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Triple-differential cross sections have been measured as a function of product mass, total kinetic

energy, and center-of-mass scattering angle in reactions induced by "'U on ' 0, Mg, "Al, "S, "Cl,
Ca, Ca, and ""Zn targets at several bombarding energies between 4.6 and 7.5 MeV /nucleon. The

analysis focuses on binary processes in which the product masses are substantially different from the

target-projectile masses. These include the complete fusion followed by fission as well as quasifission

processes in which large mass transfers occur on a short time scale. The relative contributions of
these two components are estimated from the mass-angle correlations and analyzed within the extra
and extra-extra push concepts. The time scale for mass transfer in quasifission reactions is derived
from turning angles of the intermediate complex, and it is found that the mass drift toward symmetry
shows the characteristics of an overdamped motion with a universal time constant independent of
scattering system and bombarding energy. This is consistent with the one-body nuclear dissipation
mechanism being responsible for the damping in the mass asymmetry degree of freedom. Also the
average total kinetic energy of reaction products in quasifission is independent of temperature, sup-

porting the one-body dissipation hypothesis.

I. INTRODUCTION

Nuclear reactions involving large mass rearrangements
between the reactions partners have, until recently, been
believed to fall into only two categories, namely com-
pound nucleus fission and heavy ion fusion evaporation
reactions. The characteristics of these reactions are such
that the time scale for the mass transfer process is ex-
tremely difficult to establish from experimental observ-
ables. With the recently discovered process of
quasifission, the situation has changed. ' ' In this pro-
cess, substantial mass rearrangements between the in-
teracting heavy ions occur on a time scale short enough to
manifest itself in the emission angle of the final products.
In other words, the characteristic time for relaxation of
the mass asymmetry degree of freedom during a collision
is comparable with the rotational period of the intermedi-
ate complex. This gives us a unique opportunity for
measuring time characteristics of the mass asymmetry re-
laxation mode for a wide range of systems and bombard-
ing energies. Similar techniques have been used to gain
insight into the dynamics and the time characteristics of
the deep inelastic scattering process between heavy nuclei.

Conceptually, quasifission bridges the gap between the
deep inelastic scattering process, where the reaction
partners come in sufficiently close contact to exchange
many particles, without altering their average mass, and
the complete fusion process, where the reaction partners
completely lose their identity by amalgamation into one
compound nucleus, conserving only global properties,
such as total charge, mass, and angular momentum.
Quasifission reactions may be characterized by a substan-

tial drift in mass away from the initial mass asymmetry of
the interacting ions. In all cases studied so far, the drift
in mass has been in the direction of symmetry, driven by
the electrostatic forces which favor this behavior. In more
highly asymmetric systems, the driving forces are dom-
inated by the surface tension and go in the direction of
larger asymmetry. No indications have yet been found
for partial mass drift in this direction, suggesting perhaps
that once motion in this direction has begun it will invari-
ably terminate at the ultimate limit of complete fusion.
Quasifission differs from the incomplete fusion process al-
though they both have the characteristics of partial mass
drift, because incomplete fusion lacks an important
feature of quasifission, namely the maximum possible
damping of the kinetic energy degree of freedom. The
time scale and reaction mechanism behind the two pro-
cesses must therefore be quite different.

In the present work we present results of a detailed ex-
perimental study of U-induced reactions on targets of

]y[g A], S, Cl, ~' Ca, and ""Zn Some
relevant properties of the systems studied are listed in
Table I. By using several bombarding energies we were
able to study the inhuence of angular momentum and
temperature on the quasifission reaction. The mass drift
toward symmetry was found to be almost complete for
the lighter targets, e.g. , Mg and Al; for the Ca targets
a very wide range of masses spanning the entire interval
between target and projectile were observed, whereas only
moderate mass drifts were seen for the ""Zn target.
These features have already been observed in an earlier
experiment carried out at a single bombarding energy. '

The main topic of the present work is therefore to study
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TABLE I. Properties of the systems produced in the reactions with "U. The columns (1—7) give the following quantities: (1) The
interaction barrier Vz in the center-of-mass system calculated by the proximity potential (Refs. 13 and 25). (2) The sum of projectile
and target half density matter radii. (3) The effective fissility parameter (Z'/A) &=4Z~Zi/[A I~'A i~'(A ~~'+ A z'~')]. (4) The fissility
parameter Z /A. (5) The critical angular momentum for which the fission barrier goes to zero (Ref. 21). (6) The fission barrier for
zero angular momentum which is calculated using the rotating liquid drop model (Ref. 21). (7) The mean total kinetic energy expected
for symmetric fission EK "=0.1240Z'/A ' '.

