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Entrance-channel effects in quasifission reactions
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The entrance-channel dependence of the distribution of reaction strength has been studied for three systems,
namely 32S+ 183y, 48Tj+ 166y and 5Ni+ 15Sm, which all lead to the compound systéiTh in complete
fusion reactions. The cross sections for elastic/quasielastic scattering, deeply inelastic, and fissionlike processes
were measured at beam energiesEgf, =166, 177, 222, 260 MeV fof?S+ 183w, E,,=220, 240, 270, 298
MeV for “8Ti+ 16%Er, andE ,,=339, 390, 421 MeV fof°Ni+ 1%Sm, respectively. The maximum contribution
of complete-fusion fission processes to the fissionlike cross section is estimated on the basis of expected
angle-mass correlations for such reactions. The results show a strong entrance-channel dependence as predicted
by the extra-push model.

PACS numbdis): 25.70.Jj, 25.85-w

[. INTRODUCTION tory calculations that include the effects of the potential en-
ergy surface, the mass tensor and one-body dissipation. The
Quasifission processes have been experimentally identmodel shows that the quasifission processes occur in heavy
fied as a substantial component of the total reaction crossystems for partial waves leading to a strong overlap of the
section for low energy< 10 MeV/u) heavy-ion induced col- two interacting ions in the entrance channel. This allows for
lisions where the projectile mass exceeds 20 mass unit@pid mass transfer and energy equilibration between the two
[1-6]. Quasifission reactions are binary processes that exons that reseparate without having gone through a complete
hibit some of the characteristics of fusion-fission eventsfusion stagg2—6]. The term quasifission arises from the fact
such as a full relaxation of the relative kinetic energy and dhat final distributions in mass and kinetic energy resemble
considerable transfer of mass between the two fragment#hose of normal compound fission. By virtue of describing
The basic difference between fusion fission and quasifissiothe reaction dynamics in the entrance channel, this model
is that compound nucleus formation is not achieved in thepredicts strong and well defined entrance channel depen-
latter mechanism. Quasifission can be thought of as a bridgéences for the quasifission process.
between deep-inelastic scattering, where the relative kinetic To test these two interpretations of the quasifission pro-
energy between the fragments can be fully damped, but theess, we have measured the angular distribution of the reac-
mass asymmetry of the entrance channel is mostly preservelion products for three different projectile-target combina-
and compound nucleus fission reactions, where all memorijons at several bombarding energies, all leading to the same
of the entrance channel is lost. compound nucleug'*Th. We studied the distribution of the
One possible explanation for the occurrence of quasifisteaction strength and the characteristics of quasifission for
sion in reactions induced by heavy projectilég,=20, is the reactions®S+ 83y, *Ti+ %%y, and °°Ni+ *‘Sm. The
that in these cases the angular momentum brought into th@sults for the®’S+ 8w reaction presented here have been
system is large enough to cause the disappearance of tigblished previously10].
fission barrier at large partial waves. Without a fission bar- Section Il describes the experimental setup. In Sec. lll we
rier, compound nucleus formation cannot take place. In thiglescribe the data analysis procedure, while Sec. IV deals
interpretatior{ 7], the onset of quasifission is a static propertyWwith the discussion of our results.
of the completely fused system, independent of the formation
process, as long as the angular momentum involved is large
enough to make the fission barrier disappear. The relative
importance of quasifission would then depend strongly on The experiments were carried out at Argonne National
the bombarding energy, accounting for an increasingly largetaboratory, using beams from the superconducting linear ac-
fraction of the total reaction cross section as more angulacelerator ATLAS. Figure 1 shows a sketch of the experimen-
momentum is brought into the reaction. tal setup, while Table | lists the relevant parameters for the
The extra-push model proposed by Swiatef@&] pro-  reactions studied. Only in the case of tf&S induced reac-
vides another interpretation. It is based on dynamical trajections were fissionlike fragments detected at backward angles;
the heavier projectiles imparted more forward momentum to
the system, and the energy of the fissionlike fragments emit-
*Now at GSI, D-6100 Darmstadt, Germany. ted in the backward direction in the laboratory frame was too
"Now at University of Kansas, Lawrence, Kansas 66045. low for detection. The reaction products were detected in 400
*Now at Brookhaven National Laboratory, Upton, New York. mm? silicon surface barrier detectors operated in singles
SNow at Lawrence Livermore National Laboratory, Livermore, mode, and positioned at distances of 40-70 cm from the
California 94550. target. An additional small area silicon detector was used to

