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Entrance-channel effects in quasifission reactions

B. B. Back, P. B. Fernandez, B. G. Glagola, D. Henderson, S. Kaufman, J. G. Keller,* S. J. Sanders,† F. Videbæk,‡

T. F. Wang,§ and B. D. Wilkins
Physics Division, Argonne National Laboratory, Argonne, Illinois 60439

~Received 25 October 1995!

The entrance-channel dependence of the distribution of reaction strength has been studied for three systems,
namely 32S1182W, 48Ti1166Er, and 60Ni1154Sm, which all lead to the compound system214Th in complete
fusion reactions. The cross sections for elastic/quasielastic scattering, deeply inelastic, and fissionlike processes
were measured at beam energies ofElab 5166, 177, 222, 260 MeV for32S1182W, Elab5220, 240, 270, 298
MeV for 48Ti1166Er, andElab5339, 390, 421 MeV for60Ni1154Sm, 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 number~s!: 25.70.Jj, 25.85.2w
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I. INTRODUCTION

Quasifission processes have been experimentally id
fied as a substantial component of the total reaction c
section for low energy (<10 MeV/u! heavy-ion induced col
lisions where the projectile mass exceeds 20 mass
@1–6#. Quasifission reactions are binary processes that
hibit some of the characteristics of fusion-fission eve
such as a full relaxation of the relative kinetic energy an
considerable transfer of mass between the two fragm
The basic difference between fusion fission and quasifis
is that compound nucleus formation is not achieved in
latter mechanism. Quasifission can be thought of as a br
between deep-inelastic scattering, where the relative kin
energy between the fragments can be fully damped, bu
mass asymmetry of the entrance channel is mostly prese
and compound nucleus fission reactions, where all mem
of the entrance channel is lost.

One possible explanation for the occurrence of quas
sion in reactions induced by heavy projectiles,AP>20, is
that in these cases the angular momentum brought into
system is large enough to cause the disappearance o
fission barrier at large partial waves. Without a fission b
rier, compound nucleus formation cannot take place. In
interpretation@7#, the onset of quasifission is a static prope
of the completely fused system, independent of the forma
process, as long as the angular momentum involved is l
enough to make the fission barrier disappear. The rela
importance of quasifission would then depend strongly
the bombarding energy, accounting for an increasingly la
fraction of the total reaction cross section as more ang
momentum is brought into the reaction.

The extra-push model proposed by Swiatecki@8,9# pro-
vides another interpretation. It is based on dynamical tra
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tory calculations that include the effects of the potential e
ergy surface, the mass tensor and one-body dissipation.
model shows that the quasifission processes occur in he
systems for partial waves leading to a strong overlap of
two interacting ions in the entrance channel. This allows
rapid mass transfer and energy equilibration between the
ions that reseparate without having gone through a comp
fusion stage@2–6#. The term quasifission arises from the fa
that final distributions in mass and kinetic energy resem
those of normal compound fission. By virtue of describi
the reaction dynamics in the entrance channel, this mo
predicts strong and well defined entrance channel dep
dences for the quasifission process.

To test these two interpretations of the quasifission p
cess, we have measured the angular distribution of the r
tion products for three different projectile-target combin
tions at several bombarding energies, all leading to the s
compound nucleus214Th. We studied the distribution of the
reaction strength and the characteristics of quasifission
the reactions32S1 182W, 48Ti1 166Er, and 60Ni1 154Sm. The
results for the32S1 182W reaction presented here have be
published previously@10#.

Section II describes the experimental setup. In Sec. III
describe the data analysis procedure, while Sec. IV d
with the discussion of our results.

II. EXPERIMENT

The experiments were carried out at Argonne Natio
Laboratory, using beams from the superconducting linear
celerator ATLAS. Figure 1 shows a sketch of the experim
tal setup, while Table I lists the relevant parameters for
reactions studied. Only in the case of the32S induced reac-
tions were fissionlike fragments detected at backward ang
the heavier projectiles imparted more forward momentum
the system, and the energy of the fissionlike fragments e
ted in the backward direction in the laboratory frame was
low for detection. The reaction products were detected in 4
mm2 silicon surface barrier detectors operated in sing
mode, and positioned at distances of 40–70 cm from
target. An additional small area silicon detector was used

e,
1734 © 1996 The American Physical Society
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53 1735ENTRANCE-CHANNEL EFFECTS IN QUASIFISSION REACTIONS
monitor Rutherford scattering at forward angles for cros
section normalization. The silicon detectors measured bo
the energy of the reaction products and their time of flig
with respect to the time structure of the beam. The puls
beam had a repetition rate of 12 MHz, or 82 ns betwee
beam bursts. This time interval between bursts was adequ
since typical flight times for fission fragments ranged up
approximately 60 ns. The overall time resolution for the ela
tically scattered beam particles was of the order of 300 ps

