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The transfer-induced fission channel has been studied in the collision of 340 ®&#\bn 2%2Th as a
function of the atomic number of the projectilelike fragmefR&F’s) by using a 4r detector array. It is found
that the energy loss of the transfer reaction increases as a function of the net charge AZn&fan the
projectile to the target nucleus, going from quasielastic to deep-inelastic regimes. The average excitation
energy of the targetlike fragmeKitLF) 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 Z1 =90-96 AZ=0-6) have average excitation energies up to about 100 MeV and
angular momenta up to about 740The measured ratio of transfer-fission yield to PLF sing¥és, first
increases with increasing net charge transfer udZo=4 and then shows a plateau around the vaNigs
=0.4-0.6 followed by a decrease for higheZ transfers. This ratio can be identified as the cumulative fission
probability of the populated nuclei for net charge transfers uppZe<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 timgs-(L0—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 nunier25.70.Jj

I. INTRODUCTION transfer-induced fission reactiof8—10]. A comparison be-
tween the experimental fission probabilities and the statisti-

Transfer reactions on heavy targets offer the possibility tacal model predictions provides a direct way to study the
populate a wide range of targetlike fragmémtF's) nuclei  fission dynamics under the condition that the mass, charge,
at varying excitation energies, which can be used to study iexcitation energy, and angular momentum of the fissioning
a systematic way the fission reaction mechanism. In particufLF nuclei can be reliably derived from the experimental
lar, the study of the fission probability; of TLF nuclei is  observables.
not only interesting by itself, for providing information on Fission probabilities of TLF nuclei populated in transfer
the fission dynamic$l], but also because it gives a direct reactions are of particular interest, when these nuclei lie in
measure of the probability of survival of the populated TLFthe mass region of very heavy and superheavy elements. Dy-
nuclei, thus exploring the possibility to produce specificnamical model studies for the synthesis of superheavy nuclei
nuclear species by means of the transfer reacfighs have shown that the fission hindrance factor can play a sig-

It is now well established that the fission process is dominificant role in the survival probability against fission of the
nated by effects due to the nuclear viscosity, which producg@opulated composite systeifrisl]. Therefore detailed knowl-
a strong hindrance to fission. Extensive studies have beegdge of the fission dynamics as deduced from direct mea-
carried out in the past to obtain information on the fissionsures of the fission probability of very heavy nuclei should
dynamics and in particular to determine the fission timeprove to be useful to establish the optimal conditions for the
scales {;iss) from the measurements of prescission neutronssynthesis of these exotic nuclear species.
protons, alpha particles, and electric dipgleays, in fusion- An experimental project has been started at the accelera-
fission reaction$3—7]. All these studies gave a strong indi- tor facility of the Laboratori Nazionali di Legnaro, with the
cation of the dynamical delay in the fission process, althouglaim to study the role of fission dynamics in transfer induced
the derived fission times are somewhat dependent on thigssion reactions, by using a newly completed 4harged
statistical model parameters used in the analysis. Moreoveparticle detector system. This experimental setup is designed
fission probabilities have also been directly measured ifior simultaneous detection of light charged particles and fis-
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FIG. 2. Example of raw particle identification matisignal rise

WALL time versus amplituden a silicon detector of the BALL. FF, LCP,
FIG. 1. Schematic layout of the experimental setup: for details,and TLF identify the regions where fission fragments, light charged
see text. particles, and targetlike fragments are located.

sion fragments using the same detector elements and offefigentification is obtained by using a combination ®E-E

the large detection efficiency needed in a detailed investigaand pulse shape analysis techniq{i&3]. For this purpose,
tion of transfer-fission reactions. As a first step of this pro-BALL-Si detectors are mounted in the “flipped” modwith
gram, a study has been completed for the reaction of 34@articles entering from the Ohmic sigeso that the ions
MeV 28Si on #*2Th. The results obtained in this work are stopped in the Si can be identified looking at the correlation

presented in this paper. between risetime and amplitude of the signal. In this way
light particles and fission fragments are well discriminated,
Il. EXPERIMENTAL DETAILS AND DATA ANALYSIS as shown in Fig. 2.