Il. EXPERIMENT
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F4 nary reaction channel. This assumption is well justified by
the systematics for fission fragment folding angle distribu-
tions, which show that incomplete momentum transfer reac-

_,Kz tions are strongly suppressed at beam energies below 10

MeV/u [11]. Furthermore, since the targets used in this ex-

periment, 1%Sm, *%r, and 18w all have very high fission

barriers, sequential fission following transfer and inelastic
scattering reactions is strongly suppressed and is not ex-
pected to contribute to the observed fission yield.

Several corrections to the measured energy and time-of-

Target

xS e flight of the fissionlike fragments were made in order to
A / carry out this reconstruction. The observed energy and time
X Monitor signals were corrected for the pulse-height defect and plasma

delay associated with the measurement of heavy ions in sili-
con detectors. The pulse-height defect causes a reduction of
F5 the observed energy relative to the true energy, and the
plasma delay refers to the delay of the timing signal with
FIG. 1. Typical detector arrangement used in the present work. respect to the time of arrival of the ion in the detector. These
effects are caused by the creation of a high-conductivity
monitor Rutherford scattering at forward angles for crossplasma along the trajectory of the heavy ion in the detector,
section normalization. The silicon detectors measured botyhich allows for the recombination of electron-hole pairs
the energy of the reaction products and their time of flightthys decreasing the amplitude of the energy sigrad
with respect to the time structure of the beam. The pU|se‘§etards the charge collection procétisereby slowing down

beam had a repetition rate of 12 MHz, or 82 ns betweenye timing signal [12]. We have corrected for pulse height
beam bursts. This time interval between bursts was adequaigetect following the empirical formula of Ogihaea al.[13],
since typical flight times for fission fragments ranged up to, 4 studied the systematics of the pulse height defect phe-
approximately 60 ns. The overall time resolution for the elas. /-0 "o silicon detectors for a variety of ions ranging
tically scattered beam particles was of the order of 300 ps. rom 12C to 127

The energy calibration for the detectors was obtaineJ The ol 'd | ti dtod d lin-
from elastic scattering data at the different beam energies and € plasma defay correc |9n was assumec to gepend in
by measuringx particles and fission fragments emitted from early on the fragment mass; the constants for the plasma

a 25Cf source. Detector solid angles were calculated fromd,elay correction were determined from the measured time

the aperture area and distance from the target although ttgnals for the elastically scattered projectile ions and the
relative solid angle between the detectors was determinegPrresponding recoils by comparing them to the expected
with higher precision by counting particles from a25%Cf flight times. The pulse helght defect was typically of the
source placed at the target position. The time dispersion@rder 8 MeV for symmetric fragmentsA107) at 160
were measured using a pulser triggered by a signal deriveifeV, while the plasma delay was less than 1.5the typical
from the linac radio frequency. The offset of the time cali- flight times for fission fragments were 50 ns.

bration was computed at each beam energy from the mea- We also corrected the measured fragment energy for
sured position of the elastic scattering peak in the time spedosses in the target material, target backing, and the front
trum and the known flight time from the target to the gold electrode of the detectors, as well as for post-fission
detector. neutron evaporation, usually 2—-5 mass uiiitepending on
the bombarding ener@glyWe estimate that the combined un-
certainty from these corrections translates into a 3—4 mass
units uncertainty in the fragment mass.

The analysis of the data was carried out by reconstructing A typical two dimensional spectrum of the total kinetic
the primary reaction kinematics event by event. The massnergy(TKE) vs fragment mass obtained with this analysis
and kinetic energy of the primary fragments in the center-ofis shown in Fig. 2. The TKE is defined as the total center-
mass system were determined for each event assuming a lgit-mass kinetic energy of both fissionlike fragments. The dif-

ferent components of the reaction cross section are readily

IIl. DATA ANALYSIS

TABLE I. Reaction parameters. identified: elastic/quasielastic scattering, deep-inelastic scat-
tering, and fissionlike processéssionlike includes both fu-
Target sion fission and quasifissipnThe fissionlike fragments fol-
Beam energy  thickness 6y low the behavior expected from the Viola systemafit4],
Projectile  Target (MeV) (nglen) (deg) i.e., the total kinetic energy is given by the Coulomb repul-
32g 183y 166,177,222,260 100 10-170 sio_n between the t_wo deforr_ned fragme_nts_, _at the scission
487 166, 220,240,270,298 60 1095 Point. In the followmg, we discuss the individual compo-
60N 1545, 339,390,421 180 10-90 Nents of the reaction cross sections, namely elastic/