The energy calibration for the detectors was obtaine
from elastic scattering data at the different beam energies a
by measuringa particles and fission fragments emitted from
a 252Cf source. Detector solid angles were calculated fro
the aperture area and distance from the target although
relative solid angle between the detectors was determin
with higher precision by countinga particles from a252Cf
source placed at the target position. The time dispersio
were measured using a pulser triggered by a signal deriv
from the linac radio frequency. The offset of the time cal
bration was computed at each beam energy from the m
sured position of the elastic scattering peak in the time spe
trum and the known flight time from the target to the
detector.

III. DATA ANALYSIS

The analysis of the data was carried out by reconstructi
the primary reaction kinematics event by event. The ma
and kinetic energy of the primary fragments in the center-o
mass system were determined for each event assuming a

FIG. 1. Typical detector arrangement used in the present work

TABLE I. Reaction parameters.

Target
Beam energy thicknessa u lab

Projectile Target ~MeV! (mg/cm2) (deg)

32S 182W 166,177,222,260 100 10–170
48Ti 166Er 220,240,270,298 60 10–95
60Ni 154Sm 339,390,421 180 10–90

aAll targets were evaporated on a thin (;20 mg/cm2) carbon foil.
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nary reaction channel. This assumption is well justified b
the systematics for fission fragment folding angle distribu
tions, which show that incomplete momentum transfer reac
tions are strongly suppressed at beam energies below
MeV/u @11#. Furthermore, since the targets used in this ex
periment,154Sm, 166Er, and 182W all have very high fission
barriers, sequential fission following transfer and inelasti
scattering reactions is strongly suppressed and is not e
pected to contribute to the observed fission yield.

Several corrections to the measured energy and time-o
flight of the fissionlike fragments were made in order to
carry out this reconstruction. The observed energy and tim
signals were corrected for the pulse-height defect and plasm
delay associated with the measurement of heavy ions in si
con detectors. The pulse-height defect causes a reduction
the observed energy relative to the true energy, and th
plasma delay refers to the delay of the timing signal with
respect to the time of arrival of the ion in the detector. Thes
effects are caused by the creation of a high-conductivit
plasma along the trajectory of the heavy ion in the detecto
which allows for the recombination of electron-hole pairs
~thus decreasing the amplitude of the energy signal!, and
retards the charge collection process~thereby slowing down
the timing signal! @12#. We have corrected for pulse height
defect following the empirical formula of Ogiharaet al. @13#,
who studied the systematics of the pulse height defect ph
nomenon in silicon detectors for a variety of ions ranging
from 12C to 127I.

The plasma delay correction was assumed to depend li
early on the fragment mass; the constants for the plasm
delay correction were determined from the measured tim
signals for the elastically scattered projectile ions and th
corresponding recoils by comparing them to the expecte
flight times. The pulse height defect was typically of the
order 8 MeV for symmetric fragments (A5107) at 160
MeV, while the plasma delay was less than 1.5 ns~the typical
flight times for fission fragments were'50 ns!.

We also corrected the measured fragment energy fo
losses in the target material, target backing, and the fro
gold electrode of the detectors, as well as for post-fissio
neutron evaporation, usually 2–5 mass units~depending on
the bombarding energy!. We estimate that the combined un-
certainty from these corrections translates into a 3–4 ma
units uncertainty in the fragment mass.

