average fragment
kinetic energies in the center of mass have been obtained
from the respective laboratory values assuming two body
kinematics. It is observed from Fig. 6 thEf' values are
almost constant for each of the exit channel indicating that
the lifetime of the dinuclear complex is longer than the time
needed to completely damp the energy in the relative motion
[28—31]. The predictions of Viola systemati¢82] for fis-
sion fragment kinetic energies, corrected by an asymmetric
factor[10], have been shown by dotted lines in Fig. 6. The
ER" values predicted from Viola systematics are found to be
in good agreement with the experimental data.

D. Fragment average velocities

The average velocities of the fragments have been com-
puted from the measured energies and from Zhgalues
using the empirical relatiof33]
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10 20 30 40 50 the experimental data. The dashed histogram is the contribution of
g (deg) asymmetric fission procesEF) (corrected for secondary deexcita-
lab tion) and thin solid histogram is the contribution from the evapora-
tion residue(ER). The total(FF+ER) yields are represented by the
FIG. 6. Average total kinetic energies of the fragments in thethick solid histogram.
center of massEy" plotted as a function of laboratory angié,;,
(filled circles. The predictions of the Viola systematics are shown

by dashed lines. full momentum transfer. The magnitude of the average frag-

ment velocities(i.e., the radii of the circles in Fig.)7in-
creases with the decrease of fragment mass, which is indica-

A=2X(2.08+0.002%<Z). @ tive of the binary nature of the emission.

The average velocities of the fragments{3<6) have
been plotted in they() vs (v, ) plane in Fig. 7. Itis seen that
the average velocities fall on a circle centered arouggd
which means that the average velocitias well as kinetic Total elemental cross sectionrs(Z), plotted as a function
energie$ of the fragments are independent of the c.m. emisof atomic numberZ of the detected fragments have been
sion angles. This clearly indicates that these fragments amdisplayed in Fig. 8. Filled circles represent the experimental
emitted from a fully equilibrated CN emission source with estimates oftr(Z), which have been obtained by integrating
the energy spectrdrig. 2) over the whole energy and angu-
lar range. The details of the integration procedure are given
in Ref.[9]. Total uncertainties in the estimation @{Z) due
to experimental threshold and the limited angular range of

E. Total elemental cross sections

Yr(96 Mev)+ ' C

2 the data has been estimated to be typically 5% for Li, 3% for
Li Be, 7% for B, 9% for C, 31% for N, 44% for O, 37% for F,
1k 29% for Ne, and 47% for Na. As the angle increases, the

yield falls off faster for heavier fragments. The relatively
0 large uncertainties in N, O, F, Ne, and Na are due to the

absence of the data at more forward angles below 10°. The
cross sections are found to vary between 8 mhZfer3 and
115 mb forz=11.

IV. ANALYSIS AND DISCUSSIONS

A. Asymmetric Binary Fission of the CN

’U_L (cm/ns)

1 F
Several attempts have been made in recent years to ex-
0 plain the phenomena of IMF emission in the framework of
generalized fusion-fission modd®0-22, where the classi-
cal transition state picture of fissi¢84] have been extended
1r to estimate the asymmetric fission yields of the nuclei lying
below the Businaro-Gallone poirf85]. In these models,
0 fragment emission takes place as a result of the gradual
0 shape evolution of the compound nucleus from spherical to

v, (cm/ns) highly deformed ones resembling a binary system connected
I by a neck. Subsequently, it may reach the conditional saddle
point [20] corresponding to any possible exit channel con-
FIG. 7. Average velocities of various fragments plotted as afiguration and then it scissions into two fragments. The
function of velocities parallel«(;) and perpendicularu(,) to the  Yields of the fragments depend on the barrier heights at the
beam direction. The arrow indicates the velocity of the compoundconditional saddle points corresponding to the respective exit
nucleus. channel configuration.
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} 2 3 correspond to the experimental data and the solid curve is the theo-
@y 107k 10 retical calculation of the sam@see text
100 bl Tt fission dynamics should be properly taken care of while
0 30 60 90 30 60 90 evaluating relevant physical observables. In the present
E ( MeV) work, the mean kinetic energies of different fragments have

been calculated using a dynamical model of IMF emission
FIG. 9. d?¢/dEdQ for different fragments plotted as a function [37]. Here, in absence of any precise knowledge about the
of the laboratory kinetic energy of the fragments. The filled circlemechanism of energy sharing between the intrinsic excitation
and inverted triangle correspond to the experimental data for thend collective degrees of freedom, it is assumed that a ran-
laboratory angles X multiplication factoy of 15°(X1) and  dom fraction of the initial excitation energy of the compound
40°(x 107?), respectively. The solid curves are the results of thenycleus goes to collective degree of freedom to generate dy-

asymmetric binary fission calculations. namics. The fission probabilitp(f,a|l) for any configura-
tion @ at angular momentunh is then calculated from a
1. Fragment energy spectra Monte Carlo simulation of a large number of dynamical tra-

