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Fission of targetlike fragments populated in the multinucleon transfer reactions
of 340 MeV 28Si on 232Th
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The transfer-induced fission channel has been studied in the collision of 340 MeV28Si on 232Th as a
function of the atomic number of the projectilelike fragments~PLF’s! by using a 4p detector array. It is found
that the energy loss of the transfer reaction increases as a function of the net charge transferDZ from the
projectile to the target nucleus, going from quasielastic to deep-inelastic regimes. The average excitation
energy of the targetlike fragment~TLF! is derived from the measured energy loss, whereas its angular mo-
mentum has been obtained from the angular distribution of fission fragments. It is found that the populated
TLF nuclei with ZTLF590–96 (DZ50 –6) have average excitation energies up to about 100 MeV and
angular momenta up to about 40\. The measured ratio of transfer-fission yield to PLF singles,Yf , first
increases with increasing net charge transfer up toDZ54 and then shows a plateau around the valuesYf

50.4–0.6 followed by a decrease for higherDZ transfers. This ratio can be identified as the cumulative fission
probability of the populated nuclei for net charge transfers up toDZ<6, where a two-body mechanism for the
first reaction step is supported by the experimental data. This result suggests a significant survival probability
against fission of these TLF nuclei, in marked disagreement with the standard statistical model predictions. The
observed survival probability implies that there is a strong hindrance to fission in the early stages of deexci-
tation, as also indicated by the large fission times (t f510–100 zs) derived from earlier neutron measurements
in fusion-fission reactions. The importance of such effects in the population of nuclei in the heavy and
superheavy mass regions by transfer reactions is discussed.

DOI: 10.1103/PhysRevC.65.064601 PACS number~s!: 25.70.Jj
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I. INTRODUCTION

Transfer reactions on heavy targets offer the possibility
populate a wide range of targetlike fragment~TLF’s! nuclei
at varying excitation energies, which can be used to stud
a systematic way the fission reaction mechanism. In part
lar, the study of the fission probabilityPf of TLF nuclei is
not only interesting by itself, for providing information o
the fission dynamics@1#, but also because it gives a dire
measure of the probability of survival of the populated T
nuclei, thus exploring the possibility to produce speci
nuclear species by means of the transfer reactions@2#.

It is now well established that the fission process is do
nated by effects due to the nuclear viscosity, which prod
a strong hindrance to fission. Extensive studies have b
carried out in the past to obtain information on the fiss
dynamics and in particular to determine the fission ti
scales (t f iss) from the measurements of prescission neutro
protons, alpha particles, and electric dipoleg rays, in fusion-
fission reactions@3–7#. All these studies gave a strong ind
cation of the dynamical delay in the fission process, altho
the derived fission times are somewhat dependent on
statistical model parameters used in the analysis. Moreo
fission probabilities have also been directly measured
0556-2813/2002/65~6!/064601~9!/$20.00 65 0646
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transfer-induced fission reactions@8–10#. A comparison be-
tween the experimental fission probabilities and the stat
cal model predictions provides a direct way to study t
fission dynamics under the condition that the mass, cha
excitation energy, and angular momentum of the fission
TLF nuclei can be reliably derived from the experimen
observables.

Fission probabilities of TLF nuclei populated in transf
reactions are of particular interest, when these nuclei lie
the mass region of very heavy and superheavy elements.
namical model studies for the synthesis of superheavy nu
have shown that the fission hindrance factor can play a
nificant role in the survival probability against fission of th
populated composite systems@11#. Therefore detailed knowl-
edge of the fission dynamics as deduced from direct m
sures of the fission probability of very heavy nuclei shou
prove to be useful to establish the optimal conditions for
synthesis of these exotic nuclear species.

An experimental project has been started at the accel
tor facility of the Laboratori Nazionali di Legnaro, with th
aim to study the role of fission dynamics in transfer induc
fission reactions, by using a newly completed 4p charged
particle detector system. This experimental setup is desig
for simultaneous detection of light charged particles and
©2002 The American Physical Society01-1
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sion fragments using the same detector elements and o
the large detection efficiency needed in a detailed invest
tion of transfer-fission reactions. As a first step of this p
gram, a study has been completed for the reaction of
MeV 28Si on 232Th. The results obtained in this work ar
presented in this paper.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiment has been performed at the XTU Tande
ALPI Super-conducting LINAC accelerator complex of th
Laboratori Nazionali di Legnaro. A 340 MeV28Si beam, of
about 1 pnA intensity was used to bombard a se
supporting232Th target of 1.5 mg/cm2 thickness.

