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Fission cross sections have been measured for the systefB,ofO, %F+2%2Th in the sub-barrier to
extreme-sub-barrier energfeSBE) region. Two position sensitive avalanche detectors were employed to
measure the fission events due to fusion-fisgiBR) and transfer fissiofTF) processes using the fission
fragment folding angle technique. The cross sections for fusion-fission reactions could be well accounted by
the coupled channel calculations over a large energy range except in the ESBE region. The transfer induced
fission cross sections are observed to be large at extreme sub-barrier energies. The ratio of transfer fission cross
section to that of total fission is observed to increase rapidly as the energy is decreased in the sub-barrier region
for all the systems. Also in the ESBE region a number of low momentum transfer fidsiéfiF) events
having folding angle close to 180° are observed with a rather weak dependence on the bombarding energy.
These events were investigated by several control experiments. Considering the uncertainties involved in the
control experiments, it appears difficult to rule out if they originate completely from background neutron
induced reactions or from any new process such as Coulomb fission as conjectured in some earlier studies. The
results on different components of the fission cross sections have been dis¢88&&6-28139)50201-X

PACS numbgs): 25.70.Hi, 25.70.Jj, 25.70.Bc

It is now well established that in many heavy-ion induceddata exist on the fission cross sections at the extreme sub-
reactions, the fusion cross sections are significantly enhancethrrier energies. In Ref6], while carrying out the folding
in the sub-barrier energy region as compared to the theorefingle distribution measurements at the lowest energies, a
ical calculations based on simple one-dimensional barriefarge admixture of noncompound fission events was ob-
penetration modelgl]. These models explain the observedserved in various target-projectile systems. In particular at
cross sections at energies well above the fusion baivigy,(  very low energies an extra peak was observed with folding
but predict cross sections which are much lower than thengle of about 180° indicating a very low momentum trans-
observed values at below barrier energies. Subsequently, thg; fission(LMTF) component which was conjectured to be

sub-barrier enhancements in the fusion cross sections ha\{)(-ae to the fission of Coulomb excited states of the target.
been explained by incorporating several effects such as stati]ane latter type of events were also postulated in an earlier

deformation[2], zero-point vibration3] of target and pro- work [7] to explain the enhanced fission cross sections in

jectile nuclei, and by coupled channel formaligéi. The light projectile induced fission of uranium isotopes at ex-

coupled channel formalism leads to essentially a distributior,greme sub-barrier eneraies. Fission events attributed to Cou-
of fusion barriers and thereby a resultant enhancement in the gies.

cross sections at the sub-barrier energies. The enhanced B_mb.excned target f|_35|on were also reporfefiin a rez\(/)erse

sion cross section is attributed to the higher penetrabilinf€2ction of uranium ion bearfl.2 MeV/nucleo on Pb
through the lower barriers in comparison to that expected fofarget carried out W'H)‘ super-HILAC at Berl<3e|ey. In another
simple uncoupled one-dimensional barrier. In the case offeasuremenf9d] of B induced fission _0f2 U also, en-
highly fissile systems fission is the most dominant mode ohancements in the measured cross sections were observed as
decay, and fusion cross sections can be measured from ti§@mpared to that estimated with the Wong-Esbensen model
observed fission cross sections. The fission fragment foldinf2,3] in the ESBE region. In all these above measurements
angle technique can be used to decipher the components 8flid state nuclear track detectalSSNTD were used for
fission arising due to fusion, transfer, and other low momendetecting fission events. In a subsequent work, Geleiral.

tum transfer reactions. These features were exploited in thglO] reported the measurements of proton induced fission
recent measuremenfs,6] of fission cross sections for the cross section of*®U employing the kinematic coincidence
systems of'?C, €0, %F+232Th to obtain the experimental technique with a pair of gas avalanche counters and found
fusion barrier distributions for these systems, and the resultihat the observed cross sections were in agreement with the
were compared with the coupled channel calculations whiclearlier[7] SSNTD measurements up to 3 MeV bombarding
included deformation and inelastic excitation of the targetenergy and for energies less than 3 MeV they inferred that
and projectile nuclei in the fusion process. Measurement othere was no anomalous enhancement in fission cross section
excitation functions down to the extreme sub-barrier energys the measured events for energies lower than this were all
(ESBB region is important from the point of studying the attributed to?®2Cf contamination of the chamber. Later there
long range behavior of nuclear interactions, and very littlewere measurementll] of the fission cross sections in
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alpha-particle induced fission df2Th, utilizing a similar 19 e 232 Th

kinematic coincidence technique with a pair of position sen-

sitive avalanche counters, which showed appreciable en 10° od Mev| " 83 Mev " 72 Mev

hancements in fission cross sections in the ESBE regior 10° | 10° - 20 7

compared to that expected on the basis of a coupled channi 10? 10" L m 104 J

calculations CCFUS. It is, therefore, of interest to study the 100 11, . ..