The center of mass kinetic energy distribution of the bi-jectories. Then, the average total kinetic enefB§") of the
nary fragments, according to a simplified version of Ref.fragments in the center of mass for the exit channel configu-
[20], may be written a$36] ration « is calculated using the following expressif8v]:

dx, 2 (EX)=

sl 214+ 1)E9Y (@) P(f,all
|,0(I JER () P(f, | ), @
|

sie (21 +1)P(f,all)

b X
(x)dx~ex;{ -7

wherex=EK" —Eg, andEjg is the Coulomb barrier in the wherel,, is the critical angular momentum for fusion. The
exit channel andT is the temperature of the compound present experimental estimate of total fusion cross section
nucleus. has not been used to calculate the valué af as there are

Assuming an isotropic c.m. angular distribution, the en-relatively large uncertainties in the measured cross sections
ergy spectrumiEg. (2)] of the fragments can be transformed of the heavier elements, which are essentially evaporation
to the laboratory systeri36]. The exit channel Coulomb residues. Instead, the value Igf (= 21%) has been taken
barrierEg has been calculated using the prescription of Reffrom the tabulation of heavy ion reaction parameters by Wil-
[17]. In Fig. 9, experimental energy distributions for the ckeet al.[38], which has been obtained from the systematic
fragments (3<Z=<6) at 15°(filled circles and 40°(inverted  study of the fusion cross section data foF + °C system
triangles have been displayed along with the predictions ofat somewhat lower energi¢39]. Same value of, also has
the same obtained from asymmetric binary fission modebeen obtained by heavy ion trajectory calculatidf]. The
(solid curves. It is observed from Fig. 9 that the theoretical theoretical predictions of the mean total kinetic energies for
predictions reproduce fairly well the shapes of the energyhe fragments with Z<7, calculated using Ed3), have
distributions for the fragments8Z<#6 at both the angles. been displayed in Fig. 1&olid curvg along with the experi-
This is indicative of the fact that the IMF emission is pre- mental estimates of the santélled circles. It is clearly
dominantly of compound nuclear origin and can be fairlyevident from Fig. 10 that the theoretical predictions of
well explained in terms of asymmetric binary splitting of a (E{") are in fair agreement with the corresponding experi-
deformed compound system. mental results except for lighter fragmen=3,4), where

the theory slightly overpredicts the data.
2. Fragment average kinetic energy

Asymmetric binary fission, which accounts for the emis- 3. Total fragment yields

sion of IMF’s from the systems lying below the Businaro- The IMF emission cross section for various fragments can
Gallone point[35], is a dynamical process consisting of be calculated using binary fragmentation model from simple
gradual change of shape, formation of neck and finally sepgphase-space consideration. Assuming that the reactants fuse
ration into two fragments at the scission point. Therefore, the&eompletely to form an excited compound nucleus which sub-
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sequently decays statistically into various channels, the total
emission cross section for a fragment of chafyean be Ufin(z)zapri(z)_% pi(Z)Pz(AZ)
calculated using the expressif22]

+2 0pil(Z+AZ)P2s7(AZ),  (6)
|cr F (I) Az
. x2 z
o(Z)=mx 20 (21+1) T ' @ where oui(Z) is the yield of the primary fragment with

chargeZ (Eq. 4 andP,(AZ) is the decay probability for the
primary fragment of charg& in the decay mode where it
losesAZ amount of charge through evaporation, leading to
the final fragment of chargé— AZ. The decay probabilities
have been computed foAZ = 1 and 2. The ratio
oin(Z) opi(Z) for Z = 7, 8, 9, 10, and 11 then have been
estimated using Eq. 6 to be 2.06, 1.82, 0.43, 1.56, and 0.32,
respectively. It is thus clear that secondary deexcitation
modifies significantly the yields of the heavier fragments.
The predicted FF yieldgroperly corrected for secondary

where X is the de Broglie wavelength, (1) is the decay
width for the fragment of charge, andl',; is the total decay
width. The ratiol'z(1)/T'y, represents the probability of de-
cay of the compound nucleus of angular momentum a
particular channel with charggé. The decay widthl",(1),
calculated in the transition state formaligdi, is given by