The 8pLP detector@12#, shown schematically in Fig. 1
was employed. It consists of two detector subsystems m
of DE-E telescopes: the WALL and the BALL. The WALL is
placed at 60 cm from the target, covering angles fromQ lab
5610° toQ lab5626°, whereQ lab indicates the angle be
tween each detector and the beam direction. The BALL
15 cm internal radius, covering in this experiment ang
from Q lab5651° toQ lab56163°. Each telescope is mad
of a transmission 300-mm-thick Si detector followed by a
CsI~Tl! crystal, 15 mm or 5 mm thick for the WALL and th
BALL, respectively, to stop light charged particles with e
ergies up to 64A MeV and 34A MeV. The WALL is a ma-
trix of 11311 telescopes, missing the four positioned at
corners, and the central ones to exit the beam. The WA
detectors are all identical in shape with an active area
25 cm2, which corresponds to an angular opening
DQ lab54°. The BALL consists of six rings of 18 telescope
each with trapezoidal shapes and active areas ranging
7.2 cm2 to 17.8 cm2, subtending solid angles from 32 m
to 79 msr. The majority of the BALL detectors have an a
gular opening of aboutDQ lab517°.

The DE-E and time-of-flight techniques are used for pa
ticle identification in the WALL telescopes, with an energ
threshold as low as 0.5A MeV. The same low-energy thresh
old characterizes the BALL telescopes, for which parti

FIG. 1. Schematic layout of the experimental setup; for deta
see text.
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identification is obtained by using a combination ofDE-E
and pulse shape analysis techniques@13#. For this purpose,
BALL-Si detectors are mounted in the ‘‘flipped’’ mode~with
particles entering from the Ohmic side!, so that the ions
stopped in the Si can be identified looking at the correlat
between risetime and amplitude of the signal. In this w
light particles and fission fragments are well discriminate
as shown in Fig. 2.

As the grazing angle in the present experiment is ab
Q lab540°, a 200-mm-thick aluminum foil was placed in
front of the WALL to avoid the radiation damage of th
semiconductor detectors. The WALL detectors, therefo
could not be used as fission fragment detector. Projectile
fragments~PLF’s! were detected using aDE-E telescope,
made of 40mm1400 mm thick silicon detectors, placed
around the grazing angle (Q lab539.5°) with a solid angle
coverage of 1.3 msr.

Remote, automatic control of all the electronic settin
was performed by a LabView@14# based program which
controls the constant fraction discrimination thresholds,
amplifier gains, the bias supply, and the leakage curre
Because of the flipped mounting, the response of each BA
silicon detector was particularly sensitive to its bias supp
An update of the bias values was periodically performed d
ing the experiment, to ensure stable and correct depletio
all silicon detectors.

The data acquisition is based on the FAIR~fast inter-crate
readout! bus system@15#. The FAIR bus is based on a hard
ware level protocol that allows event building and synch
nous data transfer without the need of a dedicated CPU. D
ing the data taking, the acquisition rate was'1.53103

events per second with a dead time of 20% mainly due to
conversion time and the storage of the events on tape.

The trigger of the acquisition system was generated by
detection of a particle in the PLF detector or a twofold eve
in the BALL. WALL detectors were collected in slave mod

For the off-line data analysis, specific classes were de
oped in C11 language and linked to theROOT software
package@16#. The geometry of the 8pLP detector was also

,

FIG. 2. Example of raw particle identification matrix~signal rise
time versus amplitude! in a silicon detector of the BALL. FF, LCP
and TLF identify the regions where fission fragments, light charg
particles, and targetlike fragments are located.
1-2
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FISSION OF TARGETLIKE FRAGMENTS POPULATED . . . PHYSICAL REVIEW C65 064601
folded in the off-line software. The first step in the da
analysis was to create an identification parameter for e
type of detected particle~or fragment! to easily correlate
PLF’s, fission fragments, and light particles detected in a
event. These parameters were added to the raw data a
new data set was created and used in the subsequent ana