quasielastic scattering, deeply inelastic scattering and fis-
aAll targets were evaporated on a thin 20 wg/cm?) carbon foil.  sionlike processes.
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Angular distributions for the individual components of the Ogr ORuth

reaction cross section are obtained by applying the appropri-

ate laboratory to center-of-mass Jacobian and normalizatiofne resulting values ofr,,. are listed in Table Il. We ob-
factors to the two-dimensional spectra of total kinetic energyserve a good agreement between this estimate,gf. and

TKE vs fragment mass spectra. We thus determined thghe sum of the deep-inelastic and fissionlike reaction cross
center-of-mass angular distributions and angle-integratedections determined directly from the data. This shows that
cross sections for the elastiquasielastic, deep-inelastic, the reaction channels measured in the present experiment
and fissionlike processes. exhaust the full reaction cross section.

A. Elastic/quasielastic scattering B. Deep-inelastic scattering

In the present analysis, we include all processes with an The deep-inelastic events are identified as those with
energy dissipation of up to 8—15 Me\&(6% of the elasti- greater energy dissipation than the elastic/quasielastic com-
cally scattered projectile energinto the elastic/quasielastic ponents, namely energy losses larger than 8—15 MeV, and
yields, since the energy resolution is insufficient to distin-masses within=20% of the projectile mas&.g., =10 mass
guish between elastic scattering, inelastic excitations, andnits in the case of*Ti+%%Er). A representative deep-
transfer processes. An example of the window used for cominelastic window used in the analysis is indicated in Fig. 2.
puting the cross section is shown in Fig. 2. The resultingThe angular distribution of deep-inelastic products is ob-
ratio of elastic/quasielastic cross sections to the Rutherforthined by integrating over fragment mass and total kinetic
cross section for each of the entrance channels studied energy using the appropriate Jacobian in the transformation
shown in Fig. 3. The data exhibit the expected behavior, i.e from the laboratory to the center-of-mass frame of reference.
the ratio remains constant up to the grazing angle, beyond@he results are displayed in Fig. 4. The solid curves through
which it decreases exponentially as the interaction strength ithe data were used to compute the angle-integrated cross
removed from the elastic channel into the deep-inelastic andection; the dashed curves represent an attempt at estimating
fissionlike processes. We note that the grazing angle movdke error in the cross section. Comparing Fig. 4 and Fig. 3,
forward with increasing bombarding energy; at the lowestwe see that the deep-inelastic cross section peaks near the
energies, the grazing angle is so far back that deviations fromgrazing angledy,, as has been previously obser{&d]. The
Rutherford scattering could only be seen in the case ofleep-inelastic contribution could not be separated from the
325+ 183y where detectors covered the full angular range uslit scattered beam at the most forward angles. However, it is

to 0 1,=170°. believed that the main component of the deep-inelastic cross
We used the sum of differences metHdd] to determine  section is covered by the measurement.
the total cross section for damped reactiong,., from the The angle-integrated cross sections for deep-inelastic

elastic/quasielastic angular distributions. According to thisscattering,op, , are listed in Table Il. The errors iop,
method the damped reaction cross sectiq.is given by include an estimate of the uncertainty in the extrapolation of
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the cross section to the forward angles. We observe that the 1. Angular distributions

deep inelastic process constitutes a substantial fraction of the 114 angular distributionlo/dQ of fissionlike fragments
reaction cross section in all the reactions studied here, eveg, the 325+ 183y channel is shown in Fig. 5. The standard
at the lowest beam energies near the barrier. formalism for angular distributions of compound nucleus fis-
sion is given by[16]
C. Fissionlike processes - |
1
The fissionlike processes are characterized by total kinetic W(fem) = ,20 2+ )K;, E(ZI FDp(K.

energies which are well described by the Coulomb repulsion
between the fragments at the scission pésee Fig. 2 For X|dbx(Oem)|. )
the 3°S+ 18w and “®Ti+ 5¢r reactions the fissionlike pro-
cesses are clearly separated from the deep-inelastic processsre, | is the spin of the fissioning syster, is the projec-
centered at the masses of the target/projectile combinatiofiion of the spin on the symmetry ax‘nth(aC_m) is the sym-
However, for the®Ni+ 1%Sm system this separation is less metric top wave functionP(1) is the partial wave distribu-
pronounced, which contributes to the error on the cross setion as given by the extra-push modél, andp(K,!) is the
tion estimates in this case. saddle pointK distribution assumed to be a Gaussian with

TABLE Il. Angle-integrated cross sections.