Target

Entrance channel
Vg C1+C2

(MeV) (fm) (Z'/A )ea. ,x Z /A

Composite system

Igf —0 Bf( I =0 )

(W) (MeV)

Eca1c
K

(MeV)

16O

Mg
"Al
32S

"Cl
"Ca
48C

natZn

85

123

133

162

171

199

194

286

9.6
10.2
10.2
10.4
10.6
10.8
11.0
11.5

21.6
26.3
28.0
32.0
32.6
36.1

33.2
43.7

254F
1OO

264X
104

265X

270X
108

273X
109

278X
112

286X
112

302X

39.4
41.0
41.6
43.2
43.5
45. 1

43.9
49.3

64

56

52

42

39

27

32

0.86

0.76

0.31

0.23

0.12

0.13

196

209

212

223

227

238

236

275

the quasifission process as a function of bombarding ener-

gy, which affects both the temperature and the range of
angular momenta of the composite systems. By including
targets of Mg, S, and Cl we have further widened the
scope of the study. We find that the mass asymmetry
motion is dominated by a dissipative resistance which is
furthermore found to be independent of temperature.
This result implies that the one-body dissipation mecha-
nism arising from the interaction of individual particles in
random motion with the nuclear surface is responsible for
the damping in the mass asymmetry degree of free-
dom. ' ' The dissipation arising exclusively from two-
body collisions between particles of short mean free path
relative to the nuclear dimension would, on the contrary,
give rise to viscosity terms which scale with 1/T or
1/E*, where E' is the excitation energy. We have also
studied the total kinetic energy of quasifission products
and found results that are indistinguishable from com-
pound nucleus fission, where the two processes can be
compared. Our quasifission results extend the previous
systematics considerably, both with respect to average ki-
netic energy and dissipation. The concept of a strong,
temperature independent damping inherent in the one-
body dissipation picture is again confirmed by these re-
sults.

The article is organized as follows. The experimental
arrangement and the details of data acquisition and
analysis are given in Sec. II, which is followed by a pre-
sentation of the experimental results in Sec. III. The
measured cross sections are discussed in terms of the
extra- and extra-extra-push concept in Sec. IV. The mass
drift toward symmetry and the systematics of the total ki-
netic energy of the fragments are analyzed in Secs. V and
VI, respectively, followed by a summary in Sec. VII.

II. EXPERIMENTAL ARRANGEMENT
AND DATA ANALYSIS

The goal of the present experiment was to study the
binary fragmentation channels for a large range of target
species and uranium projectile energies in order to identi-

fy systematic features of the quasifission reaction mecha-
nism. The cross sections for binary processes were mea-
sured over a broad range of center-of-mass angle, frag-
ment mass, and total kinetic energy. This was achieved
by using kinematic coincidence techniques in conjunction
with inverse kinematics, i.e., bombarding a lighter target
with a heavy projectile, in this case U. A summary of
the experimental results is presented in Table II. The ki-
nematics of binary reactions can, in principle, be deter-
mined by measuring three appropriately chosen scalar
quantities. The elimination of background arising from,
e.g. , target impurities and ternary processes, does, howev-
er, in practice require the determination of additional pa-
rameters. This is especially important in the present ex-
periment where the contribution from the various target
constituents of composite targets, such as ZnS and LiCl,
can be separated on the basis of these additional parame-
ters.