As the grazing angle in the present experiment is about

The experiment has been performed at the XTU Tandem-9,,,=40°, a 200xm-thick aluminum foil was placed in
ALPI Super-conducting LINAC accelerator complex of the front of the WALL to avoid the radiation damage of the
Laboratori Nazionali di Legnaro. A 340 Me¥’Si beam, of  semiconductor detectors. The WALL detectors, therefore,
about 1 pnA intensity was used to bombard a self-could not be used as fission fragment detector. Projectilelike
supporting?*2Th target of 1.5 mg/cfthickness. fragments(PLF’s) were detected using AE-E telescope,

The 87LP detector{12], shown schematically in Fig. 1, made of 40 um+400 xm thick silicon detectors, placed
was employed. It consists of two detector subsystems madground the grazing angled(,,=39.5°) with a solid angle
of AE-E telescopes: the WALL and the BALL. The WALL is coverage of 1.3 msr.
placed at 60 cm from the target, covering angles fi@g, Remote, automatic control of all the electronic settings
=+10° t0 O ,,= +26°, where® ,, indicates the angle be- was performed by a LabVieWl14] based program which
tween each detector and the beam direction. The BALL hasontrols the constant fraction discrimination thresholds, the
15 cm internal radius, covering in this experiment anglesamplifier gains, the bias supply, and the leakage currents.
from ©,,=*+51° t0®,,,= *163°. Each telescope is made Because of the flipped mounting, the response of each BALL
of a transmission 30@m-thick Si detector followed by a silicon detector was particularly sensitive to its bias supply.
CslI(TI) crystal, 15 mm or 5 mm thick for the WALL and the An update of the bias values was periodically performed dur-
BALL, respectively, to stop light charged particles with en-ing the experiment, to ensure stable and correct depletion of
ergies up to 6A MeV and 3/A MeV. The WALL is a ma- all silicon detectors.
trix of 11X 11 telescopes, missing the four positioned at the The data acquisition is based on the FAfRSst inter-crate
corners, and the central ones to exit the beam. The WALLlreadout bus systeni15]. The FAIR bus is based on a hard-
detectors are all identical in shape with an active area oivare level protocol that allows event building and synchro-
25 cnf, which corresponds to an angular opening ofnous data transfer without the need of a dedicated CPU. Dur-
A®,,,=4°. The BALL consists of six rings of 18 telescopes ing the data taking, the acquisition rate wasl.5x 10°
each with trapezoidal shapes and active areas ranging froevents per second with a dead time of 20% mainly due to the
7.2 cnf to 17.8 cmi, subtending solid angles from 32 msr conversion time and the storage of the events on tape.
to 79 msr. The majority of the BALL detectors have an an- The trigger of the acquisition system was generated by the
gular opening of abouA®,,,=17°. detection of a particle in the PLF detector or a twofold event

The AE-E and time-of-flight techniques are used for par-in the BALL. WALL detectors were collected in slave mode.
ticle identification in the WALL telescopes, with an energy  For the off-line data analysis, specific classes were devel-
threshold as low as 0%MeV. The same low-energy thresh- oped inC+ + language and linked to throoT software
old characterizes the BALL telescopes, for which particlepackagdq 16]. The geometry of the 8LP detector was also
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FIG. 3. Yield of the projectilelike fragments versus the fragment ~ FIG. 4. Experimental average energy I¢&) as a function of
atomic numbeZp, ¢ . the projectilelike fragmenZp, ¢ (squares The solid line refers to
the calculated energy loss corresponding to the full relaxation of the
kinetic energy. The dashed line correspond to about 75% of the full

folded in the off-line software. The first step in the dataﬁelaxation imit.

analysis was to create an identification parameter for eac
type of detected particléor fragmen} to easily correlate o ) .
PLF’s, fission fragments, and light particles detected in anyf kinetic energy, i.e., corresponding to the Coulomb energy
event. These parameters were added to the raw data and™the exit channel between two touching spheres, is also

new data set was created and used in the subsequent analy&gPorted in the figure. As commonly seen in two-body colli-
sions around this bombarding energy, the energy loss in-

creases with the net charge transfet [17]. For low values

of AZ, the inelasticity is quite low as in quasielastic colli-
sions. FOrAZ>5 (i.e., Zp g<9) the energy loss indicates a
sizable dissipation, approaching about 80% of the full damp-