III. EXPERIMENTAL RESULTS

A. Projectilelike fragment single results

Figure 3 shows the observed yield of the PLF nuclei v
sus the fragment atomic number,ZPLF , as measured in
single mode by silicon telescopes placed at grazing angle
is expected that the relative yield of PLF’s should decre
when the net charge transferDZ5142ZPLF is increased.
This trend, well evident in Fig. 3 forZPLF.9, is a feature of
the quasielastic transfer reactions, where the relevant pa
eter in determining the production rate is theQ value. On the
other hand, in case of deep-inelastic collisions, the poten
energy surface of the dinuclear system determines mainly
element distribution@17#. The first moment of the elemen
distribution might move far fromZ5Zbeam, depending on
the driving force that governs the charge equilibration
tween PLF’s and TLF’s. The width of the distribution gene
ally increases with the energy loss, being large for co
pletely relaxed events. A broad distribution is also seen
Fig. 3 for 4<ZPLF<9. We note, however, that the produ
tion yield for ZPLF56 appears to be enhanced with resp
to the neighboring elements. The preferential production
this isotope cannot be explained by a simple collision mec
nism. On the contrary, it can be due to an additional prod
tion mechanisms during~as projectile breakup! or after ~as
sequential PLF decay! the reaction@8#. This point will be
further discussed in the following sections. Finally, the yie
in Fig. 3 are dominated atZPLF<3 by the evaporation pro
cesses.

The energy spectra of PLF nuclei were found to be
nearly Gaussian shape, with a width increasing with the
charge transferDZ. The width is in the range of about 20–6
MeV for transfer channels up toDZ<6. The average energ
loss^EL& deduced from the observed energy spectra of p
jectilelike fragments of different atomic numberZPLF , de-
tected in single mode, is shown in Fig. 4. For comparis
the calculated energy loss for the case of complete dam

FIG. 3. Yield of the projectilelike fragments versus the fragme
atomic numberZPLF .
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of kinetic energy, i.e., corresponding to the Coulomb ene
in the exit channel between two touching spheres, is a
reported in the figure. As commonly seen in two-body co
sions around this bombarding energy, the energy loss
creases with the net charge transferDZ @17#. For low values
of DZ, the inelasticity is quite low as in quasielastic col
sions. ForDZ.5 ~i.e., ZPLF,9) the energy loss indicates
sizable dissipation, approaching about 80% of the full dam
ing limit.

The measured energy loss can be used to infer the ex
tion energy of the reaction partnersEx(PLF) andEx(TLF),
once its sharing between PLF’s and TLF’s is evaluated. I
well known @9,18# that the energy sharing between the fra
ments evolves in a continuous way from the quasielastic
gime, where the limit of equal excitation energy for PLF
and TLF’s is well demonstrated, to the fully relaxed even
where the thermal equilibrium hypothesis is assumed for
excitation energy sharing. Furthermore, we note that typ
spin values of (30–40)\ have been determined for heav
fragments populated in deep-inelastic collisions up to 1
MeV excitation energy@19#.

The relevant parameters of the nuclei produced in
transfer reactions of28Si on 232Th were extracted in the fol-
lowing way.

~1! The most probable mass for the PLF fragme
^APLF&, has been obtained for eachZPLF taking the mini-
mum value of the ground-stateQ value (Qgg) corresponding
to that transfer reaction. This choice defines the most pr
able mass and charge of the corresponding primary T
fragments in the hypothesis of mass and charge conserva
This point will be further discussed in the Sec. III B 2.

~2! The average total excitation energy available to
fragments is then computed from the measured average
ergy loss^EL& and theQgg value.

~3! An empirical energy sharing function has been deriv
from experimental and theoretical predictions reported
Ref. @18# for the collisions of 8.5 MeV/nucleon56Fe on 238U
target. This function givesEx(TLF)5Ex(PLF) for EL50,
reaching roughly the 80% of the thermal equilibrium con
tion for EL5150 MeV.