2 deexcitation for the fragments with &Z<11 have been

TN T ————| exp2falE—B,(1) 142 displayed in Fig. 8short dashed histogramThe estimated
2(D=Tz(D) E—Bz(l) H2tal A total experimental yields have been represented by filled
_2(aE)1?) 5) circles. The thin line histogram in Fig. 8 displayed the con-

tribution of the ER to the total elemental yields calculated
using statistical evaporation code LILITA. The calculated
) L total (FF + ER) yields have been represented by thick solid
where E is the compound nucleus excitation energy andyisiograms. It is seen that the total emission cross sections
B,(l) is the barrier height at the conditional saddle po'”t-predicted by the asymmetric fission model are in fair agree-
The conditional saddle points have been derived by extrensant with the corresponding experimental values for the
izing the potential energy pf the deformed nuclear SYSte”ﬁghter fragments Z=3-8). ForZ = 9 fragment, there may
[22]. The temzperaturgz(l) is calculated from the relation e aqgitional contributions from other direct reaction pro-
E—Bz(l)=aTz(l), a (=Acn/8) is the level density param- cesses. Such processes also may have some contributions to
eter. o _ the yields ofZ = 7 and 8 fragmentgas already indicated in
The charge distribution for the primary fragments maysec. |1)). On the other hand, statistical evaporation process
further be modified due téa) contributions from secondary pjays a dominant role in the production of heavier fragments
fission, and,(b) deexcitation of the excited primary frag- (z=10, 11). The experimental yields for these fragments are
ments by evaporation of light particles. A detailed analysisyirly well explained by the sum total of the predicted yields
of the secondary deexcitation process in the decay of lightf the two (FF + ER) processedthick solid histogram
compound systems may be found in REZ1]. Secondary \yhere the ER contributions have been computed with the

fission, which is characterized by the emission of light par-he|p of the statistical evaporation code LILITA.
ticles prior to fission, is unlikely in light system&1], and

therefore, was not considered in the present calculation. Sec-
ondary decay of the excited primary fragments were simu-
lated using the evaporation code LILITA. The primary mass It is now well established that in both FF and orbiting
distributions were taken from transition-state model. The inprocesses, only a few partial waves near the grazing angular
trinsic excitation energy of the compound system was di-momentum are involved. Therefore, the number of open
vided in the ratio of the fragment masses. The spins transzhannelg§NOC) available to carry away the grazing angular
ferred to the fragments were computed in the sticking limitmomentumL 4 of the compound nucleus is likely to play an

of the two fragments at the scission configurafi2g]. Inthe  important role in determining the mechanism of its decay. It
present case, calculation indicates that the secondary lightas been shown that for many light heavy-ion systems there
particle emission does not affect the primary charge distribuis a strong correlation between the existence of very low
tions of the lighter fragmentszZ( = 3-6) in a significant NOC and the occurrence of resonant behavior and back
manner, with the exception of Be. In the case of Be, eaclangle enhancement in the elastic, inelastic,aoitransfer
primary fragment ofBe, being unstable, should decay into a channelg41]. Since deep inelastic orbiting in heavier sys-
pair of « particles. As it is difficult to estimate the yield of tems and molecular resonance in lighter systems are likely to
8Be experimentally, the contribution frofBe is not taken have a similar origin, attempts also have been made to un-
into account while calculating the total yield of Be theoreti- derstand the systematics of DI orbiting mechanism by suit-
cally. In the case of fragments with charge=7, however, able generalizations of the original NOC mo@é2]. Assum-

the primary fragment yields are found to be significantlying binary reaction channels only, the number of open
modified due to additional contributions from the secondarychannelsN’(E..,), is calculated as a triple summation over
deexcitation of heavier counterparts of various asymmmetri@ll possible binary reaction channels, all possible angular
decay channels. The final yield of the fragmentg,, has momentum couplings and all possible energy distributions
been calculated using the following relatip40]: between the fragments. Then the number of open channels

B. Fusion-fission and orbiting processes i\ =31 system



54 INTERMEDIATE MASS FRAGMENTS EMISSION IN THE ... 3105

120
10°
8 [
10° ¢ "Li+** Mg
10" |
19, 12,
10° [
. 10° |
N 10* |
z
10°
102 o}
10!
0 18
10 a+27Al 0o+ O
10'1 i 1 1 1 L l (/H )
0 10 20 30 40 50

L ( n ) FIG. 12. Partial-wave distributions of fusidisolid curve and
g FF (dashed curvescross sections for the reactioh¥ (96 MeV) +
12C, "Li(47 MeV) + ?Mg and a(60 MeV) + 27Al.