Figure 3 shows the observed yield of the PLF nuclei ver4ing limit.
sus the fragment atomic numbeZy, , as measured in The measured energy loss can be used to infer the excita-
single mode by silicon telescopes placed at grazing angles. fion energy of the reaction partnefis(PLF) andE,(TLF),
is expected that the relative yield of PLF’'s should decreasence its sharing between PLF’'s and TLF'’s is evaluated. It is
when the net charge transf&rZ=14—Zp  is increased. well known[9,18] that the energy sharing between the frag-
This trend, well evident in Fig. 3 faZp >9, is a feature of ments evolves in a continuous way from the quasielastic re-
the quasielastic transfer reactions, where the relevant parargime, where the limit of equal excitation energy for PLF's
eter in determining the production rate is Qesalue. Onthe and TLF's is well demonstrated, to the fully relaxed events,
other hand, in case of deep-inelastic collisions, the potentiavhere the thermal equilibrium hypothesis is assumed for the
energy surface of the dinuclear system determines mainly thexcitation energy sharing. Furthermore, we note that typical
element distributior[17]. The first moment of the element spin values of (30—40} have been determined for heavy
distribution might move far fronZ =2y, depending on fragments populated in deep-inelastic collisions up to 140
the driving force that governs the charge equilibration beMeV excitation energy19].
tween PLF’s and TLF’s. The width of the distribution gener-  The relevant parameters of the nuclei produced in the
ally increases with the energy loss, being large for com+ransfer reactions of®Si on 232Th were extracted in the fol-
pletely relaxed events. A broad distribution is also seen irlowing way.

Fig. 3 for 4<Zp <9. We note, however, that the produc- (1) The most probable mass for the PLF fragment,
tion yield for Zp =6 appears to be enhanced with respect{Ap, (), has been obtained for ea@hp ¢ taking the mini-

to the neighboring elements. The preferential production ofnum value of the ground-sta@value Q) corresponding

this isotope cannot be explained by a simple collision mechato that transfer reaction. This choice defines the most prob-
nism. On the contrary, it can be due to an additional producable mass and charge of the corresponding primary TLF
tion mechanisms durin¢as projectile breakypor after(as  fragments in the hypothesis of mass and charge conservation.
sequential PLF decaythe reaction[8]. This point will be  This point will be further discussed in the Sec. IlI B 2.

further discussed in the following sections. Finally, the yields (2) The average total excitation energy available to the
in Fig. 3 are dominated &p, <3 by the evaporation pro- fragments is then computed from the measured average en-
cesses. ergy loss(EL) and theQgq value.

The energy spectra of PLF nuclei were found to be of (3) An empirical energy sharing function has been derived
nearly Gaussian shape, with a width increasing with the nefrom experimental and theoretical predictions reported in
charge transfeA Z. The width is in the range of about 20—60 Ref.[18] for the collisions of 8.5 MeV/nucleorfFe on 238U
MeV for transfer channels up thZ<6. The average energy target. This function give&,(TLF)=E,(PLF) for EL=0,
loss(EL) deduced from the observed energy spectra of proreaching roughly the 80% of the thermal equilibrium condi-
jectilelike fragments of different atomic numb&g, -, de-  tion for EL=150 MeV.
tected in single mode, is shown in Fig. 4. For comparison, (4) The average spin transferred to the TLF fragments has
the calculated energy loss for the case of complete dampinigeen determined from the fission fragment angular distribu-

Ill. EXPERIMENTAL RESULTS

A. Projectilelike fragment single results
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FIG. 6. Typical angular distribution of fission fragments mea-
tions, as discussed in Sec. llIB 1. These values have beered in coincidence with projectilelike fragments havifig,
checked to be consistent with those obtained in R for =12_. The fragment angle is_relative to thg derived TLF recoll di_-
heavy deep-inelastic reaction products. rection. The line refers to a fit to the experimental data. For details

The average excitation energy valugs) of TLF frag- ~ See the text
ments extracted as above are reported in Fig. 5. It may be
pointed out that there is a spread in the excitation energy 0232‘|'h(160,C) was found to baV(0°)/W(90°)~1.6. This
the TLF fragments around these average values due to thgylue is associated with an estimate of the transferred angu-
width of the mass and energy loss distributions of PLF. Fur-lar momentumAl <€10%. This anisotropy value has to be
thermore, the average excitation energy values might be anmpared with a value aiV(0°)/W(90°)~ 1.2 measured for
fected by the assumptions made in defining the partition ofhe sameAZ=2 channel in this experiment. A second point
energy between PLF and TLF nuclei. Both aspects are furys comparison is given by the data for th&+232Th fusion
ther discussed in Sec. IV with respect to fission probabilitiesreaction[zﬂ that can be compared with our result faZ

evaluated within the statistical model. =9 (Zpr=5). In the case of-%F+232Th reaction, typical
_ o anisotropy values aré/(0°)/W(90°)=2.1-2.2, correspond-
B. Transfer-induced fission results ing to average angular momenta of about 3®ur value in