The experimental arrangement consists of four large
area (20&(30 cm ) position sensitive avalanche detectors, '

two of which are positioned side by side around the beam
axis at a distance of -60 cm from the target, the remain-
ing two being situated at larger angles on opposite sides of
the beam axis at a distance of —35 cm. The detector ar-
rangement is shown in Fig. 1. Both binary and ternary
coincidences occurring in the four detectors within a
resolving time of —SOO —700 ps are recorded. This ar-
rangement allows for the detection of coincident binary
products over an angular range of 6'—70 in the laboratory
corresponding to 0, =18 —162 . The system is efficient
for products spanning the entire mass range from the tar-
get to the projectile, and the complete range of fragment
kinetic energies.

An identical detector arrangement and method of
analysis were employed in earlier experiments as de-
scribed in more detail in Ref. 13. The c.m. angular reso-
lution and the mass resolution were b, HFwHM=2 (FWHM
denotes full width at half maximum) and 6 A = 5 u, re-
spectively.

In addition, three 7.5 em&7. 5 cm diam NaI detectors
were placed at backward angles for the detection of y rays
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FIG. 1. Schematic illustration of the detector arrangement.

from the reaction products. The analysis and interpreta-
tion of the resulting y-ray multiplicity data will be the
subject of a separate publication. Detection and
identification of single fragments were carried out simul-
taneously in a large position sensitive ionization chamber.
The results from this detection system will also be pub-
lished separately.

The Unilac accelerator delivered a pulsed U beam
with energies ranging from 4.6 to 7.5 MeV/nucleon. The
time resolution of the beam was approximately 1 ns,
which proved sufficient for the purpose of separating
binary reaction products originating from target constitu-
ents in composite targets with widely different masses
through velocity measurements.

Targets of Mg Al, Li Cl, Ca' 0, Ca' 0, and
""Zn S of thicknesses in the range 100—300 pg/cm were2

used. The Mg, LiCl, and ZnS targets were deposited on
carbon backing foils of about 20 pg/cm thickness.

The analysis of the data was carried out off line by per-
forming a kinematical reconstruction of the binary events
from the measured quantities. For each fragment, four
quantities were recorded, namely the time of arrival rela-
tive to the beam pulse, the x and y positions on the detec-
tor surface, and a rough AE signal induced by the passage
of the fragment through the detector. The velocity vector
is determined on the basis of the first three quantities for
each fragment. Binary reactions were selected by requir-
ing collinear velocities of coincident products in the ap-
propriate center-of-mass system. This requirement
effectively discriminates against three body events, such
as, e.g. , sequential fission of the U-like reaction partner.
Events in which binary products originated from reactions
on the carbon backing were rejected using the same cri-
terion. The accuracy of this type of measurement of the
total mass of the scattering system is approximately

1 5 u. For heavier targets, this is sufficient to
separate reactions with the different constituents of the
composite targets. In the case of the Mg target it is,
however, only marginally sufficient to separate reactions
from the carbon backing and the target material. In this
case a maximum contamination of —15% originating
from the target backing may be present in the final cap-
ture cross sections.

t
I

U+ Cl

2
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 5.9 MeV/nucL'

~ ~ (xQO)

~ ~ + ~ '~ ~ ~

0
~ ~ ~ ~

~ 6.7 MeV/nucL

(xX3)

7.5 MeV/nucL

40 80 120

ec m(deg)

FIG. 2. Examples of the elastic scattering angular distribu-
tions. The quantity plotted is the ratio of the measured elastic
scattering cross section to the Rutherford cross section for the
"U+' Cl system at three energies.

The high intensity of elastically scattered U ions at238

the most forward angles gave rise to a significant fraction
of accidental coincidences. These were effectively rejected
on the basis of their large energy loss in the detectors in
conjunction with flight times, which are characteristic of
elastically scattered U ions.

Having determined the velocity vectors of the legitimate
binary events, the various quantities, such as the total ki-
netic energies, fragment masses, and center-of-mass
scattering angles are calculated. The distributions with
respect to these quantities are generated by weighting with
the appropriate detection efficiencies, which are easily cal-
culated for two-body processes.

