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We have studied the emission of projectilelike fragments f#8@%8% and*?C+23Nb reactions forming the
same compound nucled®Ag at the same excitation enerdfg,=76 MeV) and with very similar spin distri-
butions. A strong entrance channel dependence favoring breakup into the entrance channel with large excitation
energy has been seen f60+8% system, but not foF2C+23Nb system. In the case &fO+%3Nb reaction also,
unexpectedly, large back-angle oxygen yield has been seen. The results indicate formation of orbiting complex
for reactions between spherical nuclei sucH%3+8% and10+°3Nb at large orbital angular momentum near
Cit-
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It is known from the work of Morett@t al. [1] and others orbiting. Another required criteriofi2,14] is that the total
[2] that the emission of complex fragments from a compounchumber of open channels of the system, which is related to
nucleus can be understood very well using transition-statéhe surface transparency and absorption of nuclei, should be
method calculations. The surprising success of the transitiorsmall. This qualitative criteria is successfal14] in explain-
state method calculations has prompted many attempts fog the presence and absence of dinuclear orbiting in light
identify regimes in which deviations might be expected. Theheavy ion systems. According to this criterion, orbiting is not
preequilibrium and presaddle emission of neutrdid3, expected to take place in heavy systefbstal mass A
charged particle§4,5], and electric dipoley rays[6] during ~ ~100), because the total number of open channels for such a
the formation period of compound nucleus can lower thesystem is very large. In this paper, we present evidence of
temperature of the equilibrated compound nucleus and so thginuclear orbiting for reactions between spherical nugkzi
spectra of proton and particles emitted from the compound tal mass A~100) such as-®0+8%Y and %0 +%Nb for orbital
nucleus could be softer and fission rate reduced, in appareahgular momenta near their critical angular momeita,).
contradiction to the transition-state model calculations. An- We formed the same compound nucléRé\g at the same
other scenario[2,7-9 for departure from transition-state excitation energy(Ex=76 MeV) and with very similar spin
model could be due to the formation of a long-livéd5  distributions (€. equal within 10% by *%0+8% and °C
X 10721 s) dinuclear complex with a large orbital angular mo- +%3Nb reactions. A 10 pn&0 beam with 95.9 MeV energy
mentum so that the nuclei maintain their identities and therirom BARC-TIFR pelletron machine in Mumbai, India was
break apart without ever forming a fully equilibrated com- incident on a 1 mg/cénthick 8% target and all the emitted
pound nucleus. The spectra and angular distribution of emitparticles froma to oxygen were detected using fodE-E
ted fragments from such a dinuclear complex are essentiallyolid-state telescopes placed between 145° to 175° in the
identical to that of a compound nucleus because of its longenter of mass frame. Similarly a 10 pi& beam with
lifetime. However such a dinuclear complex should predomi-85.5 MeV energy from Nuclear Science Center, New Delhi,
nantly break into the entrance channel in contrast to the ddndia was incident on a 1 mg/énthick *Nb target and all
cay of an equilibrated compound nucleus. The evidence dafhe emitted particles were detected using thiéeE solid-
dinuclear orbiting was seen earlier for a few systems such astate telescopes placed between 130° to 165° in the c.m.
285j+12C 2Mg+1%0, and ?8Si+%0, etc. reactiong7-9] at  frame. We have also studied the back-angle fragment emis-
(4—7 MeV/nucleoh bombarding energiegaboratory in the  sions from the reactions between spherical nud@®
case of emission of projectilelike or targetlike fragments. +2Nb by bombarding a 1.2 mg/cnthick **Nb target with a

The physics of the formation of dinuclear orbiting com- 5 pnA 116 MeV*®0 beam from Variable Energy Cyclotron
plex is rather poorly understood, although the general conCenter, Kolkata, India and detecting emitted particles feom
cept of the dinuclear system is often used to qualitativelyto oxygen in the angular region fror. ,=100° to 150°
explain different nuclear reaction anomaligz10-13. A using aAE-E telescope.
typical total nucleus-nucleus potenthlr) has a pocket hav- In Fig. 1, we show the angular distributions of carbon and
ing both a maximum and minimum. The orbiting is expectedoxygen particles in the center of mass frame integrated over
to take place at a high orbital angular momentgmear€,;) 0<Eyx<45 MeV and G<Ey<39 MeV, respectively, from
when the minimum distance between the nuclei is such thafO+8% reaction atE.,,=81.3 MeV. The corresponding
V(r) corresponds to the maximum of the potential pocket.l/sin(é) fits are also shown. The angular distributions of oxy-
However this is a necessary but not sufficient condition forgen and carbon particles froMC+%Nb and*%0+%3Nb re-
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0c.m. (deg) sus the ratios of angle-integrated oxygen to carbon yields for