Fig. 7 corresponding to AZ=9 (Zp g=5) is
o o ) W(0°)/W(90°)~1.9 which is close to the fusion-fission

The fission fragment angular distributions with respect toggge.
the recoil axis of the fissioning system and, in particular, the T5 deduce the TLF angular momentum, calculations of
fission fragment anisotropig8/V(0°)/W(90°)] carry valu-  the fission anisotropy were performed with thenes code
able information on the angular momentum in the fission22] which simulates the fission of the recoiling TLF at dif-
channel and on the fissidtg parameter, i.e., the variance of ferent angular momentum values taking into account the ge-
the K distribution of the fissioning system. ometry of our apparatus. This latter point is thought to be

In the present experiment, the reaction plane is identifiedgmportant, due to the large angle acceptance of the BALL
by the beam axis and by the PLF trigger detector positiongdetectors. A comparison between calculations and experi-
For each detected PLF, the average recoil angle of the corrénental data indicates an increase of the TLF angular momen-
sponding TLF is derived from the two-body kinematics usingtum, in the region of the quasielastic reaction, fror &t
the measured average energy I¢EL). Consequently, the
relative angle between the recoilifngndetectef TLF and
each BALL detector is obtained.

As an example, Fig. 6 shows the observed fragment an-
gular distribution relative to the derived TLF recoil angle in
the case ofZp g=12. The observed angular distributions
were fitted with the functiorA+ B cos’ ¢ to deduce the an-
gular anisotropies for differertp| ¢, as reported in Fig. 7. It +
is seen that the anisotropy increases with increasing net
charge transfer, as qualitatively expected from simple consid-
erations of the angular momentum transferred to TILE3. 0 2 4 6 é 10 1‘2 14 16
However, this trend shows a discontinuity aroudd, g 7
=9-10. From the experimental point of view, the data re- i
ported in Fig. 7 can be compared with results from previous FIG. 7. Measured in-plane fission fragment anisotropies
measurements. In particular, transfer-fission data®&fh  W(0°)/W(90°) as a function oZp, . Arrows refer toGANES cal-
target have been reported in REZ0]. In that case, the mea- culations for fixed value of the TLF angular momentum. For details
sured in-plane anisotropy for the near-barrier reactiorsee the text.

1. Fragment angular distributions

0 A

§:+++++++++

W (0°)/W(90°)
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05 —————— FIG. 9. Out-of-plane angular distribution of LCP’s in coinci-
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0.4
that for small charge transfer channelsZ=0-4), the mul-
5().3 f*ﬁ 1 tiplicity of the alpha particles is very low and does not
= w change significantly when a further coincidence with fission
02 % T fragments is required. For larger charge transfers, the inclu-
# ¥ sive proton and alpha particle multiplicities are, on the aver-

0.1 | ¥ 1 age, about a factor of 5 larger than the ones measured in

.-..llﬁ.l..ﬁﬁ_ coincidence with fission fragments. This difference can be

assumed to be mainly due to the particle decay from the
2 4 6_8 10121416 excited TLF fragment without fission taking place at any

PLF stage of its deexcitation, over and above the emission from
PLF’s, which is present in both kind of events.

To better qualify the particle emission characteristics, the
angular distribution of LCP’s in coincidence with PLF’s has
been derived, as shown in Figs. 9 and 10. The out-of-plane
angular distribution with respect to the reaction plane defined
Zp e=13 up to a maximum 39 at Zp, .= 10. This trend is by the detected PLF’s and the beam axis, reported in Fig. 9,

consistent, as expected, to the increase of the average enei§yiominated by a pronounced peak centered in the reaction

loss. For higheZ transfers, the angular momentum then fea-Plane on the opposite side of the PLF triggdr{,=180°).
tures an apparent drop to 25t Zp ;=9 and then rises This peak demonstrates that a sizable part of the LCP yield is