~4! The average spin transferred to the TLF fragments
been determined from the fission fragment angular distri

t FIG. 4. Experimental average energy loss^EL& as a function of
the projectilelike fragmentZPLF ~squares!. The solid line refers to
the calculated energy loss corresponding to the full relaxation of
kinetic energy. The dashed line correspond to about 75% of the
relaxation limit.
1-3
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A. SAXENA et al. PHYSICAL REVIEW C 65 064601
tions, as discussed in Sec. III B 1. These values have b
checked to be consistent with those obtained in Ref.@19# for
heavy deep-inelastic reaction products.

The average excitation energy values^Ex& of TLF frag-
ments extracted as above are reported in Fig. 5. It may
pointed out that there is a spread in the excitation energ
the TLF fragments around these average values due to
width of the mass and energy loss distributions of PLF. F
thermore, the average excitation energy values might be
fected by the assumptions made in defining the partition
energy between PLF and TLF nuclei. Both aspects are
ther discussed in Sec. IV with respect to fission probabilit
evaluated within the statistical model.

B. Transfer-induced fission results

1. Fragment angular distributions

The fission fragment angular distributions with respect
the recoil axis of the fissioning system and, in particular,
fission fragment anisotropies@W(0°)/W(90°)# carry valu-
able information on the angular momentum in the fiss
channel and on the fissionK0

2 parameter, i.e., the variance o
the K distribution of the fissioning system.

In the present experiment, the reaction plane is identi
by the beam axis and by the PLF trigger detector positi
For each detected PLF, the average recoil angle of the co
sponding TLF is derived from the two-body kinematics usi
the measured average energy loss^EL&. Consequently, the
relative angle between the recoiling~undetected! TLF and
each BALL detector is obtained.

As an example, Fig. 6 shows the observed fragment
gular distribution relative to the derived TLF recoil angle
the case ofZPLF512. The observed angular distribution
were fitted with the functionA1B cos2u to deduce the an
gular anisotropies for differentZPLF , as reported in Fig. 7. It
is seen that the anisotropy increases with increasing
charge transfer, as qualitatively expected from simple con
erations of the angular momentum transferred to TLF’s@17#.
However, this trend shows a discontinuity aroundZPLF
59 –10. From the experimental point of view, the data
ported in Fig. 7 can be compared with results from previo
measurements. In particular, transfer-fission data on232Th
target have been reported in Ref.@20#. In that case, the mea
sured in-plane anisotropy for the near-barrier react

FIG. 5. Estimated average excitation energy^Ex& for TLF nuclei
as a function ofZPLF . For details see the text.
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232Th(16O,C) was found to beW(0°)/W(90°);1.6. This
value is associated with an estimate of the transferred an
lar momentumD l !10\. This anisotropy value has to b
compared with a value ofW(0°)/W(90°);1.2 measured for
the sameDZ52 channel in this experiment. A second poi
of comparison is given by the data for the19F1232Th fusion
reaction@21# that can be compared with our result forDZ
59 (ZPLF55). In the case of19F1232Th reaction, typical
anisotropy values areW(0°)/W(90°)52.1–2.2, correspond
ing to average angular momenta of about 35\. Our value in
Fig. 7 corresponding to DZ59 (ZPLF55) is
W(0°)/W(90°);1.9 which is close to the fusion-fissio
case.

To deduce the TLF angular momentum, calculations
the fission anisotropy were performed with theGANES code
@22#, which simulates the fission of the recoiling TLF at di
ferent angular momentum values taking into account the
ometry of our apparatus. This latter point is thought to
important, due to the large angle acceptance of the BA
detectors. A comparison between calculations and exp
mental data indicates an increase of the TLF angular mom
tum, in the region of the quasielastic reaction, from 6\ at

FIG. 6. Typical angular distribution of fission fragments me
sured in coincidence with projectilelike fragments havingZPLF

512. The fragment angle is relative to the derived TLF recoil
rection. The line refers to a fit to the experimental data. For det
see the text.