fission cross sections in the extreme sub-barrier energy re 90 MeV " 81'Mev 40 MeV

gion. In the present work, we have carried out systematic 10 | .

measurements of the fission cross sections at the extrerr 10" | 0T 107 1

sub-barrier energy region for different systems to investigate o ' “

fusion-fission, transfer induced fission, and low momentum 10 by somev | es M'ev *

transfer fission events to understand further the fission pro 10° | .

cess at large internuclear distances. The fission cross sectiol o' L 0 20 7

in 118, %0, 1% +232Th reactions have been measured em- . #

ploying the kinematic coincidence technique with two large g 10 87’ MoV t s ey s l\;eV

area X-Y position sensitive multiwire avalanche counters to 5= 102 L

separate the fission events corresponding to FF, TF, an ) 10! |- 101

LMTF events over a large range of bombarding energies 10 _‘ilﬂ! ﬁ

extending to ESBE region. This technique has the advantag 10° Pro FERTI

that the linear momentum of the fissioning nucleus can be 102 L 86 MeY T4 MeV ¢

determined from the folding angle of the two fragments . m 10" L M 104 i

thereby obtaining information about the reaction processe: 10+ 7

that contribute to fission in different energy regions. 10° ! [ g : L |
Most of the previous measurements of fission cross sec o? | 85 MeV 73 Mev 60 Mev

tions in heavy ion induced reactions in the ESBE region have L 104 4

been inclusive measurements, which did not distinguish 10’ F f\, ﬂ

compound nuclear fissioffusion-fission FF and noncom- 10° . .;M oo

pound nuclear fission events. It is knowh2] that at sub- 100 150 200 250 150 200 250 150 200 250

barrier energies, fission following transfer of one or more FOLDING ANGLE (deg)

nucleons from projectile to the targéransfer fission TF
competes with FF and that their contributions can be sepa- FIG. 1. Folding angle distribution fo’F+232Th system at vari-
rately determined by measuring the linear momentum transsus bombarding energies.
fer to the fissioning nucleus with the help of the folding
angle technique. It was shown in RgE2] that at sub-barrier specified angles (33°,200°), (75°,253°) with respect to
energies due to the backward peaking of the ejectile anguldseam direction to carry out the measurements over a large
distributions, the transfer induced fission events correspondngular range. The detectors were operated with isobutane
to larger linear momentum as compared to FF, giving rise t@as at 2 torr pressure and provided excellent timing, position
the TF peak at smaller folding angles than the FF peak. Theensitivity, and pulse height discrimination of fission frag-
low momentum transfer events will correspond to folding ments from the beam-like particles. The time of arrival of the
angle of nearly 180° and can be separated easily from thgagments at the two PSD’s and the X and Y position pulses
above two modes of fission. In the present measurementsom the two detectors were recorded event by event in list
also, we find an appreciable number of fission events correnode. A 500 micron-thick semiconductor detector was
sponding to low momentum transfer. Several control experiplaced at 25° at a distance of 40 cm from the target to moni-
ments were carried out to estimate the contribution due taor the elastically scattered heavy ions for normalization pur-
secondary neutron background to the observed LMTRposes.
events. The results on the cross sections of different types of The angle calibration of the fission fragment detectors
fission(FF, TF, and LMTH processes are presented and disiwas achieved from the observed dips in the fragment yields
cussed below. in the detectors due to the shadowing caused by the wires
The experiments were performed wittB (19-65 MeV, used to support the thin windows of the PSD’s. This calibra-
180 (55-80 MeVj, °F (55-80 Me\} beams from the tion was done using &°Cf source mounted at the point of
BARC-TIFR 14UD Pelletron accelerator at Mumbai. A self- the target location. The coincidence timing information from
supporting 1.8 mg/chthick 232Th target was used in the the two fission fragment detectors was recorded as one of the
experiment to measure the fission fragments in back-to-bacgarameters to select the genuine fission eveats<20 ns)
geometry. Two low pressure X-Y position sensitive multi- and thus helped to reject random coincidences. From the
wire avalanche counters of Breskin-type, having active di-event-by-event information on the position of the two
mensions of 6.5 cm by 5.0 cm and 15 cm by 3.5 cm, werecomplementary fragments in the two detectors, their angles
mounted on either side of the fissile target for detecting thef emission were calculated. The typical folding angle distri-
complementary fission fragments in coincidence. The PSD’gutions for the case ofF+232Th at several bombarding en-
were kept at 14 cm and 12 cm, respectively, from the targeg¢rgies are shown in Fig. 1. At higher bombarding energies,
subtending the in-plane angles of about 26° and 63°, respethe folding angle distributions consist of two peaks, the
tively, at the target. The detectors were moved to differenilominant one being a near-Gaussian peak centered at a fold-
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FIG. 2. (8)—(c) Measured fusion and transfer excitation functions for various systems. The continuous line and dashed lines represent the
ccrus calculations with and without calculations, respectively(binpand(c) the continuous line shown along with the transfer excitation
function represent the calculatiofsee text