A typical two dimensional spectrum of the total kinetic
energy~TKE! vs fragment mass obtained with this analysis
is shown in Fig. 2. The TKE is defined as the total center
of-mass kinetic energy of both fissionlike fragments. The dif
ferent components of the reaction cross section are read
identified: elastic/quasielastic scattering, deep-inelastic sca
tering, and fissionlike processes~fissionlike includes both fu-
sion fission and quasifission!. The fissionlike fragments fol-
low the behavior expected from the Viola systematics@14#,
i.e., the total kinetic energy is given by the Coulomb repul
sion between the two deformed fragments at the scissio
point. In the following, we discuss the individual compo-
nents of the reaction cross sections, namely elasti
quasielastic scattering, deeply inelastic scattering and fi
sionlike processes.

.
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1736 53B. B. BACK et al.
FIG. 2. Two-dimensional spectrum of the to
tal kinetic energy, TKE, in the center-of-mas
system plotted vs the mass of one of the fissi
fragments for the reaction 48Ti1166Er at
Elab5298 MeV andu lab540°. The regions cor-
responding to different reaction groups are ind
cated.
h

a
c

c

o

f

i

t

o
e

ss
at
ent

ith
m-
nd

2.
b-
tic
ion
e.
gh
oss
ting
3,
the

he
t is
ss

tic

of
IV. RESULTS AND DISCUSSION

Angular distributions for the individual components of t
reaction cross section are obtained by applying the appro
ate laboratory to center-of-mass Jacobian and normaliza
factors to the two-dimensional spectra of total kinetic ene
TKE vs fragment mass spectra. We thus determined
center-of-mass angular distributions and angle-integr
cross sections for the elastic1quasielastic, deep-inelasti
and fissionlike processes.

A. Elastic/quasielastic scattering

In the present analysis, we include all processes with
energy dissipation of up to 8–15 MeV ('6% of the elasti-
cally scattered projectile energy! into the elastic/quasielasti
yields, since the energy resolution is insufficient to dist
guish between elastic scattering, inelastic excitations,
transfer processes. An example of the window used for c
puting the cross section is shown in Fig. 2. The result
ratio of elastic/quasielastic cross sections to the Ruther
cross section for each of the entrance channels studie
shown in Fig. 3. The data exhibit the expected behavior,
the ratio remains constant up to the grazing angle, bey
which it decreases exponentially as the interaction streng
removed from the elastic channel into the deep-inelastic
fissionlike processes. We note that the grazing angle m
forward with increasing bombarding energy; at the low
energies, the grazing angle is so far back that deviations f
Rutherford scattering could only be seen in the case
32S1 182W, where detectors covered the full angular range
to u lab5170°.

We used the sum of differences method@15# to determine
the total cross section for damped reactions,s reac, from the
elastic/quasielastic angular distributions. According to t
method the damped reaction cross sections reac is given by
e
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The resulting values ofs reac are listed in Table II. We ob-
serve a good agreement between this estimate ofs reac and
the sum of the deep-inelastic and fissionlike reaction cro
sections determined directly from the data. This shows th
the reaction channels measured in the present experim
exhaust the full reaction cross section.

B. Deep-inelastic scattering

The deep-inelastic events are identified as those w
greater energy dissipation than the elastic/quasielastic co
ponents, namely energy losses larger than 8–15 MeV, a
masses within'20% of the projectile mass~e.g.,610 mass
units in the case of48Ti1 166Er!. A representative deep-
inelastic window used in the analysis is indicated in Fig.
The angular distribution of deep-inelastic products is o
tained by integrating over fragment mass and total kine
energy using the appropriate Jacobian in the transformat
from the laboratory to the center-of-mass frame of referenc
The results are displayed in Fig. 4. The solid curves throu
the data were used to compute the angle-integrated cr
section; the dashed curves represent an attempt at estima
the error in the cross section. Comparing Fig. 4 and Fig.
we see that the deep-inelastic cross section peaks near
grazing angleugr , as has been previously observed@10#. The
deep-inelastic contribution could not be separated from t
slit scattered beam at the most forward angles. However, i
believed that the main component of the deep-inelastic cro
section is covered by the measurement.

The angle-integrated cross sections for deep-inelas
scattering,sD.I. , are listed in Table II. The errors insD.I.
include an estimate of the uncertainty in the extrapolation



g

e
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FIG. 3. Angular distributions
for elastic/quasielastic scatterin
normalized to the Rutherford
cross section are shown for th
three reactions studied.
t

s
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th
the cross section to the forward angles. We observe tha
deep inelastic process constitutes a substantial fraction o
reaction cross section in all the reactions studied here, e
at the lowest beam energies near the barrier.