The absolute normalization of the cross section was ob-
tained from the elastic scattering at forward angles. Ex-
amples of the ratio of the measured elastic scattering cross
section (which includes some inelastic and transfer reac-
tions) to the Rutherford cross section are shown in Fig. 2
for the U + Cl reaction. Although the cross section
measured near the grazing angle includes some contribu-
tion from inelastic and transfer reactions (due to the limit-
ed energy and mass resolution of the detection system),
the constancy of this ratio at smaller angles lends credibil-
ity to the absolute cross section normalization. It should
be kept in mind that the quarter point angles do not refer
exclusively to elastic scattering, resulting in a systematic
underestimation of the total reaction cross section from
this method. This trend is evidenced by the comparison
with the predicted reaction cross section, see Table II.

Finally, the triple-differential cross sections for binary
events were extracted as a function of fragment mass,
center-of-mass scattering angle, and total kinetic energy.
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The results are presented as contour diagrams of double
differential cross sections, integrating over one of the vari-
ables, such as the scattering angle or the total kinetic en-

ergy.

the reseparation of the two fragments towards scission ap-
pears to proceed as an overdamped motion where poten-
tial energy differences are largely transformed into heat.
This observation leads to estimates for the dissipation con-
stant associated with the reseparation.

III. EXPERIMENTAL RESULTS

The present study includes the measurements of a total
of 33 complete triple-differential cross section distribu-
tions for scattering systems with a total mass ranging
from 254 to 302. The amount of data demands that only
a selected, but representative, subset be presented in the
following subsections.

A. Mass —total kinetic energy correlations

Contour diagrams representing the angle integrated
fragment mass —total kinetic energy correlations for a
selected subset of the data are shown in Figs. 3 and 4. In
both figures, one can distinguish two regions, a scattering
region close to the target and projectile masses, and a re-
gion of capture associated with large mass transfers in the
direction of symmetry; the latter component has fully re-
laxed energies as evidenced by the fact that the most prob-
able total kinetic energies follow the systematics for fission
fragments, ' which are indicated by dashed curves in both
figures. The almost exact independence of the total kinet-
ic energy on the bombarding energy indicates that the ini-
tial excess kinetic energy is completely damped out and
transformed into internal excitation (heat) in all capture
processes. As will be discussed in more detail in Sec. VI,

B. Mass-angle correlations

The correlations between fragment mass and center of
mass scattering angle integrated over the total kinetic en-

ergy distribution are shown as contour diagrams in Figs.
5 and 6 for selected reactions. Also in these diagrams, the
separation between scattering and capture reactions is
clearly apparent. The border line is very pronounced for
the lighter targets and slowly becomes less distinct when
going to the heavier targets. For the U + ' 0, Mg re-
actions we observe symmetric mass distributions at all an-
gles, and therefore angular distributions that are sym-
metric around 6I, =90. These features are characteris-
tic for the fission decay of a completely fused system, al-
though they are not necessarily unique to this process.
Quasifission, with a reaction time substantially longer
than the characteristic time for mass drift toward symme-
try and much longer than the rotational period, is also ex-
pected to show these features. ' Starting with the Al
target (not shown here, see Ref. 13) a slight skewness de-
velops, which becomes more pronounced with the S and

Cl targets. For Ca and heavier targets the correlation
between fragment mass and scattering angle is dominated
by branches leading from the target and projectile masses
toward symmetry, revealing the short time scale of the
process.
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C. Mass distributions

Fragment mass distributions, integrated over scattering
angle and total kinetic energy, are shown in Figs. 7 and 8.
Thee integration over center of mass scattering angle has
been extended to cover the whole range by smooth extra-
polations of the experimental distributions, which were
measured between 18 and 162' only. When the data are
examined as a function of increasing target mass (and de-
creasing bombarding energy) an evolution from symmetr' ic

ssion-like mass distributions to a preference for mass
asymmetry is clearly seen. For Cl and heavier targets

'na ywe o serve a sharp decrease in the cross section for binar
mass divisions into fragments heavier than 2 -200 and
the corresponding light fragment. This effect is attributed
to the onset of sequential fission of the heavy reaction
product (a three body event), processes discriminated
against by the required collinearity of the velocity vectors
of the fragments in the center of mass system.