o ~ 1%0+%% and *?C+93Nb reactions in different excitation en-
' FIG. 1. Angular distributions of carbon and oxygen part|C|ESergy bins_ A Strong entrance Channe| dependence has been
integrated over & Ex<45 MeV and G<Ex=39 MeV exit channel  found in the highly damped region starting from around exit
excitation energy bins respectively in the c.m. frame. The solid lineghannel excitation energgy, =30 MeV. The observation of
are 1/sirio) fits. this entrance channel dependefizvoring breakup into the

. o ntrance channghllong with a 1/sigg) angular distribution
actions also show similar trends. So the observed back-ang faplies the formation of a long-lived intermediate orbiting

angular distributions of oxygen and carbon particles in thecomplex In the lower exit channel excitation energy region
c.m. frame follow approximately a 1/gif) function imply- (Ey=<29 Me\/) the ratios of oxygen to carbon yields for
ing the formation of a long-lived intermediate state which 168+89Y and iZC+93Nb reactions overlap with each other
cguld be either a Comp"“’?d nucleus or prblltlng complex. Ir]mplying no entrance channel dependence and hence no sig-
Fig. 2, we have plotted exit channel excitation energies V€Thificant orbiting yield in this excitation energy region. The
corresponding calculation using statistical model cods-
CADE [15] is also shown in Fig. 2. We find that the statistical
model calculations agree reasonably well Witg +%Nb re-
action data in all excitation energy regions. It also agrees
with *%0+8% reaction data in the lower excitation energy
region(Ex<29 MeV), but disagrees completely in the higher
excitation energy region. The absolute oxygen yield obtained
by integrating over energy and 1/6#h angular distribution

in the c.m. frame is about 1 mb fdfO+8% reaction and
this is about two orders of magnitude larger than the statis-
tical compound nucleus model calculations. However the ab-
\ solute yields of carbon and oxygen particles obtained from
A 120,93 + Lt; 4‘; 12C+9Nb reactions(0.1 mb and 0.01 mb, respectivglgre
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in agreement with statistical model calculations. So for both
oxygen and carbon emission¥C+%Nb reaction data are

Cascade
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— — Fresco (12C+93Nb) consistent with the formation of a statistical compound
102 I ! ! ! o nucleus, in agreement with the observation and conclusion of
15 20 25 30 35 40 45 Charity et al. [16]. Jing et al. also studied17] many other
E, (MeV) reactions such a&*828Kr+12C,%0.949%10+1%C, and found

good agreement with statistical transition-state model calcu-
FIG. 2. Exit channel excitation energiEy) vs the ratios of lations for the emission of all types of particles emitted at
angle-integrated oxygen to carbon yields f§0+8% and 12c  backangles in the c.m. frame.

+93\b reactions aE(10),,=95.9 MeV andE(*%C),,,=85.5 MeV In Fig. 3, we show the ratios of angle-integrated oxygen
respectively. cASCADE and FREsco code calculations are also to carbon yields with exit channel excitation energy fé®
shown. +9Nb reaction aE(*%0),,,=116 MeV and the corresponding
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statistical modetAsCcADE code calculations. We find that the 10" ¢
observed oxygen to carbon ratios are higher than the calcu- :
lated ratios by about a factor of 10 on average in the entire
excitation energy region implying dominance of orbiting
over compound nucleus yield. However the differences be-
tween experimental results and statistical model calculations
are not as larggFig. 3) as seen for the lower enerd§O
+8% reaction(Fig. 2), implying that the compound nucleus
contribution compared to orbiting increases significantly at
higher bombarding energy. The absolute oxygen vyield ob-
tained by integrating over energy and angular distribution is
about 4 mb and this is more than an order of magnitude
higher than the statistical compound nucleus model calcula- 102 ! ! . .
tions. 20 25 30 35 40 45