Ejab Oreac Op.. T s Op.. Ofis OC.F,max
Reaction (MeV) (mb) (mb) (mb) (mb) (mb)
32g 4 183y 166 36530 355+ 65 175+ 65 180+ 20 <25
177 680+ 50 630+ 70 21055 420+ 45 <270
222 1550- 100 1375- 125 430+ 75 945+ 100 <375
260 197G- 100 1830-220 605+ 160 1225-150 <545
48T 4 166 220 80+ 16 80+ 16 <50
240 675-175 685+ 125 310+ 100 375-75 <150
270 117G-100 1210205 500 150 710+ 140 <265
298 1620-60 1675270 750 200 925+ 180 <345
60Njj + 154Sm 339 1345150 1295+ 190 395+60 900+ 180 <205
390 1880 150 179G 260 530t 65 1260+ 250 <195

421 2100-150 198@G- 310 620160 136@-270 <310
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FIG. 4. Angular distributions
for deep-inelastic scattering are
shown. The solid curves represent
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which the angle-integrated cross
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E curves.
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varianceK2. The solid curves in Fig. 5 are fits to the data Since the angular distribution data extend to backward
using Eq.(2). The two parameters that are varied in the fitangles it was possible to make an accurate determination of

are the overall normalization and the variance of khédlis-

the anisotropy, W(180°)MW(90°), and, consequently, of

tribution, K2, which is related to the angular anisotropy in K§. Figure 6 showsk§ as a function of the mean square

the angular distributionyv(180°)MW(90°), through the ap-

proximate expression

W(180°) 1t (12)
W(90°) ' 4K2’
10° . T y T T
260 MeV
(x2)
% 10°
£
@
3
©
177 MeV
166 MeV
10" | ]
0 310 6|0 9I0 150 1tl'>0 180
6, (deg)

)

angular momentum for thé®S+ 83N reaction. Also shown

are the predictions foK(Z) given by the saddle point model
[16] using moments of inertia obtained from the finite range
liquid drop model[18] (solid curve, and the scission point
model[19] (dash-dotted curye The measured values Kf%

are smaller than the saddle point predictions, indicating the
presence of a larger than expected anisotropy, which is one
of the possible signatures of a quasifission component. Since
the experimental values lie between the saddle and scission
point predictions, another possible interpretation is that the
K2 distribution is frozen sometime during the evolution of
the system from the saddle point to the scission point. This
alternative has been discussed in R8f, where it was con-
cluded that the deviations in the angular distribution are due
to the failure to achieve complete fusion, and not to a defi-
ciency of the saddle point model.

For the “Ti and ®Ni induced reactions, we show the
angular distribution for fission fragments for individual mass
bins in Figs. 7 and 8. The solid curves are fits to the experi-
mental data using Ed2) folded with an exponential decay
function to reproduce the evident forward-backward asym-
metry present in the data, i.e.,

do

=21 Sing, el Pem=m2DW( 4, ). 4
dfcm.

In these calculations the overall normalization and the angu-
lar slope parametep3, were varied to reproduce the angular
distributions. The variance of thi distribution, K2, was
fixed to the average of the values that produced the best fits

FIG. 5. Angular distributions for fissionlike fragments for the for the mass bins near and at symmetry. We note that the
reaction 325+ 184w, Solid curves represent the best fit to the datamass binA=106-110 corresponding to the symmetric mass
obtained by varying th&, parameter.