Standard deviations for the mass distributions of cap-
ture, corrected for sequential fission losses and extrapolat-
ed to the whole angular range, are shown in Fig. 9 as a

E+
function of the available fragment excitation e

'
n energy

=E + Qo E~, see Table II—I. Except for a small
contribution due to fragment kinetic energy and deforma-
tion energy -20 MeV, it also represents the fragment ex-
citation energy at scission. Here, E* is the excitation en-
ergy of the would-be fused system, Qo is the associated
ground state Q value for fission, and E~ is the total kinet-

If
ic energy of the fragments equal to the Viola est tes ima e.

one makes the assumption that a statistical equilibrium

with respect to the mass degree of freedom is established
near the scission point, the width of the mass distribution
will be a function of the mass asymmetry dependence of
the potential energy surface at the scission point and the
nuclear temperature. In a parabolic approximation of the
potential we have

V(A)= —(A —A )2
k

S (1)

where 3, is the symmetric fragment mass and k is the re-
storing force constant taken to be k =0.0035 MeV/u, in
reasonable agreement with theoretical calculations. ' In
this approximation one obtains a Gaussian fragment mass
distribution with a variance of

where a is the level density parameter taken to be a =30
MeV ' for nuclei in the mass range of interest. The solid
curve in Fig. 9 represents this statistical equilibrium esti-
mate of the standard deviation. With the choice of pa-
rameters made here, we obtain an estimate in good agree-
ment with the measured mass widths for the

+ ' 0, Mg reactions. The experimental mass
widths deviate progressively from the estimate with in-
creasing target mass, revealing the nonequilibrated charac-
ter of this degree of freedom in case of heavier targets.
This is already evidenced by the asymmetries of the
mass-angle correlations, see Sec. III B. The rather sudden
increase in the width of the fragment mass distribution
was already noted in the first studies of quasifission' as
an important signature for this type of reactions, but its
nonequilibrium origin was not initially recognized.
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U beam tistical treatment. In this case the angular distribution is
given by'

60

16O

Mgo
"Al

32' ~

35@

"Ca o

"Ca

W(8)= g (2I+1)TI g Pl(K) ~27()A-(8)
l

' (3)
I =0

where the 2) function is summed over the distributions of
spin, I, and its projection, E, onto the nuclear symmetry
axis. The spin distribution (2I +. 1)TI is computed by in-
corporating the smoothing effects of interaction barrier
fluctuations arising from both static target deformations
and surface vibrations. ' Using rather general argu-

10, 19,20ments, ' ' the appropriate K distributions are expected
to be of Csaussian form,

p(K) ~ exp( K /2—KO ) . (4)
20

0 50 100 150 200
E+ (MeV)

FIG. 9. The standard deviation of the mass distribution of
fission-like products is shown as a function of the excitation en-

ergy at the scission point, E+. The thick solid curve is calculat-
ed on the basis of Eq. (2). (a) U+ 0

The experimental angular distributions shown in Fig. 10
are reproduced by adjusting the variance E0 of the EC dis-
tribution, the results of which are shown in Fig. 11 as
solid points and listed in Table IV.

Recently, much attention has been devoted to the ques-
tion of where along the path to fission the E distribution
is determined. The standard theory is based on the as-
sumption that this occurs at the Assion saddle point by ar-

D. Angular distributions

Examples of the angular distributions for capture events
are shown in panels (a) and (b) in Fig. 10 for the
238 16 27U+ O, Al reactions. The solid curves represent the
best fit to the data on the basis of the standard theoretical
expression. This applies to the Assion decay of compound
of nuclei with sufhcient excitation energy to justify a sta-
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FICx. 10. Angular distribution of fission-like products are
shown as solid points for the 'U-+ ' 0 and U+ Al reactions
in panels (a) and (b), respectively. Solid curves represent best fits

to the data using Eq. (3). In panel (c) the angular distribution of
fission-like products with masses A & 132.5 u are shown. The
solid curves represent the best fits to the backward part, 0~ 90',
of the angular distributions.