We conclude from our present work and earlier works E, (MeV)
[16,17 that for reactions with'°C, statistical compound X
nucleus is formed even when large orbital angular momenta FIG. 4. Exit channel excitation energiEy) vs the ratios of
(close tof;) are involved, whereas for reactions witfD  angle-integrated boron to carbon vyields f0+8% and 2C
involving large ¢, orbiting has been found to be dominant. +**Nb reactions a&(*é0),,,=95.9 MeV andE(*?C),,,=85.5 MeV,
However, even for reactions witHfO, the relative impor- respectively.
tance of compound nuclear contribution compared to orbit-
ing seems to increase rather rapidly at higher energy as wehanged. So we find that the coupled channel calculations
found from higher energy?0+%Nb reaction. cannot even qualitatively reproduce the observed oxygen to

We have done coupled channel calculations usikEsco  carbon ratios for the reactions studied in our experiments.
code [18] to study whether the coupling among different  We have also studied the ratios of boron to carbon yields,
states and value differences betweédC and*®0 induced beryllium to carbon yields, lithium to carbon yields, etc. for
reactions might explain our experimental results. In ourboth 0 +8% and >C+°Nb reactions. In Fig. 4, we show
coupled channel calculations, two low-lying excited states othe ratios of angle-integrated boron to carbon yields versus
9%Nb (Ex=0.74 MeV,J"=7/2", B=0.12 andEx=0.809 MeV, exit channel excitation energy fdfO+8% and ?C+%Nb
J7=5/2", B=0.024 and %Y (Ex=1.51 MeV, J"=3/2, B reactions and find that the data sets overlap with each other.
=0.05 andEx=2.22 MeV, J"5/2", =0.105 having non-  Similar plots for the ratios of angle-integrated beryllium to
negligible deformation parameters, first excited state$©f carbon and lithium to carbon yields also show that the cor-
and *?C along with one high energy excited statEy responding data sets for the two reactions overlap with each
=10 MeV) have been included. We assumed excited statesther. These results show that there is no significant entrance
of 8%y at Ex=10 MeV, J"=9/2"; E,=20 MeV, J"=11/2;  channel effect for other channels implying that lithium, be-
Ex=30 MeV, J"=11/2"; Ex=40MeV, J"=11/2"; Ex ryllium, boron, and carbon particles come from an equili-
=50 MeV, J"=7/2". The excited states dFNb nuclei were brated compound nucleus. So the orbiting effect is significant
assumed aEy=10 MeV, J™=9/2"; Ex=20 MeV, J"=13/2'; only in the entrance channel at high exit channel excitation
Ex=30 MeV, J"=17/2"; Ex=40MeV, J"=21/2"; Ex energy region for reactions between spherical nuclei such as
=50 MeV, J"=17/2". The potentials for the elastic channels °0+8%, %0+%3Nb, etc.
are taken to be double folded potential calculated using stan- The temperatures of the intermediate complexes and Cou-
dard nucleon density distribution. The coupling betweenomb barriers of the emitted carbon and oxygen particles
each excited channel and elastic channel has been considave been determined by fitting oxygen and carbon spectra
ered. In addition, the coupling between first excited state ofrom 80+8%, 2C+93Nb and'®0+%3Nb reactions with Mor-
the projectile and excited states of the target nucleus havetto’s algebraic formuldl19] for statistical emission of par-
also been considered. UsimgeEscocode, the oxygen and ticles as given below.
carbon yields foff0+8% and ?C+%Nb reactions were cal-
culated at back anglgérom 130° to 170° in the c.m. frame p-2x
when 8y or ®Nb goes to one of the above highly excited P(x) o= exp(= x/T)erfc(Z J pT)’ 1)
states(Ex=10 MeV). The angular distributions for all those
high energy states show back-angle rise. In Figs. 2 and 3, wahere x=E;,(c.m)-V.. HereV,, Ey,(c.m), p andT are
show the results afREscocode calculations for the ratios of the Coulomb barrier energy, exit channel center of mass
back-angle-integrated oxygen to carbon yields verBys kinetic energy, amplification parameter and temperature
These results also show that the ratios of back-angleef the compound nucleus respectively. In Fig. 5, we show
integrated oxygen to carbon yields decrease at higher angle integratedassuming 1/sifd) angular distributioh
FREscocode calculations have been repeated by changingarbon and oxygen spectra frotfO+8Y reaction in the
the spin and parities of the unknown highly excited states.m. frame and the corresponding fits using Ef). The
and also by coupling more than one highly excited state wittextracted temperature of the intermediate complex from
low-lying states, but the results qualitatively remain un-carbon spectrum of0+8% reaction is about 3 MeV and