again in the region of deep-inelastic products, saturating °ming from the decay of the complementary TLF's. A sec-
values around 40. The discontinuity of the measured anisot- ©"d, weaker component is located also in plane, from the
ropy, which is reflected in the drop of the derived angularS@me side of the trigger, &t,p=0° and®,,=360°. This
momentum, seems to be correlated with the transition of thomMponent is certainly associated with the PLF decay. The
reaction mechanism from the quasielastic to the deepm-plane_angular distribution, repor_ted in Fig. 1_0, is obtained
inelastic regimes. We note that the above estimates of thy considering detectors located in the reaction plane from
angular momentum transferred to the TLF fragments are if?Oth sides of the beam direction. It shows evidence for a
agreement with the findings of previous works in this field elevant forward emission, #,p| <60°, in the angular re-
[8,19]. The angular momentum values determined in this
way together with the average excitation energy values from
Fig. 5 have been used to fully characterize the TLF produced
in the 28Si+2%2Th reaction.

FIG. 8. Multiplicity of protons(upper pangland alpha particles
(lower panel emitted in coincidence with projectilelike fragments
of differentZp  (open stars Data for the transfer fission channels
are also reporte¢solid squares

—_

® Alpha particles
O Protons

I
o

o
o

2. Light charged particle emission

[ ]
°
The coincidences between projectilelike fragments and °.

protons or alphafindicated in the following as light charged %@ =
particles(LCP’s)| detected in the 8LP spectrometer have
also been studied. Results are reported in Fig. 8 in terms of ‘ o ®ee
the measured LCP multiplicity for proton and alpha particles 0 50 100 150
as a function oZp ¢, for twofold PLF-LCP events as well Olab (degrees)
as for threefold PLF-LCP-fission coincidence events. As ex-
pected, an increase of the particle multiplicities is evidenced FIG. 10. In-plane angular distribution of LCP’s in coincidence
in increasing the net charge transfer. Moreover, it is observedith PLF's. For details see the text.
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gion where both the trigger PLF and the recoiling TLF are AZ

located. It is worth mentioning that this distribution looks 10 8 6 4 2 0
substantially different for protons and alpha particles. The 1 [ 1
proton correlation features, indeed, a peak centered in the
region of the recoiling TLF nuclei, whereas the alpha par-
ticles show a continuous increase of the yield in decreasing
the observation angle.

Consequently, it appears that at least a part of the LCP
emission is consistent with the assumption of a sequential
decay of the fragments produced in the two-body collisions.
However, the forward angular distribution of the alpha par-
ticles and the partial coverage at small angles in the present
setup make impossible to disentangle a prompt emission of
charged particles during the initial stage of the collision, as
in case of projectile breaku3], which is normally focused

at small angles. Because of this uncer_talnty,_the MEASUrGH, Az is also indicated. The values of fission probabilRy as

total charge carried away by the emntgd I_|ght p":lrt'd(:"scalcuIated with the statistical model corlece2for the fission prob-
(AZ, cp) that can be derived from the data in Fig. 8 has to beypjjity usinga;=a,=A/12 MeV! are also shown in the figure,
considered only as a lower limit. In any case, the values Ofyhere solid lines correspond to the average values of the TLF pa-
AZ, cp measured in coincidence with fission events are negrameters and the dashed and dotted lines give the limits correspond-
Iigible, beingAZLCp< 0.2 in the limit OprLF>8. This sup- ing to the estimated spread in these parameters.

ports the use of a simple charge conservatidn, (=104

—ZpLf) in evaluating the TLF atomic number in these caseSpected, due to the significant increase of the average TLF
For largerAZ transfer channels, the charge defidiZ, cp  angular momentum and excitation energy as well as to the
increases up to valueSZ, cp ~1. In the latter case, more decrease of fission barriers, with increasing.
precise and detailed information on the different components The significant survival of TLF against fission as shown
contributing to the missing charge seems to be necessary Ig Fig. 11 can be experimentally verified for small values of
derive a reliable estimate of the TLF atomic number, espeaz by searching for heavy, low-energy residues detected in
cially in view of the observed enhancement of g r=6  coincidence with PLF's. While there is a reduced coverage of
evidenced in Fig. 3. We note that the LCP yield was high athe BALL detectors for this specific reaction channel, TLF
the higher beam energy as reported by Eclearl. [8] for  pyclei could still be directly detected in case @b ¢
30A MeV 40Ar-mduce_d transfer fission 0_ﬁ32Th. Therefore  —11_14 fragments. For these fragments the average recoil
in their work LCP emission yields were important. angle for the correlated TLF is within the angular acceptance
To shed more light on the LCP emission, we have peryf the BALL detectors although the kinematical correlation
formed statistical model calculations, using #eCE2code s expected to be severely spread out by the multiple scatter-
[24]. In the model, we have artificially increased the fissioning effects. The observation of heavy, low-energy TLF nu-
barriers to hinder the fission process and force the calculasej in coincidence WittZp =12, is shown in the identifi-
tions to consider only the particle decay from highly fissile cation matrix reported in Fig. 12. The events corresponding
nuclei at large exc.it.ation energy and qngular momentum valg very low energy(about 5 MeV refer to the TLF residue
ues. We have verified that in the statistical model the alphgclei and these are well separated from fission fragments