FIG. 11. The variances of the K distributions are shown
(solid points) as a function of the mean square spin of the fission-
ing system for the reactions U+ ' 0 2 'U+ M d
238 27

g, an
U+ Al in panels (a), (b), and (c), respectively. The solid

curves represent the predictions of the saddle point model based
on the saddle shapes given by the rotating liquid drop model
whereas the dashed curves are calculated on the basis of the rigid
scission point model (Ref. 9). Open circles for the U+ Al re-
action are obtained from the fits of the backward scattered fra-rag-
ments of mass A & 132.5 u.
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TABLE III. Excitation energy of composite systems.

Target

16O

Mg

Al

32S

"Ca

"Ca

natZn

(E/ 3 )).b
(MeV)/nucleon

5.4
5.9
6.7
7.5

5.4
5.9
7.5

5.4
5.9
6.7
7.5

5.4
6.7
7 ' 5

5.4
5.9
6.7
7.5

5.0
5.4
5.9
6.7
7.5

4.6
4.8
5.0
5.4
5 ' 9
6.7
7.5

5.4
6.7
7.5

Qgg

(MeV)

39.6

79.5

85.3

106.3

1 16.0

140.5

1 66.7

245 ~ 1

(MeV)

42
49
61
73

47
59
96

46
58
77
97

46
83
105

49
64
88

1 13

31
44
62
89

1 16

17
25
33
49
69
101
133

27
93
133

Qo
(MeV)

242

268

272

292

318

315

384

g+
(MeV)

93
99
1 13
123

1 10
123
161

1 10
123
142
160

1 10
144
167

121

1 35
159
182

139
164
192

102
1 16
1 38
168
198

205
242

expt

(u)

21.5+ 1.5
22.2+ 1 ~ 6
24.3+ 1.6
24.8+ 1.7

23.0+ 1.7
25.5+ 1.7
28.1+1.7

24.3+ 1.7
27.2+ 1.7
3 1.4+ 1.6
32.6+ 1.6

42.5+2.9
32.2+ 1 ~ 7
41.7+ 1.5

S2.1+3.0
39.7+ 1 ~ 6
40.1+1.6
44.4+ 1 .7

62.9+ 1.7
59.0+ 1.7

67.4+ 1.7
63.2+ 1.7
62.8+ 1.7

'E+=E*+Qo—(E&), where Qo is the Q value for symmetric fission of the compound nucleus and
(EK ) is the experimental total kinetic energy for symmetric fission.

TABLE IV. Parameters and results of
U+ ' 0, Mg, Al reactions.

the analysis of angular distributions for the

Reaction

238U+ 16O

238U +26Mg

(E/ ~ )1ab

( MeV ) /nuc1eon

5.4
5.9
6.7
7.5

5.4
5.9
7.5

(MeV)

81
88
100
1 12

127
1 38
176

TS

( MeV)

1.16
1 .24
1 .37
1.50

1.21
1.32
1.61

15
26
30
34

32
40
64

295
832

1079
1 336

1272
1938
4862

~ expt
0

1 1.1

15.5
16.8
1 8.0

13.4
17.2
34.3

~ expt
0

~eA'

1.24+0.70
0.66+0.24
0.63+0.28
0.60+0.23

0.93+0.30
0.6 1 +0.20
0.1 8+0.05

238U +27Al 5.4
5.9
6.7
7.5

131
143
162
182

1.18
1 ~ 32
1 .49
1 .64

32
38
53
60

1218 16.8
1 760 14.2
3290 16.1

4252 24.2

0.58+0.40
0.90+0.45
0.77+0.40
0.37+0.30

'Nuclear temperature at saddle point T, (MeV) = [8.5 X 1.02 X iE* &f (Erat ) )I&]—
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guing that the Coriolis forces acting on the system during
the descent from saddle to scission are of insufhcient
strength to change the orientation of the nuclear symme-
try axis relative to the total angular momentum vector,
which would be required for a change in the K value
selected at the saddle point. Recently, it has been sug-
gested that the K distribution may reflect a statistical
equilibrium at the scission point, which represents the
other extreme for equilibrated K distributions. The vari-
ance of the K distribution is in both cases given by the fol-
lowing expression,

2 jef 1Eo= T, jef
(5)

where T is the nuclear temperature, J
~

and Jq are the
moments of inertia for rotations around and perpendicu-
lar to the symmetry axis, respectively, all taken at the ap-
propriate point.