ing angle corresponding to the expected position for the FEhe target and the projecti[®,15]. The disagreement of the
events. The folding angles for the fusion-fission events caexperimental and calculated cross sections in the extreme
be calculated on the assumption of full momentum transfersub-barrier regionsH/Vg~0.7) may suggest that the WKB
symmetric mass division, and a total kinetic energy takenransmissions used in the coupled channel models may not
from Viola’s systematic$13]. A second peak is observed at pe valid[16], particularly if long range absorption contribu-
a lower folding angle which is attribute[dl]_ to fission after  tjons generated by the optical model potentials are appre-
transfer of a few nucleons, i.e., transfer fissidiF). As the  cjaple. The fusion barrier distributioris] derived from the
energy is lowered in the sub-barrier energy region, the y'elqission cross sections usig(E)=d?(E,o)/dE2, as a
OT TF relative to that Of. FF increases and, in addition, %unction of bombarding energy are sﬁg\)vn in f:rlng 3. The
gI"SET(:)t")nzzre;l?e?juz??;régr?oﬁj?r?g ZLZ?Qb%aJ?T?S\{’V(—dfg&E continuous lines show the results ©®fruscalculations. The
corresponding to low momentum transfer fissi@MTF) is results from earlier measuremerj] have been also in-
cluded in the figure. It is seen that, in general, the calculated

observed in the ESBE region. fusion barrier distributi . t with th
The measured folding angle distributions at different'US!On arrier Istributions are in agreement wi € mea-

bombarding energies were fitted with three Gaussian peaksajdlred barrier distributions even_at the lowest energies.
corresponding to the contributions from FF, TF, and LMTF The results on TF cross sections have been plqtted in the
events. The cross sections of FF and TF events thus detd@Wer panels of Figs. @-2(c). The TF cross sections are
mined at different bombarding energies are shown in Figsalso seen to decrease with decreasing energy but less steeply
2(a)—2(c) for the three systems. The figures also show thehan that seen for the FF cross sections. Measurengfits
results of the one-dimensional barrier penetration model anglf energy and angular distributions of projectilelike particles
coupled channel mod§L4] calculations for the fusion cross for different projectiles or?*?Th target also show that the
sections in various systems. It is seen that the measuredtio of total singles transfer cross sectiows, ] to the total
fusion-fission cross sections are enhanced by orders of mageaction cross sectiono{) also increases sharply at sub-
nitude in the sub-barrier region as compared to the one dbarrier energies implying that at these energies there is a
mensional calculations. The coupled channel calculations arsignificantly large yield of transfer induced fission of the
able to reasonably account for the sub-barrier cross sectiomesidual nucleus. The transfer fission cross sections were cal-
except at the extreme sub-barrier energies for'the-2*Th  culated from the measured transfer cross sections data and
system, where the measured cross sections are still somewhhe fission probabilities given by theace2 code with level
higher than the calculated values. The coupled channel cattensity parametera,=A/10 MeV !, a;/a,=1.0 and Sierk
culations were done usingcFuscode[14] by including the  fission barriers, and are shown as continuous lines in Figs.
axially symmetric deformation of theé’*’Th target (8,  2(b) and 2c) for the °F+232Th and '®0+23%Th reactions,
=0.217 andB,=0.09 and inelastic excitation channels of where the transfer cross-section data are available to a lim-
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FIG. 4. The observed yield of LMTF events normalized fot?10
particles for various systems. The continuous line indicates the
yield expected based on measured neutron background.