FIG. 7. Measured in-plane fission fragment anisotrop
W(0°)/W(90°) as a function ofZPLF . Arrows refer toGANES cal-
culations for fixed value of the TLF angular momentum. For deta
see the text.
1-4
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FISSION OF TARGETLIKE FRAGMENTS POPULATED . . . PHYSICAL REVIEW C65 064601
ZPLF513 up to a maximum 39\ at ZPLF510. This trend is
consistent, as expected, to the increase of the average e
loss. For higherZ transfers, the angular momentum then fe
tures an apparent drop to 25\ at ZPLF59 and then rises
again in the region of deep-inelastic products, saturating
values around 40\. The discontinuity of the measured aniso
ropy, which is reflected in the drop of the derived angu
momentum, seems to be correlated with the transition of
reaction mechanism from the quasielastic to the de
inelastic regimes. We note that the above estimates of
angular momentum transferred to the TLF fragments are
agreement with the findings of previous works in this fie
@8,19#. The angular momentum values determined in t
way together with the average excitation energy values fr
Fig. 5 have been used to fully characterize the TLF produ
in the 28Si1232Th reaction.

2. Light charged particle emission

The coincidences between projectilelike fragments a
protons or alphas@indicated in the following as light charge
particles~LCP’s!# detected in the 8pLP spectrometer have
also been studied. Results are reported in Fig. 8 in term
the measured LCP multiplicity for proton and alpha partic
as a function ofZPLF , for twofold PLF-LCP events as wel
as for threefold PLF-LCP-fission coincidence events. As
pected, an increase of the particle multiplicities is eviden
in increasing the net charge transfer. Moreover, it is obser

FIG. 8. Multiplicity of protons~upper panel! and alpha particles
~lower panel! emitted in coincidence with projectilelike fragmen
of differentZPLF ~open stars!. Data for the transfer fission channe
are also reported~solid squares!.
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that for small charge transfer channels (DZ50 –4), the mul-
tiplicity of the alpha particles is very low and does n
change significantly when a further coincidence with fiss
fragments is required. For larger charge transfers, the in
sive proton and alpha particle multiplicities are, on the av
age, about a factor of 5 larger than the ones measure
coincidence with fission fragments. This difference can
assumed to be mainly due to the particle decay from
excited TLF fragment without fission taking place at a
stage of its deexcitation, over and above the emission fr
PLF’s, which is present in both kind of events.

To better qualify the particle emission characteristics,
angular distribution of LCP’s in coincidence with PLF’s ha
been derived, as shown in Figs. 9 and 10. The out-of-pl
angular distribution with respect to the reaction plane defin
by the detected PLF’s and the beam axis, reported in Fig
is dominated by a pronounced peak centered in the reac
plane on the opposite side of the PLF trigger (F lab5180°).
This peak demonstrates that a sizable part of the LCP yie
coming from the decay of the complementary TLF’s. A se
ond, weaker component is located also in plane, from
same side of the trigger, atF lab50° andF lab5360°. This
component is certainly associated with the PLF decay. T
in-plane angular distribution, reported in Fig. 10, is obtain
by considering detectors located in the reaction plane fr
both sides of the beam direction. It shows evidence fo
relevant forward emission, atuQ labu,60°, in the angular re-

FIG. 9. Out-of-plane angular distribution of LCP’s in coinc
dence with PLF’s. For details see the text.

FIG. 10. In-plane angular distribution of LCP’s in coinciden
with PLF’s. For details see the text.
1-5
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A. SAXENA et al. PHYSICAL REVIEW C 65 064601
gion where both the trigger PLF and the recoiling TLF a
located. It is worth mentioning that this distribution look
substantially different for protons and alpha particles. T
proton correlation features, indeed, a peak centered in
region of the recoiling TLF nuclei, whereas the alpha p
ticles show a continuous increase of the yield in decreas
the observation angle.

Consequently, it appears that at least a part of the L
emission is consistent with the assumption of a sequen
decay of the fragments produced in the two-body collisio
However, the forward angular distribution of the alpha p
ticles and the partial coverage at small angles in the pre
setup make impossible to disentangle a prompt emissio
charged particles during the initial stage of the collision,
in case of projectile breakup@23#, which is normally focused
at small angles. Because of this uncertainty, the meas
total charge carried away by the emitted light partic
(DZLCP) that can be derived from the data in Fig. 8 has to
considered only as a lower limit. In any case, the values
DZLCP measured in coincidence with fission events are n
ligible, beingDZLCP,0.2 in the limit ofZPLF.8. This sup-
ports the use of a simple charge conservation (ZTLF5104
2ZPLF) in evaluating the TLF atomic number in these cas
For largerDZ transfer channels, the charge deficitDZLCP
increases up to valuesDZLCP '1. In the latter case, mor
precise and detailed information on the different compone
contributing to the missing charge seems to be necessa
derive a reliable estimate of the TLF atomic number, es
cially in view of the observed enhancement of theZPLF56
evidenced in Fig. 3. We note that the LCP yield was high
the higher beam energy as reported by Eckartet al. @8# for
30A MeV 40Ar-induced transfer fission on232Th. Therefore
in their work LCP emission yields were important.