. 160,89y
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107 . for the orbiting source, andT=3.1 MeV and V.
R ®y(*°0,C)Nb =42.85 MeV (kept fixed for the compound nucleus source.
10 ;/“"‘_K'\\\\ N 3 In the case off®fO+9Nb reaction, one source fit of the
~— 1 source fitting . .
Tl e, T=30MeV ] angle-integrated carbon spectrum yielts3.5 MeV andV,
3 T Yesseney =37.6 MeV, in agreement with statistical compound nucleus
g 10" | | RN model as we found from our earlier stufB0] of « particles
w 107 | Y("o0)y | from the same compound nucleus. However, one source fit of
£ 10° m\ 2source fiting 4 the angle-integrated oxygen spectrum fréf®+23Nb reac-
10° | N m{'““"’e'm’““ ] tion yieldsT=2.9 MeV, V,=43.0 MeV. The lower values of
w0t fo °"°“"'9°°""i°"“°"—\*\\"\"\\1 1 T andV, for oxygen spectrum are indicative of an orbiting
10° 5 - pm \\éo o = complex source as discussed before. N
E,c.m. (MeV) So for reactions between spherical nuclei involviti@,

the back-angle contribution to the entrance channel comes
FIG. 5. Angle-integrated carbon and oxygen spectra in the cendominantly from a long-lived orbiting complex formed at a

ter of mass frame fot%0+8%Y reaction atE(*°0),,=95.9 MeV.  considerably lower temperature than the expected compound
Euin ¢.m. is the exit channel kinetic energy in the center of massucleus temperature and the extracteds also lower. In the
frame. The orbiting and compound nuclear contributions to oxygercase of lower energy*®0+% reaction, the compound
spectrum are shown. nucleus contribution has been found to be dominant at higher