particle emission starts to be important only for angular monq |ight charged particles. The measured kinetic energy is
mentum values)>40/4. From a quantitative point of view,

the average alpha particle multiplicity values obtained from -
such calculations are of the same order of magnitude as thi 280"
ones obtained in the experiment. It is interesting to note thai 2600[®e ¢ °
the limit on the angular momentum derived in this way is in 2400
agreement with that derived from the analysis of the fission'§ 22003
fragment angular distributions. 2 2000H

g
= 1800
Q

0.75} 0.75

0.5

Measured Ratio, Y;
(=)
3]

0.25] 0.25

Fission Probability, P,

FIG. 11. Measured ratio of transfer-fission yield to PLF singles,
Y;, versus the projectil&p,  (solid squares The net charge trans-

3. Transfer-fission yield 5 1600

The ratio of fission yield to PLF singles yiei has been §14°°
determined by integrating the measured angular distributiong 1200
of fission fragments with respect to the recoiling TLF, de- 1000
scribed in Sec. llIB 1. The observeti values as a function 300F o
of the projectile charg&p  are reported in Fig. 11. It is 600 . 1 e
seen thal; first increases with increasing net charge transfer 0 500 o itude (o 2000 2500 3000

mplitude (arbitrary units)
up to AZ=4 and then shows a plateau around the values
Y;=0.4-0.6 followed by a decrease for the higizetrans- FIG. 12. Identification of TLF events in the BALL detector in
fers. The initial rise of the fission yield is qualitatively ex- coincidence with the PLF triggetp =12.
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confine ourselves to th®#Z=<6 channels in our discussion of
the observed transfer-induced fission yields. It is clear that
only if the first step of the reaction is characterized by a
two-body reaction mechanism, the obserwgdcorrespond

to the fission probability?; and therefore can be compared
with the model estimates &¥; .

Under the assumption of;=P; for AZ<6, the results
reported in Fig. 11 show that the observed average fission
probability for nuclei having atomic numb@k (~92-96 is
P;=0.4-0.6. In an earlier work25], it has been reported
that in deep-inelastic channels of the reaction 618 MeV
86Kr+197Au, P; is close to 100% foZy r~88-89 nuclei.
Since the values d?; reported in Ref[25] were found to be
much larger than those obtained in the reaction 130 MeV
“He+1%7Au [26], the enhancement of the fission probability
was considered due to the higher angular momentum trans-
ferred to TLF in deep-inelastic collisions using heavy projec-
tiles. But it was pointed out that the absolute value of the