C. Fissionlike processes

The fissionlike processes are characterized by total kin
energies which are well described by the Coulomb repuls
between the fragments at the scission point~see Fig. 2!. For
the 32S1 182W and 48Ti1 166Er reactions the fissionlike pro
cesses are clearly separated from the deep-inelastic proc
centered at the masses of the target/projectile combina
However, for the60Ni1 154Sm system this separation is le
pronounced, which contributes to the error on the cross
tion estimates in this case.
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1. Angular distributions

The angular distributionds/dV of fissionlike fragments
for the 32S1 182W channel is shown in Fig. 5. The standar
formalism for angular distributions of compound nucleus fi
sion is given by@16#

W~uc.m.!5(
I50

`

~2I11!P~ I ! (
K52I

I
1

2
~2I11!r~K,I !

3ud0,K
I ~uc.m.!u2. ~2!

Here,I is the spin of the fissioning system,K is the projec-
tion of the spin on the symmetry axis,d0,K

I (uc.m.) is the sym-
metric top wave function,P(I ) is the partial wave distribu-
tion as given by the extra-push model@6#, andr(K,I ) is the
saddle pointK distribution assumed to be a Gaussian wi
TABLE II. Angle-integrated cross sections.

Elab s reac sD.I.1sfis sD.I. sfis sC.F.,max

Reaction ~MeV! ~mb! ~mb! ~mb! ~mb! ~mb!

32S1182W 166 365630 355665 175665 180620 ,25
177 680650 630670 210655 420645 ,270
222 15506100 13756125 430675 9456100 ,375
260 19706100 18306220 6056160 12256150 ,545

48Ti1166Er 220 80616 80616 ,50
240 6756175 6856125 3106100 375675 ,150
270 11706100 12106205 5006150 7106140 ,265
298 1620660 16756270 7506200 9256180 ,345

60Ni1154Sm 339 13456150 12956190 395660 9006180 ,205
390 18806150 17906260 530665 12606250 ,195
421 21006150 19806310 6206160 13606270 ,310
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FIG. 4. Angular distributions
for deep-inelastic scattering ar
shown. The solid curves represe
fits to the data on the basis o
which the angle-integrated cros
sections are estimated. The unce
tainties are based on the dash
curves.
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varianceK0
2 . The solid curves in Fig. 5 are fits to the da

using Eq.~2!. The two parameters that are varied in the
are the overall normalization and the variance of theK dis-
tribution, K0

2 , which is related to the angular anisotropy
the angular distribution,W(180°)/W(90°), through the ap-
proximate expression

W~180°!

W~90°!
'11

^I 2&
4K0

2 . ~3!

FIG. 5. Angular distributions for fissionlike fragments for th
reaction 32S1182W. Solid curves represent the best fit to the da
obtained by varying theK0 parameter.
a
fit

n

Since the angular distribution data extend to backwa
angles it was possible to make an accurate determination
the anisotropy,W(180°)/W(90°), and, consequently, of
K0
2 . Figure 6 showsK0

2 as a function of the mean square
angular momentum for the32S1 182W reaction. Also shown
are the predictions forK0

2 given by the saddle point model
@16# using moments of inertia obtained from the finite rang
liquid drop model@18# ~solid curve!, and the scission point
model @19# ~dash-dotted curve!. The measured values ofK0

2

are smaller than the saddle point predictions, indicating th
presence of a larger than expected anisotropy, which is o
of the possible signatures of a quasifission component. Sin
the experimental values lie between the saddle and sciss
point predictions, another possible interpretation is that th
K0
2 distribution is frozen sometime during the evolution o

the system from the saddle point to the scission point. Th
alternative has been discussed in Ref.@3#, where it was con-
cluded that the deviations in the angular distribution are du
to the failure to achieve complete fusion, and not to a de
ciency of the saddle point model.

For the 48Ti and 60Ni induced reactions, we show the
angular distribution for fission fragments for individual mas
bins in Figs. 7 and 8. The solid curves are fits to the expe
mental data using Eq.~2! folded with an exponential decay
function to reproduce the evident forward-backward asym
metry present in the data, i.e.,

ds

duc.m.
52p sinuc.m.e

b~uc.m.2p/2!W~uc.m.!. ~4!