FIG. 3. Fusion barrier distributions for various systems. The
inverted triangles are taken from Rd6]. The continuous line
shows theccrus calculation.

ited extent. The trend in the TF cross sectiont¥6+2%2Th ~ abou 1 m from the target. Neutron background induced fis-
and '%0+2%2Th reactions is qualitatively reproduced by the sion events were also observed when the beam was allowed
calculations. to hit the target ladder, which is made of steel. A quantitative
As mentioned earlier, in the ESBE region there are appreestimate was made of the fissions induced by the background
ciable number of fission events observed for all the systemBeutrons as observed during the experiment with appropriate
corresponding to very low momentum transfeMTF). The  correction factors for neutron detection efficiency, solid
bombarding energy dependence of these events is seen to &egle for neutrons at target location and the average
rather weak as seen from the plot in Fig. 4, where the number2Th(n,f) cross sections. Our estimates of this fast neutron
of events normalized to the total integrated beam particleinduced background induced fission contribution assuming
for each energy has been shown. The data have been c@n average cross sectiosm(n,f) of 100 mb are shown in
lected over the energy range extending down to 30 perceritig. 4 by the continuous lines. It is seen that although the
below the barrier energy. The perseverence of the LMTFobserved LMTF events are to some extent explained by the
events even at the lowest energies is quite clearly seen, aickground neutron induced fission at higher energies, there
one may expect the dominant contributions to come from thenay still be a small excess in the energy rangé&gf, /Vg
secondary fast neutron background induced fission in the=0.6—0.8. In order to still confirm the estimation procedure
232Th target. With a view to check this aspect, we also meafor the neutron background induced fission, a separate ex-
sured simultaneously the fast neutron yields by means of periment was also carried out in which a second&4rh
NE213 liquid scintillator detectof5 cm by 5 cm) kept at a  target was placed at about 2 cm from the original target away
distance of 25 cm from the target. The pulse shape discrimifrom the primary heavy ion beam, but exposed to the neutron
nation property of the NE213 detector was utilized to sepabackground produced near the target, and fission events
rate neutron and gamma ray events. The threshold of neutrasriginating from the second target were measured with a
detector was kept at 100 keV electron equivalent energy ussemiconductor detector. The events seen by this detector
ing *¥’Cs and®°Co sources. serve as a background monitor for the background neutron
In order to estimate the contributions of neutron back-induced fission in thé®2Th target. It was seen that the mea-
ground to the observed fission events, experiments were cagured events from the secondary target are within the range
ried out to measure simultaneously the neutron yields andf calculated values. In order to assess the presence of fissile
fission yields under several control conditions such(ias impurities (such as?®>23Y) in the 2%2Th target another ex-
stopping the heavy ion beam just ahead of the fissile targgteriment was carried out with the thermal neutron beam
by a thick stopper material upstreafii) allowing the beam from Dhruva reactor at BARC, Mumbai. No contamination
to hit an Al stopper placed at the position of the fissile targetof the fissile impurities was seen up to the detection limit of
and (iii) allowing the beam to hit the beam dump placeda few ppm, thereby eliminating the possibility of thermal
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neutron fission contribution to the observed LMTF events. and some work in this regard has been initiated by us. Recent

Considering the uncertainties in the control experimentgalculations by Bonaccorset al.[18] and a series of papers
carried out to estimate fast neutron induced fission backf19—-22 show that one neutron transfer processes are ob-
ground and the fact that the absolute number of excess figerved up to extremely large distances of closest approach of
sion events are rather small and show only a weak depenhe collision partners, e.g., 24 fm f&#U+23% reaction and
dence on energy, it is rather difficult to assign these events t97 fm in the 238U +197Au reaction.

a new process. It will be quite intriguing if the observed 14 sum up, we have measured the fission excitation func-
LMTF events cannot be fully accounted for by backgroundyjgs in 118 160 197 2321 systems pertaining to fusion-

neutron induced fission events. However, as mentioned €3fission and transfer-fission reactions over a large range of

lier, there have been observations of large fission cross seg- : - arr )
tions in other systems in the ESBE regif-11. The Bombardmg energy extending to extreme sub-barrier ener

mechanism responsible for these LMTE events observed i(Eles. The coupled channel calculations are able to account

the ESBE region is not known. However, among the possibl or the fusion-fission cross sections over a large energy range

; ; i 23
processes which may be conjectured regarding their possibFe?(CGptr:n thehextrclam:a ;ub-barrler rﬁgmn ?F“L :_—h S%’S'
origin are(a) due to Coulomb excited target nucleus having€™-: Where the calculations somewhat underpredict the cross

lifetime long enough for the fissioning nucleus to get slowedSections for several systems. The present studies also show
down in the target before undergoing fission dbfidue to ~ @n appreciable yield of low momentum transfer fission
fission following low linear momentum neutron transfer (LMTF) events at the extreme sub-barrier energies which
from the projectile to the target nucleus with the latter un-Seem to be mostly but not fully accounted for as being due to
dergoing fission. To estimate the neutron transfer fissiofission induced by background neutrons in the target. Further
(NTF) cross section there is a need to measure the neutrgiiudies are required to investigate the mechanism responsible
transfer cross sections in these systems in the ESBE regidar these LMTF events observed in the ESBE region.
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