FIG. 11. Number of open channels for the decay of the com-

pound nucleus normalized to the incident flux, N/F, plotted as dan€ntumL,. The values ot 4, which are related to the the
function of the grazing angular momentuy. respective bombarding energies, are 20, 20, and 24 for the

reactions (60 MeV)+Al, Li(47 MeV)+Mg, and HK96
per unit of incident flux,N/F, which will be referred to as MeV)+C, respectively. For the sake of comparison, NOC's
NOC in the text, is defined d€2] for the two neighboring systems=30,32 ¢4C + %0 and
%0 + 1%0) also have been calculated and plotted in the
N/F=N(E¢m)/F(Ecm), (7)  same figure. It is seen from Fig. 11 that the NOCs 8% +
2C, "Li + ?*Mg systems at their minimdwhich nearly
where correspond to the present bombarding enejgas much
higher than those fof*C + %0 and %0 + %0 systems.
N(E, )= > D T/(E,), Incidentally, both**C + %0 and %0 + %0 systems have
' Ap+Ag=Acy J=1111p+] Eg=E 1 +E,+QqotE, been found to show strong resonant behay##]. There-
(8)  fore, the large NOC’s available for the decay OF + 2C
and ‘Li + Mg systemgle.g.,~ 10" times larger than0

and the incident fluwE’(E. ) is given by + %0 casg are indicative of the dominance of FF origin of
the binary energy-damped yields in these cases. In the case
™ 27 T
FUE. )= T (E..). 9 of @ + <Al system, howeverl_ 4 for the present reaction is
(Ecm) PgJJ:jEZJrL L(Eem) © larger than the value at which NOC is minimum. Therefore,

any orbiting behavior of the energy damped fragment yield is

Hereg;=(2J+1)/[(2j,+1)(2j,+1)], j; andj, being  unlikely to show up in the present reaction. Incidentally, ex-
the intrinsic spins of the reactants ahds the angular mo- periments even at lower bombarding energies corresponding
mentum of their relative motionl,, E, (k=1,2) are the to the minima of the NOC curve have shown that, though the
intrinsic spins and excitation energies of the fragmehts, NOC value was small in this case, there was no indication of
E, are the orbital angular momentum and energy of theirorbiting [45].
relative motion Q5 is the ground state Q value of decay and The conjecture of fusion-fission origin of the IMF emis-
T\(E,), T.(E. ) are the transmission coefficients of the out- sion from A=31 systems has been further elucidated from
going and incoming channels, respectively. The transmissiothe study of entrance channel dependence of the total IMF
coefficients have been calculated semiclassically using thgields. Since the average spins of the compound nuclei under
inverted parabolic barrier approximatip#3] and the barrier consideration are different, it would be worthwhile to study
heights have been calculated by incorporating macroscopihe variation of FF contribution with the spin of the com-
proximity potential[44] in the Wilcke parametrization of pound systems before one arrives at any conclusion regard-
barrier height$38]. In the case of spin zero particld$/F is  ing possible origin of the energy damped fragment yields.
calculated withJ=L, and in other cases largest possible The calculated fusion partial wave distributions for the three
values ofJ are considered. systems under consideration, i.é%F + °C at 96 MeV,

In Fig. 11, the NOC's calculated using Eq. 7 for the “Li + ?*Mg at 47 MeV[17], ande + 2’Al at 60 MeV[9],
A=31 systems, i.e.}F + 2%C, “Li + *Mg, anda +  all populating the same compound nucleus at same excitation
27Al have been plotted as a function of grazing angular mo-energy, are displayed in Fig. 12. The calculations have been
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ment with the the transition-model predictions. In Fig. 14,

100 the ratio of yields of the fragments B and @z/oc, has
P+ C_ Li + Mg | o + Al been plotted for the three systems mentioned above as a
— 75 | L L function of the entrance channel asymmetry,
a " [((Ap— A7)/ (Ap+ A7), (Ap, Ar are the projectile, target
£ 50 L IRl | masses, respectivelyit is seen that the ratio is weakly de-
_ pendent on the entrance channel asymmetry, which is in con-
— trast with the large entrance channel dependence of the same
N a5 - r observed in the case of orbiting reactiot8]. Moreover, the
® L ’E‘@ R@@@m ; experimental estimates of the above ratios also are found to
i . be in fair agreement with the respective theoretical predic-
2 4 6 82 4 6 B2 4 6 B8 tions of the same. This is further indicative of the fusion-
fission origin of the strongly damped fragment yields from
Z A=31 systems.
FIG. 13. Experimental charge distributions of the fissionlike
yields produced in the reactions'®F(96 MeV) + *2C, V- SUMMARY AND CONCLUSION
'Li(47 MeV) + Mg [17] and a(60 MeV) + ?'Al [9]. The ex- The inclusive double differential cross sections for frag-