In these calculations the overall normalization and the ang
lar slope parameter,b, were varied to reproduce the angula
distributions. The variance of theK distribution, K0

2 , was
fixed to the average of the values that produced the best
for the mass bins near and at symmetry. We note that t
mass binA5106–110 corresponding to the symmetric mas
split is forward-backward symmetric as expected for binar

e
ta
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53 1739ENTRANCE-CHANNEL EFFECTS IN QUASIFISSION REACTIONS
reactions in all cases. For lighter fragment masses we fin
large angular asymmetry, with the light fragments bei
preferentially emitted in the forward direction. This behavi
is inconsistent with the binary decay of a completely fus
system, and it is an indication that the reaction time is sho
or comparable to the rotational period of the interaction co
plex.

The above expression does not derive from any theor
cal model of quasifission reactions, but is designed to
count for the observed exponential behavior ofds/duc.m..
Assuming that the quasifission reactions correspond to
tial waves smaller than those for the deep-inelastic scatte
reactions and having longer interaction times, one would
pect that the angular distribution of quasifission fragmen
uds/duc.m.uA , in the mass range near the projectile wou
peak at an angle slightly forward of the maximum of th
deep-inelastic angular distribution~indicated by the arrows
in Fig. 8 for the 60Ni1 154Sm reaction!. The angular distri-
butions for the mass binA556–60 do not show any indica
tion of such a peak, however, but continue to rise expon
tially toward smaller angles as do the distributions for oth
mass bins. In fact, the angle of maximum cross secti
ds/duc.m., appears to lie within the rangeu50°–20°.

Figures 7 and 8 show that the angular asymmetry de
ops and increases with mass asymmetry. This trend is m
directly displayed in Fig. 9, where the slopes, expressed
terms of the parameterb, are shown for the48Ti and 60Ni
induced reactions. The slopes are seen to develop grad
with mass asymmetry for both reactions, albeit at a hig
rate for the60Ni1 154Sm reaction than for48Ti1 166Er. The
curve for 339 MeV60Ni1 154Sm shows a small kink in the
region of the projectile massA560 possibly indicating a
contamination from deep-inelastic scattering events.

FIG. 6. Experimental values ofK0
2 for 32S1182W ~solid points:

present data; open points: Ref.@17#! are compared to the prediction
of the saddle point model~solid curve! and the scission point mode
~dot-dashed curve!.
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2. Cross sections

The total cross sections for fissionlike processes were ob
tained by integrating the differential cross sections for eac
bombarding energy. The resulting excitation functions for the
angle-integrated cross sections are shown in Fig. 10 as sol
circles and listed in Table II. The figure also shows the cros
sections for damped reactions,sD.I.1sfis , the sum of the
measured deep-inelastic and fissionlike cross sections
filled squares, and the estimate of the maximum fusion
fission contribution,sC.F.,max, the determination of which
will be discussed in detail in Sec. IV D. The sum of deep-
inelastic and fissionlike cross sections exhausts, within e
rors, the total cross section for damped reactions derive
from the elastic/quasielastic angular distributions; see Tabl
II.

The solid curves in Fig. 10 result from an extra-push
model calculation using the parameters obtained by She
et al. @5,6#; s touch is the cross section for overcoming the
interaction barrier, and it includes deep-inelastic, quasifis
sion, and fusion-fission processes;scap is the cross section
for capture behind the conditional saddle point, i.e., quasifis
sion and compound nucleus fission. In this model, the colli
sion dynamics are considered explicitly along the whole re
action path. The model is very successful in describing th
capture cross section for the32S and48Ti induced reactions,

FIG. 7. Differential cross sections for fissionlike fragments for
the 48Ti1166Er reaction for different fragment mass bins. The solid
points correspond to the mass binA, as indicated, whereas the open
points belong to the mass binAC.N.2A plotted atp2uc.m. reflecting
the kinematic symmetry for two-body kinematics. The solid lines
are best fits to the data using Eq.~4!.