split is forward-backward symmetric as expected for binary
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reactions in all cases. For lighter fragment masses we find a

large a”g“'ar as_ymmetry, with the _I'ght, fragm_ents be!ng FIG. 7. Differential cross sections for fissionlike fragments for
preferentially emitted in the forward direction. This behavior y,q 487 1 166 reaction for different fragment mass bins. The solid
is inconsistent with the binary decay of a completely fusechoints correspond to the mass i as indicated, whereas the open
system, and it is an indication that the reaction time is shortepoints belong to the mass bix  — A plotted atr— 6. ,, reflecting

or comparable to the rotational period of the interaction comihe kinematic symmetry for two-body kinematics. The solid lines

plex. are best fits to the data using E¢).
The above expression does not derive from any theoreti-
cal model of quasifission reactions, but is designed to ac- 2. Cross sections
count for the observed exponential behaviordaf/d o, The total cross sections for fissionlike processes were ob-

Assuming that the quasifission reactions correspond to pagined by integrating the differential cross sections for each
tial waves smaller than those for the deep-inelastic scatteringombarding energy. The resulting excitation functions for the
reactions and having longer interaction times, one would exangle-integrated cross sections are shown in Fig. 10 as solid
pect that the angular distribution of quasifission fragmentsgircles and listed in Table . The figure also shows the cross
|do/d6cm|a, in the mass range near the projectile wouldsections for damped reactionsp | + o4, the sum of the
peak at an angle slightly forward of the maximum of the measured deep-inelastic and fissionlike cross sections as
deep-inelastic angular distributidindicated by the arrows filled squares, and the estimate of the maximum fusion-
in Fig. 8 for the ®™Ni+ *>“Sm reaction The angular distri- fission contribution,oc g max the determination of which
butions for the mass biA=56—60 do not show any indica- will be discussed in detail in Sec. IV D. The sum of deep-
tion of such a peak, however, but continue to rise exponeninelastic and fissionlike cross sections exhausts, within er-
tially toward smaller angles as do the distributions for otherors, the total cross section for damped reactions derived
mass bins. In fact, the angle of maximum cross sectionfrom the elastic/quasielastic angular distributions; see Table
do/dé. ., appears to lie within the rangg=0°-20°. Il.

Figures 7 and 8 show that the angular asymmetry devel- The solid curves in Fig. 10 result from an extra-push
ops and increases with mass asymmetry. This trend is momodel calculation using the parameters obtained by Shen
directly displayed in Fig. 9, where the slopes, expressed it al. [5,6]; ooucn IS the cross section for overcoming the
terms of the paramete8, are shown for the®®Ti and ®Ni interaction barrier, and it includes deep-inelastic, quasifis-
induced reactions. The slopes are seen to develop graduakyon, and fusion-fission processes;,, is the cross section
with mass asymmetry for both reactions, albeit at a highefor capture behind the conditional saddle point, i.e., quasifis-
rate for the *Ni+ 15%Sm reaction than fof®Ti+ '%Er. The  sion and compound nucleus fission. In this model, the colli-
curve for 339 MeV®Ni+ %“Sm shows a small kink in the sion dynamics are considered explicitly along the whole re-
region of the projectile mas&=60 possibly indicating a action path. The model is very successful in describing the
contamination from deep-inelastic scattering events. capture cross section for th€S and*®Ti induced reactions,
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while it underpredicts the measuréiNi+ %“Sm capture
cross section. This discrepancy may be caused by the un-
avoidable inclusion of some deep-inelastic contribution in
the analysis of the fissionlike data. The model is less success-
ful in accounting for the deep-inelastic cross section,
BTiv®Er ONi+'%*Sm Tiouchi™ Tcap- The calculation u.nderpredicts the datfa, possi-
bly due to the model assumption that deep-inelastic scatter-
. . . i . . ing processes are associated only with trajectories which pro-
298 MeV 421 MeV ceed inside the interaction barrier.
0.00
3. Mass distributions
-0.02 o o
The mass distributions for the fissionlike fragments for
0.04 the “8Ti+ 1%%Er and ®™Ni+ 1%“Sm reactions were extracted by
integrating the angular distribution for each mass bin and are
-0.06 : t t t ' t shown in Fig. 11. The solid dots were derived from the total
270 MeV 390 MeV fissionlike cross section, while the open circles correspond to
000 the maximum forward-backward symmetric angular distribu-
002 tion (obtained from the fit to thé& =107 mass bincommen-
’ surate with the data points at backward angles. The solid
0.04 curves are discussed in Sec. IV D 3.
The standard deviations of the mass distributions for total
-0.06 ' ' ' ; " " fissionlike fragmentsg, , are shown in Fig. 12 as a function
220, 240 MeV 339 MeV of the excitation energy at the scission poiEf,, which is
0.00 —-——?—;::;Q—;Wg— calculated as follows:
002 1 ] Ef= EexcT stm_ Ex —Eder— Erot- 5
O—0 220 MeV
004  e—e240 1 Here E., is the excitation energy of the compound system,
. ) ' . . . Qsym is the Q value for symmetric fissionky is the total
008 T 60 80 100 40 60 80 100 kinetic energy estimated from the Viola systematjdd],