perimental data are represented by the open histograms and thgents ranging from Li to Na emitted in the reactibtF(96

theoretical predictions are represented by hatched histograms. MeV) + 12c have been measured. Total emission cross sec-
tions for various fragments have been estimated from the
double differential cross-section data. The c.m. angular dis-
tributions for the lighter fragments<8Z<6 are found to

done in the framework of asymmetric binary fission modelhave a~1/sing. ,, dependence signifying that these frag-
[22], with the value of the diffuseness parameter taken to b&ents are emitted from a long-lived composite. However,
1%. It is evident from Fig. 12 that the contributions from FF the angular distribution for the fragments N and O are more
increases for more symmetric target projectile combinationforward peaked indicating additional contributions from
Moreover, FF is confined to the highest reaction partialother reaction processes in these cases. From the rapidity
waves. Figure 13 shows the plot of total elemental cros@nalyses, it has been found that the lighter fragments
sections as a function & for the three reactions mentioned 3<Z<6 are emitted from fully equilibrated source moving
above. The open histograms represent the experimental datdth compound nuclear velocity. The shapes of the energy
whereas the predictions of binary fission model are repredistributions computed from the asymmetric binary fission
sented by hatched histograms. It is seen from Fig. 13 thathodel are found to be in good agreement with the experi-
despite different partial wave distributiori&ig. 12, the  mental data for the fragments<¥Z<6. The average kinetic

three experimental charge distributions are similar in shapeenergies of the fragments calculated in the framework of
The fragment yields increase from + 27Al (I, = 12) to  dynamical theory of asymmetric fission are also in fair agree-

Li + ?*Mg (I = 16) and to*F + '%C (I, = 21), due to ment with the experimental estimates of the same except for
the variation ofl ., as well as due to the increased yield of FF Li and Be, where the theoretical predictions slightly overpre-
for more symmetric entrance channels as shown in Fig. 1Aict the data. In the case of total fragment yields, the data for
For the fragments witZ =3 in a+Al system and&z=7,8in  the fragments Z=3-8 are fairly well explained in the
F+C system, the predicted yields underestimate the obfusion-fission picture, when the contributions of secondary
served experimental yields. This is due to the fact that pedeexcitation of heavy fragments are taken into account. The
ripheral reactions also would contribute substantially to thecorrections to the primary fragment yield due to secondary
yields of these fragments. Thus the present set of data doé€excitation are found to be more significant for heavier
not demonstrate any significant entrance channel effects dgagments Z>6 in particulay. Besides, there may be addi-
observed in the cases of orbiting reactifs3,6,10. More- tional contributions to the fragment yield from peripheral

over, the fragment yields also are found to be in fair agreereactions in the case of O and N. The heavier fragments Ne
and Na are found to be essentially evaporation residues and

their angular and energy distributions are satisfactorily ex-
plained by the standard statistical model calculations.

2.0 > SR "
o | Ay =31 E =60 MeV The competition between fusion-fission and DI orbiting
Q have been investigated by calculating the NOC for different
I \1_’_,} entrance channel combinations, i.é%F + *°C, 7Li +
. Mg, and a« + ?7Al, leading to A=31 composite. The
0.0 :

present bombarding energies nearly correspond to the
minima of the respective NOC curves for the first two sys-
I(Ap=Ap)/(Ap+Ag)l tems, whereas fow + #’Al system the correspondirig, is
larger than the value where the minima occurs. The NOC
FIG. 14. Ratio of B and C yieldsrg /o, plotted as function of ~ values in the first two cases are found to be quite large, thus
entrance channel asymmetry{Ap—A7)/(Ap+A;)| for A=31  favoring fusion-fission than DI orbiting in these cases. For
compound nucleus. the @ + 2’Al system, the incident energfor Lg) of the

0.2 0.4 0.6 0.8
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reaction considered here is away from the correspoding NO@echanism of strongly energy damped fragment emission
minima and the results are fairly well explained in the frame-from 3P composite system.

work of transition-state model. Inspite of the different fission

partial wave distributions, comparison of integrated yield ACKNOWLEDGMENTS
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