1740 53B. B. BACK et al.
FIG. 8. Same as Fig. 7, but for
the 60Ni1154Sm reaction.
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FIG. 9. The extracted value of the slope parameter,b @Eq. ~4!#
is plotted as a function of the fragment mass for48Ti1166Er ~left
panels! and 60Ni1154Sm ~right panels!.
while it underpredicts the measured60Ni1 154Sm capture
cross section. This discrepancy may be caused by the
avoidable inclusion of some deep-inelastic contribution
the analysis of the fissionlike data. The model is less succe
ful in accounting for the deep-inelastic cross sectio
s touch2scap. The calculation underpredicts the data, poss
bly due to the model assumption that deep-inelastic scatt
ing processes are associated only with trajectories which p
ceed inside the interaction barrier.

3. Mass distributions

The mass distributions for the fissionlike fragments fo
the 48Ti1 166Er and60Ni1 154Sm reactions were extracted by
integrating the angular distribution for each mass bin and a
shown in Fig. 11. The solid dots were derived from the tot
fissionlike cross section, while the open circles correspond
the maximum forward-backward symmetric angular distrib
tion ~obtained from the fit to theA5107 mass bin! commen-
surate with the data points at backward angles. The so
curves are discussed in Sec. IV D 3.

The standard deviations of the mass distributions for to
fissionlike fragments,sA , are shown in Fig. 12 as a function
of the excitation energy at the scission point,E1, which is
calculated as follows:

E15Eexc1Qsym2EK2Edef2Erot . ~5!

HereEexc is the excitation energy of the compound system
Qsym is theQ value for symmetric fission,EK is the total
kinetic energy estimated from the Viola systematics@14#,
Edef accounts for the fragment deformation energy~taken to
be 12 MeV!, andErot is the rotational energy at scission.

The solid line in Fig. 12 is the expected dependence of t
width of the mass distribution on the excitation energy at th
scission point, as derived from the statistical model treatme
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FIG. 10. Experimental cross sections for
damped reactions,sD.I.1sfis ~solid squares!,
fissionlike processes,sfis ~solid circles!, and
upper limits for complete fusion,sC.F.,max

~solid triangles! are compared to extra push
model predictionss touch ~thick solid curve!,
scapture ~thin solid curve!, and s fusion ~long-
dashed curve!. Limits for fusion based on the
criteriaBf.0 andBf.T are shown as dotted
and short dashed curves, respectively.
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of the mass asymmetry degree of freedom, and consis
with the fusion-fission mechanism. Here it is assumed th
the mass asymmetry potential can be approximated b
parabolic shape

U~A!5
1

2
k~A2AS!

2, ~6!

whereA is the fragment mass,AS is the mass for symmetric
fragmentation (AS5107 for 214Th!, andk is a stiffness pa-
rameter for the mass asymmetry degree of freedom. A sta
tical model treatment leads to a variance of the fragme
mass distribution given by

sA
25

T

k
5
1

k
A8.5E1

A
, ~7!

whereT is the scission point temperature andA is the mass
of the system. The value of the stiffness paramet
k50.0048 MeV/u2 is determined from mass distributions fo
the reactions12C,16O1 206Pb @20# leading to compound nu-
clei of 218Ra and222Th. These are close to the214Th system
under study, but less likely to be contaminated by quasifi
sion reactions and suffer from possible effects of high ang
lar momenta.

Figure 12 illustrates that the mass widths for the32S1
182W and 48Ti1 166Er reactions are essentially in agreeme
with the statistical model expectation although some dev
tions occur for the lower points for the48Ti1 166Er system.
However, the data for the60Ni1 154Sm reaction displays a
strong deviation from this model indicating the presence o
strong quasifission component.

In order to explore the possible effects of angular mome
tum on the observed mass widths, we have in Fig. 13 plot
the parametersA /(E

1)1/4 as a function of the mean squar
angular momentum̂I 2& associated with the fissionlike cros
section in order to remove the temperature effects. The m
square spin for which the fission barrier is expected to d
appear, (I Bf50)

2 @18#, is indicated by an arrow. Note that a
ent
at
a
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er,
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ted
e
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t

this point, 50% of the cross section corresponds to angu
momenta for which the fission barrier has vanished, in
sharp cutoff approximation. Data points above this lim
therefore must have a quasifission contribution of at lea
50%. The fact that the reduced mass widths,sA /(E