E4ef accounts for the fragment deformation eneftpken to
be 12 MeV}, andE,; is the rotational energy at scission.

The solid line in Fig. 12 is the expected dependence of the
width of the mass distribution on the excitation energy at the
scission point, as derived from the statistical model treatment
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model predictionso . (thick solid curve,

T capture (thin solid curve, and oygion (lONg-
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of the mass asymmetry degree of freedom, and consistettitis point, 50% of the cross section corresponds to angular
with the fusion-fission mechanism. Here it is assumed thamomenta for which the fission barrier has vanished, in a
the mass asymmetry potential can be approximated by sharp cutoff approximation. Data points above this limit
parabolic shape therefore must have a quasifission contribution of at least
50%. The fact that the reduced mass widthg,/(E ™),

1
U(A)=§k(A—As)2, (6)
“Ti+ *Er *Ni+"*Sm
whereA is the fragment mas#\s is the mass for symmetric
fragmentation Ag= 107 for 21Th), andk is a stiffness pa- - - - - - -
rameter for the mass asymmetry degree of freedom. A statis- 190 [ 0 ey & 11 421 MeV y
tical model treatment leads to a variance of the fragment > e s
. . . . | Q ’ . | W Jd
mass distribution given by 100 L
o <, = oo =
= o o ) 4
L T_1 [BET - sor S/ \% {1} . L
ATk kY A y o
0 . : i
whereT is the scission point temperature aAds the mass ~ '*°T .\ 17 390 Mev 1
of the system. The value of the stiffness parameter, g o f: 1‘;
k=0.0048 MeV/\f is determined from mass distributions for € 1 & % 17 il 1
the reactions'?C,%0+ 2%%Pb [20] leading to compound nu- o d, é ot %
clei of 2®Ra and???Th. These are close to tifé*Th system 8 50f SN\= 1T s o2 5]
under study, but less likely to be contaminated by quasifis- 9 o F,af \qs
sion reactions and suffer from possible effects of high angu- 0 t ; i ;
lar momenta. %o r . 17 3OMeV |
Figure 12 illustrates that the mass widths for &+ ©
AN and “Ti+ 1%%Er reactions are essentially in agreement 100 f 17T !I II 1
with the statistical model expectation although some devia- & ™,
tions occur for the lower points for th&Ti+ 1%Er system. 50 | P 1F °o_o 1
However, the data for th&°Ni+ 3“Sm reaction displays a TN x ol
strong deV|a_t|_0n_ from this model indicating the presence of a O T e T 1m0 0 100 1e0 500
strong qua5|f|SS|0n component. Fragment Mass (u) Fragment Mass (u)

In order to explore the possible effects of angular momen-
tum on the observed mass widths, we have in Fig. 13 plotted G, 11. Mass distributions for fissionlike fragments are shown
the parametetr,/(E*)** as a function of the mean square a5 soiid points for the*®Ti+1%r (left panel$ and ®Ni+ 1%‘Sm
angular momentur‘(ﬂ 2> associated with the fissionlike cross (right panel$ systems. Open points represent upper limits imposed
section in order to remove the temperature effects. The measy requiring only forward-backward symmetry for each mass bin,
square spin for which the fission barrier is expected to diswhereas the solid curves represent upper limits for complete fusion;
appear, (szo)2 [18], is indicated by an arrow. Note that at see text.
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FIG. 12. The standard deviation of the mass distribution for
fissionlike fragments is showtsolid points as a function of exci- FIG. 13. The standard deviation of the mass distributions for
tation energy at the scission poif;", and compared to the sciss- fissionlike fragmentgsolid symbol$ are plotted as a function of the
ion point model estimatgsolid curve, Eq(7)], normalized to data mean square angular momentuh?), and compared to scission

with *2C and '®0 beamg20] (open circles point model predictior(solid line).