To shed more light on the LCP emission, we have p
formed statistical model calculations, using thePACE2 code
@24#. In the model, we have artificially increased the fissi
barriers to hinder the fission process and force the calc
tions to consider only the particle decay from highly fiss
nuclei at large excitation energy and angular momentum
ues. We have verified that in the statistical model the al
particle emission starts to be important only for angular m
mentum valuesJ.40\. From a quantitative point of view
the average alpha particle multiplicity values obtained fr
such calculations are of the same order of magnitude as
ones obtained in the experiment. It is interesting to note
the limit on the angular momentum derived in this way is
agreement with that derived from the analysis of the fiss
fragment angular distributions.

3. Transfer-fission yield

The ratio of fission yield to PLF singles yieldYf has been
determined by integrating the measured angular distribu
of fission fragments with respect to the recoiling TLF, d
scribed in Sec. III B 1. The observedYf values as a function
of the projectile chargeZPLF are reported in Fig. 11. It is
seen thatYf first increases with increasing net charge trans
up to DZ54 and then shows a plateau around the val
Yf50.4–0.6 followed by a decrease for the higherZ trans-
fers. The initial rise of the fission yield is qualitatively ex
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pected, due to the significant increase of the average T
angular momentum and excitation energy as well as to
decrease of fission barriers, with increasingDZ.

The significant survival of TLF against fission as show
in Fig. 11 can be experimentally verified for small values
DZ by searching for heavy, low-energy residues detected
coincidence with PLF’s. While there is a reduced coverage
the BALL detectors for this specific reaction channel, TL
nuclei could still be directly detected in case ofZPLF
511–14 fragments. For these fragments the average re
angle for the correlated TLF is within the angular accepta
of the BALL detectors although the kinematical correlati
is expected to be severely spread out by the multiple sca
ing effects. The observation of heavy, low-energy TLF n
clei, in coincidence withZPLF512, is shown in the identifi-
cation matrix reported in Fig. 12. The events correspond
to very low energy~about 5 MeV! refer to the TLF residue
nuclei and these are well separated from fission fragme
and light charged particles. The measured kinetic energ

FIG. 11. Measured ratio of transfer-fission yield to PLF singl
Yf , versus the projectileZPLF ~solid squares!. The net charge trans
fer DZ is also indicated. The values of fission probabilityPf as
calculated with the statistical model codePACE2for the fission prob-
ability using af5an5A/12 MeV21 are also shown in the figure
where solid lines correspond to the average values of the TLF
rameters and the dashed and dotted lines give the limits corresp
ing to the estimated spread in these parameters.

FIG. 12. Identification of TLF events in the BALL detector i
coincidence with the PLF triggerZPLF512.
1-6
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compatible with that estimated from kinematics corrected
energy loss in the target and the pulse height defect in th
detector.

To look further in details, the observed values ofYf for
some selectedZPLF are shown in Fig. 13 as a function of th
measured energy loss~EL!. As a general behavior, the me
suredYf first increases with EL, then shows a saturation
in several cases, it shows a decrease for higher EL. T
decrease is particularly strong in the cases ofZPLF58 and 6.
This apparent decrease of theYf at higher EL goes agains
expectations based on the mechanism of sequential fissio
TLF following a two-body collision, since the observedYf
correspond to the cumulative fission yield distribution taki
into account multiple chance fission. Thus the observed
crease ofYf with increasing EL further supports that th
reaction mechanism is more complex in the case ofDZ.6
and high-energy losses. This is certainly to be expected
only due to more complex entrance channel reaction me
nisms such as projectile breakup but also because of siz
sequential charged particle decay.