1)1/4,

FIG. 11. Mass distributions for fissionlike fragments are show
as solid points for the48Ti1166Er ~left panels! and 60Ni1154Sm
~right panels! systems. Open points represent upper limits impos
by requiring only forward-backward symmetry for each mass b
whereas the solid curves represent upper limits for complete fusi
see text.
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follow the expectation based on a statistical equilibrium
the scission point even well above this point for the32S1
182W and 48Ti1 166Er systems shows that this parameter
itself is not necessarily a reliable indicator for the onset
quasifission reactions@7#. The mass widths for the60Ni1
154Sm system, however, are substantially larger than
pected on the basis of this model, although the mean sq
spin at the lowest beam energy is similar to those of
highest energy points for the32S1 182W and 48Ti1 166Er sys-
tems. This effect is therefore associated with the more s
metric entrance channel and it is in qualitative agreem
with the expectations of the extra push model@8#.

In a quasifission process, the projectile-target syst
separates before the mass asymmetry degree of freedom
been fully equilibrated, and we therefore expect deviatio
from the above deduced expression for the width of the m
distribution. In the case of the asymmetric channels that
used to reach214Th, a possible signature for quasifissio
would be a largersA

2 compared to the compound nucleu
prediction@7#.

D. Upper limits for complete fusion cross sections

In our study of entrance-channel effects on quasifissi
we focus on three different signatures of this process: an
lar anisotropies that are larger than predicted by the liqu
drop model; broken fragment mass symmetry betwe
forward-backward directions in the center of mass; and
increase in the width of the fragment mass distribution co
pared to the widths expected for fusion-fission. In this s
tion we attempt to estimate the largest fraction of the o
served fissionlike cross section which may arise fro

FIG. 12. The standard deviation of the mass distribution
fissionlike fragments is shown~solid points! as a function of exci-
tation energy at the scission point,E1, and compared to the sciss
ion point model estimate@solid curve, Eq.~7!#, normalized to data
with 12C and 16O beams@20# ~open circles!.
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complete fusion, by requiring that each of these observab
fulfill the expectations for fission of an equilibrated com
pound nucleus.

1. Forward-backward asymmetry

In compound nucleus fission, there is no preferential d
rection for the emission of fission fragments in the center
mass system, except for the anisotropy introduced by theK
component of the angular momentum; the angular distrib
tion for any given mass bin is therefore forward-backwa
symmetric. Since fission is a binary process, this symme
also implies that the mean mass of the fission products d
not depend on the center of mass angle. Quasifission p
cesses bypass the compound nucleus stage and can occ
time scales shorter than the rotation period of the syste
This can lead to a broken forward-backward symmetry of t
angular distribution for a particular fission fragment mass,
conversely, to an angular dependence of the mean fragm
mass. A broken fragment mass symmetry is not always o
served in quasifission reactions. If the time scale for qua
fission equals several rotational periods of the projectil
target system, this signature will be washed out. As an ab
lute, model independent, upper bound on the complete fus
cross section we therefore include only that fraction of th
cross section that obeys this symmetry. This is shown
open circles in Fig. 11. However, more stringent limitation
arise from the requirement of the angular distributions a
mass widths expected for compound fission as discussed
low.

2. Angular anisotropies

In the quasifission process the compact saddle point is
reached, and theK distribution may correspond to a statisti

or

-
FIG. 13. The standard deviation of the mass distributions f

fissionlike fragments~solid symbols! are plotted as a function of the
mean square angular momentum,^I 2&, and compared to scission
point model prediction~solid line!.
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cal equilibrium at shapes more elongated than the true sad
point or it may not be equilibrated at all. AK distribution
which is narrower than predicted by the saddle point mod
results in larger anisotropies of the fissionlike fragments@2#.
Following the method of Ref.@3#, we have estimated the
maximum compound fission cross section by assuming
sharp division in angular momentum space, atIC.F., between
compound fission and quasifission, and fitting the angu
distribution by varying the value ofIC.F.. The assumption for
the parameter,J o /J eff , controlling the angular distributions
for both components are identical to those of Ref.@3#. For
the 32S1 182W system the full angular distribution~inte-
grated over all fission fragment masses! was used whereas
only the A5107 mass bin was used for48Ti1 166Er and
60Ni1 154Sm. The resulting estimate of the maximum com
plete fusion-fission cross sections for32S1 182W are listed in
Table II. For the48Ti1 166Er system only the data for bom-
barding energy ofElab 5 270 MeV was of sufficient quality
to perform this analysis, which resulted in an upper comple
fusion fraction ofsC.F./sfis 5 44%. This fraction was used
at the other beam energies measured for this system.
maximum complete fusion fractions for symmetric fission
the 60Ni1 154Sm system weresC.F./sfis 5 42, 32, and 45%
for beam energies of 339, 390, and 421 MeV, respective
These estimates are clearly model dependent. The sharp
vision between complete fusion and quasifission in angu
momentum space is an oversimplification and the value
the parameter,J o /J eff 5 1.5 for all quasifission events is
somewhat arbitrary and does not reflect the dependence
the various parameters controlling the reaction dynami
However, despite the crude assumptions underlying t
analysis we believe that it reflects the salient features of
reaction and we assign an error of about625% to this esti-
mate of the upper limit of the complete fusion cross sectio