follow the expectation based on a statistical equilibrium aOMPIete fusion, by requiring that each of these observables
the scission point even well above this point for &+ fulfill the expectations for fission of an equilibrated com-
183 and “®Ti+ 1% systems shows that this parameter byPoUnd nucleus.

itself is not necessarily a reliable indicator for the onset of
quasifission reactionf7]. The mass widths for thé%Ni+ o . -
1595m system, however, are substantially larger than ex- In compound nucleus fission, there is no preferential di-
pected on the basis of this model, although the mean squaFSCtion for the emission of fission fragments in the center of
spin at the lowest beam energy is similar to those of thd"aSS System, except for the anisotropy introduced byKthe

. . is 48T, 16 _ component of the angular momentum; the angular distribu-
highest energy points for ti¥S+ "W and **Ti + *%Er sys tion for any given mass bin is therefore forward-backward

tems. This effect is therefore associated with the more sym . 7 L . .
metric entrance channel and it is in qualitative agreemen ymmetn_c. Since fission is a binary Process, this symmetry
: . Iso implies that the mean mass of the fission products does
with the expectations of the extra push _mo_fﬂﬂ‘ not depend on the center of mass angle. Quasifission pro-
In a quasifission process, the projectile-target systeMegqes hypass the compound nucleus stage and can occur in
separates before the mass asymmetry degree of freedom hgSe scales shorter than the rotation period of the system.
been fully equilibrated, and we therefore expect deviationsrnis can lead to a broken forward-backward symmetry of the
from the above deduced expression for the width of the masgngular distribution for a particular fission fragment mass, or
distribution. In the case of the asymmetric channels that weonversely, to an angular dependence of the mean fragment
used to reach?*Th, a possible signature for quasifission mass. A broken fragment mass symmetry is not always ob-
would be a Iargera,i compared to the compound nucleus served in quasifission reactions. If the time scale for quasi-
prediction[7]. fission equals several rotational periods of the projectile-
target system, this signature will be washed out. As an abso-
lute, model independent, upper bound on the complete fusion
D. Upper limits for complete fusion cross sections cross section we therefore include only that fraction of the
In our study of entrance-channel effects on quasiﬁssionCrOSS gecuon th{;\t obeys this symmetry. .Th's 'S.S*.‘O"Y” as
Open circles in Fig. 11. However, more stringent limitations

we focus on three different signatures of this process: angu-

lar anisotropies that are larger than predicted by the quuidgnse from the requirement of the angular distributions and

drop model: broken fragment mass symmetry betweeaSs widths expected for compound fission as discussed be-
forward-backward directions in the center of mass; and alkow.
increase in the width of the fragment mass distribution com-
pared to the widths expected for fusion-fission. In this sec-
tion we attempt to estimate the largest fraction of the ob- In the quasifission process the compact saddle point is not
served fissionlike cross section which may arise fromreached, and thK distribution may correspond to a statisti-

1. Forward-backward asymmetry

2. Angular anisotropies
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cal equilibrium at shapes more elongated than the true sadd®mplete fusion found in this analysis are much lower than
point or it may not be equilibrated at all. K distribution  the limits set by theB;>0 criterion indicating that the re-
which is narrower than predicted by the saddle point modestrictions set by the extra push model are effective for most
results in larger anisotropies of the fissionlike fragmé@ls  of the data, except the highest energy point for each system.
Following the method of Ref[3], we have estimated the |t is evident that the overall trend OF ¢ f.max iS in good

maximum compound fission cross section by assuming @greement with the expectation based on the extra push
sharp division in angular momentum spacel,&t, between  model.

compound fission and quasifission, and fitting the angular oyeyer, comparingre £ mato the short-dashed curves
distribution by varying the value dt . The assumption for ;. Fig. 10, which reflects the conditidB,>T (T is the tem-

the parameter/,/ 7o, controlling the angular distributions perature of the compound nucléwss suggested by Gavron

Iﬁr b;;tshfl‘gg/‘\fone:“s a;ﬁ |dfer:lt|cal tol tho;etqg Fféﬂn Ftor et al.[21], we see that most of the data satisfies this criterion
€ system the qull anguiar distrioutionnte- ., complete fusion keeping in mind that the experimental
grated over all fission fragment masg@gs used whereas . - . .