exit channel kinetic energy. We find from the analysis of
V.=34.6 MeV, which is consistent with the idea of forma- different exit channels such as boron, beryllium, lithium,
tion of a compound nucleus &y=76 MeV, as wefound etc. that they dominantly come from a statistical compound
from our earlier study20] of « particle evaporation from nucleus. We have also found that all particle spectra includ-
the same compound nucleus. However a similar onéng both oxygen and carbon spectra fréf€+9*Nb reaction
source fit of the oxygen spectrum frofO+8% reaction are consistent with the formation of a statistical compound
yields T=1.74 MeV andV.=37.86 MeV inplying that the nucleus. No significant orbiting contributions to any of those
bulk of the oxygen particles comes from a significantly spectra have been found.
lower temperature source and the extracMdis also We have seen for the first time the evidence of entrance
about 5 MeV lower than the expected Coulomb barrier forchannel dependence and dinuclear orbiting in the heavier
oxygen. In the case of the formation of an orbitih% mass regiortA =100 where the number of open channels is
+8% complex, both'®0 and®Y maintain their identities very large. These observations are qualitatively different
and a large fraction of the total energy is stored as potenfrom the earlier concept of fast or dynamical fissidd,12
tial energy of the nuclei, thus reducing the excitation en-reported in this mass region, which was basically a statistical
ergy of the orbiting complex. Hence the temperature ofprocess where no entrance channel dependence was seen.
the orbiting complex is expected to be lower than that ofOur observations also cannot be understood by any kind of
the corresponding compound nucleus. Moreover, for suchariation of statistical model such as equilibrium orbiting
an orbiting complex, the transmission coefficients of or-model of Shivakumaet al. [21] , because these models can-
biting oxygen particle are expected to be lakgempared not produce any significant entrance channel effect and in-
to the corresponding compound nucleus g¢gaiseplying  crease of oxygen over carbon yiel2Q].
that it sees a lower Coulomb barrier as we obtain from In order to study preequilibrium emission of particles
Fig. 5. We also find from the oxygen spectrum that onefrom these reactions, the formation time of the equilibrated
source (orbiting sourcg fit misses high exit channel ki- compound nucleug'®Ag) was calculated for bothO
netic energy points and clearly a two source fit by adding+8% and '?C+%Nb reactions near,; at {=404 using
another term similar to Eq1) should improve the quality nucleon exchange codacoL [23]. The equilibration time
of fit. So we have attempted a two source fit that shouldhas been found to be about the safe 10721 s) for both
decompose the oxygen spectrum into orbiting and comthe reactions indicating that the preequilibrium emission of
pound nucleus parts. However, there is arbitrariness iparticles cannot be the reason for the observed entrance
such decomposition and so certain constraints based athannel effect betweet®0+8% and °C+%Nb reactions.
physical considerations have to be put in. Based on ouricoL code also shows that at high orbital angular momen-
carbon spectrum analysis awdSCADE code calculations, tum (¢=40r) for the reactions under consideration, nucleon
we fixed the value o/, for one of the sourceccompound flow takes place from the bigger nucleus to the smaller
nuclear sourceto 42.85 MeV and the corresponding param- nucleus and the two nuclei reach approximately equal size at
eter p that determines the width of the oxygen spectrum tothe time of equilibration.
p=22 MeV. The remaining parameters were floated freely to We speculate that nuclear deformations might play impor-
obtain the decomposition shown in Fig. 5. We find that con-tant roles in determining whether orbiting would take place.
sidering the entire spectrum, the compound nucleus contrithe ground state of’C nucleus has a large intrinsic oblate
bution is about a factor of 100 lower than the orbiting con-deformation and takes all possible quantum mechanically in-
tribution, but the compound nucleus contribution is dominantdistinguishable orientations in space, thus appearing to be
in the higher kinetic energy region as found in Fig. 2 also.spherical-like'®O, but increasing the effective surface thick-
Our two source fitting yield§=1.5 MeV andV,=38 MeV  ness of*?C. Hence for?C+%Nb reaction, the attractive
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nuclear force between the two nuclei should be strongefrom 8 to %0 is easier. In the case of reaction with lower
compared to that between similar spherical nu¢lgth no qrbital angular momenta, the two n.uclei would overlap sig-
intrinsic deformatiop for orbital angular momentum near nificantly at their closest confl_guratlon an_d _then off course,
Cery thus initiating fusion. Hence for reactions betweenthe nuclei would fuse forming a statistical 'compound
spherical nuclei with large intrinsic deformation, fusion is Nucleus. Similarly the observation of orbiting 0 +°°Nb
expected to prevail over orbiting for large orbital angular€action at large’ might also be qualitatively understood.
momentum neaf, In conclusion, we find orbiting in the A 100 mass region
crit- H 8 1

In the case of®0+8% reactions with high orbital angular f09r3 spherical nuclear systems such €0+ and 0
momenta(that cause orbiting we think that the nuclei do +Nb despite their large alqsorptlon probability. The orbiting
not overlap when they come closest to each other. At tha ffect has been found only in the entrance channel. However,

°C induced reactions do not show any orbiting behavior in
) L g oo
conflgljuratlohn, Y Vé?j%g pe significantly ddefobrme_d agd taITe this mass region. Our observations cannot be explained by
a prolate shape. IS not exp_ecte to be significantly gatistical model calculations, coupled channel calculations,
deformed. If we assume that the tip of the deformed prolate

£ ) or preequilibrium emissions. We speculate about the role of
shaped™Y would have a lower nucleon density and henceninsic deformation in initiating fusion and a possible drop
lower Fermi momentum compared to that of the nucleons

3h nucleon density at the tip of deformed prolate-sha¥d
the edge oft®0, then the flow of nucleons froffY to 60 4 P P e

OOl 5 rop o . . : I
(as predicted byicoL code should be impeded, thus favor- Zgﬁity_Nb in inhibiting fusion and increasing orbiting prob
ing orbiting over statistical compound nucleus formation.

The formation of a compound nucleus might be favored We thank Robert Vandenbosch/niversity of Washing-
when the nuclei are slightly further apart afy is less ton, USA), Christian Beck (Instut de Recherches Sub-
deformed so that the Fermi momentum of nucleons is similaatomiques, FrangeJane AlamVECC, Indig, and J. N. De
at the edge of the two nuclei and hence the nucleon flowVWECC, Indig for helpful discussions.
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