- O

measuredP; could not be explained simply by the angular-
momentum-induced effects. A more direct mechanism was
proposed, leading to fission in deep-inelastic collision when
., the heavy fragment is stretched near or beyond the saddle
0 25 50 75 100 125 150 175 200 225 250 point by long-range Coulomb force. Such nonequilibrium
EL (MeV) fission effects have also been reported for the reactions 12.4
MeV/nucleon®Kr on °°zr and 1%%r and 12.5 MeV/nucleon
FIG. 13. Measured ratio of transfer-fission yield to PLF singles **Xe on *22Sn[27]. Therefore, although our present results
Y; as a function of the energy loss for different projecilg . may appear in disagreement with those of R2%J, this may
be also due to the presence of nonequilibrium fission paths in
compatible with that estimated from kinematics corrected foithe reactions induced by Kr projectiles.
energy loss in the target and the pulse height defect in the Si For the sake of comparison with the observed values of
detector. P; for AZ<®6, fission probabilities were calculated by using
To look further in details, the observed values¥Ygffor  the statistical model codeace2 with the level density pa-
some selectedp, ¢ are shown in Fig. 13 as a function of the rametera,=a;=A/12 MeV 1. In these calculations, the av-
measured energy l0$EL). As a general behavior, the mea- erage values oP; were calculated for eacHp ¢, taking
suredY; first increases with EL, then shows a saturation or,jinto account the spread in the excitation energy of TLF nu-
in several cases, it shows a decrease for higher EL. Thiglei, caused by the observed spread in the EL distribution.
decrease is particularly strong in the caseZgfr=8 and 6.  These calculated average value$pfare shown as solid line
This apparent decrease of tNe at higher EL goes against in Fig. 11. The limits on the average valuesRyfdue to the
expectations based on the mechanism of sequential fission epread in the TLF parameters were also calculated and are
TLF following a two-body collision, since the observdd  shown by the dashed and dotted lines. The calculations pre-
correspond to the cumulative fission yield distribution takingdict a rapid rise ofP; with net charge transfeAZ, being
into account multiple chance fission. Thus the observed deslose to the limiting valuePs=1 for values ofAZ=3. It
crease ofY; with increasing EL further supports that the may be pointed out that the use of a larger value of the level
reaction mechanism is more complex in the casd @f>6 density parameter(e.g., a,=A/8, A/10 MeV 1) and/or
and high-energy losses. This is certainly to be expected nat;/a, >1 only results in a higher values & than shown
only due to more complex entrance channel reaction mechan the figure. These results show that the statistical model
nisms such as projectile breakup but also because of sizabjgedictions are severely overestimating the fission probabili-
sequential charged particle decay. ties under all assumptions. In other words, TLF nuclei with
atomic numbeZ =90-96 populated in the transfer reactions
exhibit substantially reduced fission probabilities as com-
pared to the statistical model estimates. Consequently, the
The experimental results reported above suggest that th@dmparison suggests the presence of a significant dynamical
reconstruction of the atomic number, excitation energy, andhindrance to fission.
angular momentum of the undetected targetlike fissioning Furthermore, measureld; data are compared in Fig. 14
nucleus can be reliably achieved only in the case of smalvith earlier results from Gavrort al. [28] for nuclei at
charge transfers, i.eAZ<6. On the contrary, in case of the lower excitation energies. All the nuclei studied in that work
AZ>6 channels, the reaction mechanism might be morexhibit a steep rise dP; at the fission barrier, followed by a
complex than a simple two-body mechanism, making diffi-slight decrease, due to the neutron competition in the second-
cult to reconstruct the TLF parameters. Consequently, wehance fission. The results of Gavretal. [28] together

1| Z.=6
0.5 ++ +“++..

IV. DISCUSSION
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Tl are assumed to be of the order of 10-100 zs. Such larger

L Pa ] | | adU]
! . wpg ! 'A\ a2 fission dynamical times are also indicated by the measured
05 1 & “Z~=‘f05 o w12 prefission neutron multiplicitie29]. Consequently, the mea-
- :‘M: a e " sured fission probabilities at higher energies correspond to
oLt 1o G | the cumulative fission probabilities for the last few stages of
. Ll : Ll . dee>c<jcitation only, thus explaining the trendrRf observed in
10 10 10 10 our data.
;*_? T TR E T TR ~ The suppression of the fission probability at high excita-
S ,;f\ oy L. ampy tion energies has been reported also in earlier studies, includ-
‘§ PR Y =11 . om0 ing transfer-fission channel8,9]. In particular, Eckaret al.
QC-O‘S P ¢ 103 ., | [8] have shown that sequential fission of the excited-target-
g e 1ol 1 like fragments in the*’Ar+2%?Th reaction is significantly -
2 Ll bl hindered even at the excitation energy of 50—75 MeV. In this
10 102 10 102 case,P; values were found indeed to be in the rangePef
[ R [ T e | =0.4-0.7 forZ~89, which is consistent with the present
4 9 Cm observations. In a recent systematic study of pre- and post-
05 7.% ?’:9705 Jg\ “Z;FE: scission neutron emissigi] also, it has been found that the
s T ar data are consistent with the assumption that contributions to
NE 1ola | fission essentially come from the later stages of deexcitation.
bl ] il Furthermore, shell effects were recently observed in the fis-

10 102 10 10° sion fragment mass distributions in a study of th&U

+4Ar reaction[30]. This was also explained by assuming

that the fission does not contribute much at the initial exci-
FIG. 14. Fission probability as a function of excitation energy tation energy of the compound nucleus but only after the

for various TLF. Open squares are results from this work, solidneutron emission. The fissioning nuclei are therefore gener-

circles and open triangles are results taken from R2#]. For  ally cold enough to be influenced by the shell effects.

details see the text.