- . 48Ti 4 16 points are upper limits. It is, however, not entirely clear how
only the A=107 mass bin was used fdPTi+™™Er and stringent this more restrictive criterion is. Thus recent studies
60N+ 154Sm. The resulting estimate of the maximum com->. "9 e '

[22] have shown that the fission process can be strongly re-

plete fusion-fission cross sections &6+ 8V are listed in . o : .
Table II. For the®Ti+ %r system only the data for bom- tarded at high excitation energies due to the dynamics of the

barding energy of,,, = 270 MeV was of sufficient quality progess._This allows neutron emission to compete fa_vprably

to perform this analysis, which resulted in an upper complet@9@inst fission and may allow the system to cool sufficiently

fusion fraction ofoc/oss = 44%. This fraction was used to relax this limit substantially before fission tak_es place_. T_he

at the other beam 'e'nergies measured for this system. THY¥esent data therefore appear to show dynamical restrictions

maximum complete fusion fractions for symmetric fission infor complete fusion over and above those dictated by the

the ®Ni+ 1%'Sm system wererc £/ s = 42, 32, and 45% stability of the fused system.

for beam energies of 339, 390, and 421 MeV, respectively.

These estimates are clearly model dependent. The sharp di-

vision between complete fusion and quasifission in angular V. SUMMARY AND CONCLUSIONS

momentum space is an oversimplification and the value of o ) . .

the parameter.Z,/ 7.4 = 1.5 for all quasifission events is _ FuII_ angular _d|str|but|_on§ fqr elastic/quasielastic, deep-

somewhat arbitrary and does not reflect the dependence dpglastic scattering and fissionlike processes have been mea-

the various parameters controlling the reaction dynamicsSured for three projectile-target combinations leading to

However, despite the crude assumptions underlying thi$™‘Th in complete fusion. A complete accounting for the re-

analysis we believe that it reflects the salient features of th@ction cross section was carried out by comparing the sum of

reaction and we assign an error of abat®5% to this esti- the individual component&leep inelastic plus fissionlike re-

mate of the upper limit of the complete fusion cross sectionactions to the total cross section for damped reactions de-

rived from the angular distributions for elastic/quasielastic
scattering. Evidence for quasifission was observed by com-

3. Width of mass distributions paring the angular anisotropy with predictions of the saddle

For compound nucleus fission, we expect that the width opoint model for the3’S+ 184w system.
the fragment mass distribution will be a smooth function of Upper limits for complete fusion fission were determined
the temperature at the scission point and that it is indeperby requiring that this component of the cross secti@n
dent of the entrance channéxcept for possible angular exhibit forward-backward angular symmetry for all mass di-
momentum effecls In quasifission reactions, however, the visions, and show?2) angular anisotropies, ar8) fragment
projectile-target system separates before the mass asymmetnass widths, of a magnitude expected for compound nucleus
degree of freedom is fully equilibrated, and deviations maydecay. This analysis reveals that only a small fraction of the

therefore be expected. In the case of the asymmetric channedsaction cross section is associated with complete fusion for
that were used to reaclt“Th, a possible signature for quasi- the 48Tj+ 66 and 5Ni+ 5Sm systems, the remainder be-

fission would be an increasing variance of the mass distriblung attributed to quasifission processes.

tion. The estimate of the maximum compound fission cross The cross section data show good agreement with the pre-
section is therefore obtained from Gaussian mass distribWwictions of the extra push model, and, in particular, the ob-
tions with a standard deviation given by K@) (solid curve  served upper limits on the complete fusion component ap-
in Flg 13 and normalized to the Complete fusion fraction for pear to be Suppressed by the reaction dynamics contained in
the symmetric mass obtained from the analysis of the angulahjs model over and above the requirements of relative sta-

distribution. The corresponding mass distributions are showBi”ty of the compound system in terms of a nonvanishing
as solid curves in Fig. 11. fission barrier.

The final estimates of the upper limit for the complete
fusion cross section are listed in Table 1l and shown as filled
triangles in Fig. 10, where they are compared with the pre-
diction of the extra push modélong-dashed curveaising
the parameters of Ref5]. The dotted curves represents the  This work was carried out under the auspices of the U.S.
contribution too,,cn from partial waves for which the fission Department of Energy under Contract No. W-31-109-Eng-
barrier is positivepr>0. We find that the upper limits for 38.
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