3. Width of mass distributions

For compound nucleus fission, we expect that the width
the fragment mass distribution will be a smooth function
the temperature at the scission point and that it is indep
dent of the entrance channel~except for possible angular
momentum effects!. In quasifission reactions, however, th
projectile-target system separates before the mass asymm
degree of freedom is fully equilibrated, and deviations ma
therefore be expected. In the case of the asymmetric chan
that were used to reach214Th, a possible signature for quasi
fission would be an increasing variance of the mass distrib
tion. The estimate of the maximum compound fission cro
section is therefore obtained from Gaussian mass distri
tions with a standard deviation given by Eq.~7! ~solid curve
in Fig. 12! and normalized to the complete fusion fraction fo
the symmetric mass obtained from the analysis of the angu
distribution. The corresponding mass distributions are sho
as solid curves in Fig. 11.

The final estimates of the upper limit for the complet
fusion cross section are listed in Table II and shown as fill
triangles in Fig. 10, where they are compared with the pr
diction of the extra push model~long-dashed curves! using
the parameters of Ref.@5#. The dotted curves represents th
contribution tos touchfrom partial waves for which the fission
barrier is positive,sBf.0 . We find that the upper limits for
dle
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complete fusion found in this analysis are much lower th
the limits set by theBf.0 criterion indicating that the re-
strictions set by the extra push model are effective for mo
of the data, except the highest energy point for each syste
It is evident that the overall trend ofsC.F.,max is in good
agreement with the expectation based on the extra p
model.

However, comparingsC.F.,max to the short-dashed curves
in Fig. 10, which reflects the conditionBf.T ~T is the tem-
perature of the compound nucleus! as suggested by Gavron
et al. @21#, we see that most of the data satisfies this criteri
for complete fusion keeping in mind that the experiment
points are upper limits. It is, however, not entirely clear ho
stringent this more restrictive criterion is. Thus recent stud
@22# have shown that the fission process can be strongly
tarded at high excitation energies due to the dynamics of
process. This allows neutron emission to compete favora
against fission and may allow the system to cool sufficien
to relax this limit substantially before fission takes place. T
present data therefore appear to show dynamical restricti
for complete fusion over and above those dictated by t
stability of the fused system.

V. SUMMARY AND CONCLUSIONS

Full angular distributions for elastic/quasielastic, dee
inelastic scattering and fissionlike processes have been m
sured for three projectile-target combinations leading
214Th in complete fusion. A complete accounting for the re
action cross section was carried out by comparing the sum
the individual components~deep inelastic plus fissionlike re-
actions! to the total cross section for damped reactions d
rived from the angular distributions for elastic/quasielast
scattering. Evidence for quasifission was observed by co
paring the angular anisotropy with predictions of the sadd
point model for the32S1 182W system.

Upper limits for complete fusion fission were determine
by requiring that this component of the cross section~1!
exhibit forward-backward angular symmetry for all mass d
visions, and show~2! angular anisotropies, and~3! fragment
mass widths, of a magnitude expected for compound nucl
decay. This analysis reveals that only a small fraction of t
reaction cross section is associated with complete fusion
the 48Ti1 166Er and 60Ni1 154Sm systems, the remainder be
ing attributed to quasifission processes.

The cross section data show good agreement with the p
dictions of the extra push model, and, in particular, the o
served upper limits on the complete fusion component a
pear to be suppressed by the reaction dynamics containe
this model over and above the requirements of relative s
bility of the compound system in terms of a nonvanishin
fission barrier.
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