IV. DISCUSSION

The experimental results reported above suggest tha
reconstruction of the atomic number, excitation energy,
angular momentum of the undetected targetlike fission
nucleus can be reliably achieved only in the case of sm
charge transfers, i.e.,DZ<6. On the contrary, in case of th
DZ.6 channels, the reaction mechanism might be m
complex than a simple two-body mechanism, making di
cult to reconstruct the TLF parameters. Consequently,

FIG. 13. Measured ratio of transfer-fission yield to PLF sing
Yf as a function of the energy loss for different projectileZPLF .
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confine ourselves to theDZ<6 channels in our discussion o
the observed transfer-induced fission yields. It is clear t
only if the first step of the reaction is characterized by
two-body reaction mechanism, the observedYf correspond
to the fission probabilityPf and therefore can be compare
with the model estimates ofPf .

Under the assumption ofYf5Pf for DZ<6, the results
reported in Fig. 11 show that the observed average fiss
probability for nuclei having atomic numberZTLF'92–96 is
Pf50.4–0.6. In an earlier work@25#, it has been reported
that in deep-inelastic channels of the reaction 618 M
86Kr1197Au, Pf is close to 100% forZTLF'88–89 nuclei.
Since the values ofPf reported in Ref.@25# were found to be
much larger than those obtained in the reaction 130 M
4He1197Au @26#, the enhancement of the fission probabili
was considered due to the higher angular momentum tr
ferred to TLF in deep-inelastic collisions using heavy proje
tiles. But it was pointed out that the absolute value of t
measuredPf could not be explained simply by the angula
momentum-induced effects. A more direct mechanism w
proposed, leading to fission in deep-inelastic collision wh
the heavy fragment is stretched near or beyond the sa
point by long-range Coulomb force. Such nonequilibriu
fission effects have also been reported for the reactions
MeV/nucleon84Kr on 90Zr and 166Er and 12.5 MeV/nucleon
129Xe on 122Sn @27#. Therefore, although our present resu
may appear in disagreement with those of Ref.@25#, this may
be also due to the presence of nonequilibrium fission path
the reactions induced by Kr projectiles.

For the sake of comparison with the observed values
Pf for DZ<6, fission probabilities were calculated by usin
the statistical model codePACE2 with the level density pa-
rameteran5af5A/12 MeV21. In these calculations, the av
erage values ofPf were calculated for eachZPLF , taking
into account the spread in the excitation energy of TLF n
clei, caused by the observed spread in the EL distribut
These calculated average values ofPf are shown as solid line
in Fig. 11. The limits on the average values ofPf due to the
spread in the TLF parameters were also calculated and
shown by the dashed and dotted lines. The calculations
dict a rapid rise ofPf with net charge transferDZ, being
close to the limiting valuePf51 for values ofDZ>3. It
may be pointed out that the use of a larger value of the le
density parameter~e.g., an5A/8, A/10 MeV21) and/or
af /an .1 only results in a higher values ofPf than shown
in the figure. These results show that the statistical mo
predictions are severely overestimating the fission proba
ties under all assumptions. In other words, TLF nuclei w
atomic numberZ590–96 populated in the transfer reactio
exhibit substantially reduced fission probabilities as co
pared to the statistical model estimates. Consequently,
comparison suggests the presence of a significant dynam
hindrance to fission.

Furthermore, measuredPf data are compared in Fig. 1
with earlier results from Gavronet al. @28# for nuclei at
lower excitation energies. All the nuclei studied in that wo
exhibit a steep rise ofPf at the fission barrier, followed by a
slight decrease, due to the neutron competition in the seco
chance fission. The results of Gavronet al. @28# together

s
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with our experimental findings indicate that there is n
much increase in thePf value for all systems above 20–3
MeV of excitation energy. The saturation of the fission pro
ability at higher excitation energies means that the fiss
width at these higher excitation is much smaller as compa
to the neutron width. As this feature cannot be understood
the basis of the statistical model, such a behavior is con
ered to be a consequence of a large dynamical hindranc
fission due to viscosity effects@3#. To have a more quantita
tive understanding, the calculated neutron lifetimes are
ported in Fig. 15 as a function of the excitation energy
TLF nuclei having different atomic number. It appears fro
Fig. 15 that these heavy nuclei will predominantly decay
neutron emission, without any significant fission, at exc
tion energies above 30–50 MeV, if fission dynamical tim

FIG. 14. Fission probability as a function of excitation ener
for various TLF. Open squares are results from this work, so
circles and open triangles are results taken from Ref.@28#. For
details see the text.