Excitation energy (MeV)

with our experimental findings indicate that there is not V- SUMMARY AND CONCLUSIONS

much increase in th@; value for all systems above 20-30  |n the present work, the multinucleon transfer-induced fis-
MeV of excitation energy. The saturation of the fission prob-sion reactions induced by 340 Me%#Si on a 232Th target
ability at higher excitation energies means that the fissiomave been studied by using a large-area detection system for
width at these higher excitation is much smaller as comparefission fragments and light charged particles. The projectile-
to the neutron width. As this feature cannot be understood ofike fragments, detected close to the grazing angle, show the
the basis of the statistical model, such a behavior is considexpected transition from quasielastic reaction to the deep-
ered to be a consequence of a large dynamical hindrance t@elastic reaction regime with increasing net charge transfer
fission due to viscosity effec{8]. To have a more quantita- Az. The estimated excitation energy and angular momentum
tive understanding, the calculated neutron lifetimes are retransferred to the targetlike fragments also increase with in-
ported in Fig. 15 as a function of the excitation energy ofcreasingAZ and the inelasticity of the reaction.
TLF nuclei having different atomic number. It appears from  The analysis of the light charged particles emitted in co-
Fig. 15 that these heavy nuclei will predominantly decay byincidence with PLF’'s demonstrates that only those events
neutron emission, without any significant fission, at excitawhich do not result in TLF fission give rise to a sizable light
tion energies above 30-50 MeV, if fission dynamical timescharged particle emission. It is inferred that one can reliably
reconstruct the charge, excitation energy, and angular mo-

106 mentum of the fissioning targetlike nucleus for the transfer
105 = channels up tAAZ=<6. For the corresponding TLF nuclei,
L\ O Zw=8 statistical model calculations predict a very high fission
—~ 104 v 0 Zw=9 probability (P;~1), at the excitation energies and spin val-
3 I v ?"f 1‘1’ ues populated in these reactions. On the contrary, the mea-
~ &y . T2 sured ratio between transfer-fission and PLF singlgs
+~ 102} 0y o Zn=13 which can be identified as the fission probabilRy in the
10 qjﬁogog case ofAZ=<6, remains in the rang¥;=0.4-0.6, implying
D that there is a sizable survival probability of TLF nuclei

‘ : : ' : against fission. It may be stressed that because of the low
0 20 40 60 80 100 120 fission barriers of the populated targetlike nuclei, model pre-
E, (Me\/) dictions are quite insensitive to the excitation energy and the
angular momentum assumed to be transferred to TLF's in the
FIG. 15. Calculated neutron emission lifetimes versus excitatiorcollisions. The measured fission probabilities &£<6 can
energy of targetlike nuclei foa,=A/12 MeV 1. be explained only by invoking large fission dynamical times
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of about 10-100 zs. Indications of such large dynamicabf low fission barriers and high excitation energies. It would
times have been also been obtained by the pre-scission netlrerefore be of interest, from the point of view of maximis-
tron multiplicity measurements in this mass region. Conseing the cross sections for the synthesis of heavy and super-
quently, the results reported in this work have shown that irheavy nuclei, to consider the use of neutron-rich radioactive
the case of TLF's withZ=90-96, although the composite beams at above-barrier energies on actinide nuclei since the
system was populated at high excitation energies, the fissidiused system is expected to preferentially cool down by neu-
mostly takes place from a rather cold nucleus after a substatron evaporation and rather than by fission in the initial
tial neutron emission in the initial stages of the deexcitationstages.
chain.

It is worth mentioning that multinucleon transfer reactions
at energies close to the reaction barrier have been already
used for nuclear spectroscopy studies in the Rn, Ra, and Th Thanks are due to the Laboratori Nazionali di Legnaro for
regions|[2]. Such reactions were also indicated in the past aproviding excellent beams. A.S. and D.C.B. thank INFN for
a useful tool to produce superheavy elemdBts. The re-  supporting their stay in Italy during the experiment. Techni-
sults reported herein show that in the excited actinide nucletal support from A. BoiandNapol) and M. CaldogndPa-
there is not much significant competition from fission in spitedova during the experiment is gratefully acknowledged.
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