FIG. 15. Calculated neutron emission lifetimes versus excita
energy of targetlike nuclei foran5A/12 MeV21.
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are assumed to be of the order of 10–100 zs. Such la
fission dynamical times are also indicated by the measu
prefission neutron multiplicities@29#. Consequently, the mea
sured fission probabilities at higher energies correspond
the cumulative fission probabilities for the last few stages
deexcitation only, thus explaining the trend ofPf observed in
our data.

The suppression of the fission probability at high exci
tion energies has been reported also in earlier studies, inc
ing transfer-fission channels@8,9#. In particular, Eckartet al.
@8# have shown that sequential fission of the excited-targ
like fragments in the40Ar1232Th reaction is significantly
hindered even at the excitation energy of 50–75 MeV. In t
case,Pf values were found indeed to be in the range ofPf
50.4–0.7 forZ'89, which is consistent with the prese
observations. In a recent systematic study of pre- and p
scission neutron emission@7# also, it has been found that th
data are consistent with the assumption that contribution
fission essentially come from the later stages of deexcitat
Furthermore, shell effects were recently observed in the
sion fragment mass distributions in a study of the238U
140Ar reaction@30#. This was also explained by assumin
that the fission does not contribute much at the initial ex
tation energy of the compound nucleus but only after
neutron emission. The fissioning nuclei are therefore ge
ally cold enough to be influenced by the shell effects.

V. SUMMARY AND CONCLUSIONS

In the present work, the multinucleon transfer-induced
sion reactions induced by 340 MeV28Si on a 232Th target
have been studied by using a large-area detection system
fission fragments and light charged particles. The project
like fragments, detected close to the grazing angle, show
expected transition from quasielastic reaction to the de
inelastic reaction regime with increasing net charge tran
DZ. The estimated excitation energy and angular momen
transferred to the targetlike fragments also increase with
creasingDZ and the inelasticity of the reaction.

The analysis of the light charged particles emitted in c
incidence with PLF’s demonstrates that only those eve
which do not result in TLF fission give rise to a sizable lig
charged particle emission. It is inferred that one can relia
reconstruct the charge, excitation energy, and angular
mentum of the fissioning targetlike nucleus for the trans
channels up toDZ<6. For the corresponding TLF nucle
statistical model calculations predict a very high fissi
probability (Pf;1), at the excitation energies and spin va
ues populated in these reactions. On the contrary, the m
sured ratio between transfer-fission and PLF singlesYf ,
which can be identified as the fission probabilityPf in the
case ofDZ<6, remains in the rangeYf50.4–0.6, implying
that there is a sizable survival probability of TLF nucl
against fission. It may be stressed that because of the
fission barriers of the populated targetlike nuclei, model p
dictions are quite insensitive to the excitation energy and
angular momentum assumed to be transferred to TLF’s in
collisions. The measured fission probabilities forDZ<6 can
be explained only by invoking large fission dynamical tim

d
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of about 10–100 zs. Indications of such large dynami
times have been also been obtained by the pre-scission
tron multiplicity measurements in this mass region. Con
quently, the results reported in this work have shown tha
the case of TLF’s withZ590–96, although the composit
system was populated at high excitation energies, the fis
mostly takes place from a rather cold nucleus after a subs
tial neutron emission in the initial stages of the deexcitat
chain.

It is worth mentioning that multinucleon transfer reactio
at energies close to the reaction barrier have been alre
used for nuclear spectroscopy studies in the Rn, Ra, and
regions@2#. Such reactions were also indicated in the pas
a useful tool to produce superheavy elements@31#. The re-
sults reported herein show that in the excited actinide nu
there is not much significant competition from fission in sp
,

an

A

D.
cl

:/

i,

06460
l
eu-
-
n

on
n-
n

dy
Th
s

ei

of low fission barriers and high excitation energies. It wou
therefore be of interest, from the point of view of maximi
ing the cross sections for the synthesis of heavy and su
heavy nuclei, to consider the use of neutron-rich radioac
beams at above-barrier energies on actinide nuclei since
fused system is expected to preferentially cool down by n
tron evaporation and rather than by fission in the init
stages.
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