The solid curves in Fig. 11 are calculated on the basis
of the assumption that the K distribution is determined at
the fission saddle point, the shape of which is obtained
from the rotating liquid drop model. ' The dashed curves
are based on the assumption that the K distribution
reflects the shape of the scission point. Within the rather
large error bars, we find that the U+ ' 0 data are in
good agreement with the saddle point model, and fall
significantly outside the expectations of the scission point
model. The data for the U+ Al reaction fall in be-
tween the predictions for the two models. This behavior
is interpreted here as an effect of the significant contribu-
tion to the cross section from nonequilibrium quasifission
as evidenced by the mass-angle distributions.

In panel (c) of Fig. 10 we show the angular distribution
for fragments heavier than symmetry only. One sees a
distinct forward-backward asymmetry, which is incompa-
tible with compound nucleus fission. The solid curves are
fitted to the backward part of the distribution only, under
the extreme assumption that this component is the one
that is associated with compound fission. The resulting
variances of the K distributions are shown as open sym-
bols in Fig. 11(c). The fact that also these values deviate
from the saddle point estimate suggests that some fraction
of the backward cross section is associated with
quasifission as well.

E. Signatures for quasifission

In the preceding subsections we have presented several
observations, which have been interpreted as manifesta-
tions of the quasifission process. These signatures may be
summarized as follows:

(i) Large mass widths, incompatible with compound nu-
cleus fission.

(ii) Asymmetries in the mass-angle correlation of frag-
ments.

(iii) Large angular anisotropies, incompatible with com-
pound nucleus fission.

These signatures have been observed earlier in separate
experiments. ' ' In the present study, they are observed
simultaneously, giving strong evidence that these signa-
tures, in fact, reflect different aspects of the same process,

i.e., quasifission. The first two signatures are associated
with the degree of relaxation in the mass asymmetry
achieved within the time available for the reaction,
whereas the latter is associated with the shape and degree
of K equilibration of the intermediate system. As a result,
the occurrence of quasifission can be recognized from the
angular distribution even when long reaction times allow
the mass drift toward symmetry to be completed. The

U+ Mg reaction is an example of this. It shows only
a marginal increase in the mass width and has symmetric
mass-angle correlations. The angular anisotropy is, how-
ever, significantly larger than expected for compound nu-
cleus fission, suggesting that a significant fraction of the
capture cross section arises from quasifission.
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FIG. 12. Cross sections for fission-like processes are shown as
solid circles for the reactions "U+ ' 0, Mg, Al, and ' S as a
function of the center-of-mass energy E, in panels (a), (b), (c),
and (d), respectively. Open circles are taken from Refs. 13 and
55. The solid squares represent the cross section for complete
fusion followed by fission. The solid, dashed, and dotted lines
represent theoretical predictions of the cross section for touching,
capture, and complete fusion processes, respectively.

F. Capture cross sections

The total capture cross sections were obtained on the
basis of the plots of total kinetic energy versus fragment
mass as shown in Figs. 3 and 4. The separation between
capture and scattering events is very pronounced for the
lighter targets, ' 0 to S, but becomes slightly less evi-
dent for heavier targets. The separation that has been
chosen between the two components for these targets is
indicated by dotted lines. The cross sections obtained by
integrating over the capture component are then corrected
for losses arising from detection ineKciencies near the
beam axis and sequential fission of heavy reaction
partners. The results are shown as solid points in Figs.
12 and 13, and listed in Table II. The capture cross sec-
tions will be discussed in detail in Sec. IV.
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FICz. 13. Same as for Fig. 12 for the reactions "'U+ "Cl,
Ca, Ca, and ""Zn.

G. Complete fusion cross sections

The separation of the capture cross section into com-
plete fusion and quasifission components is less straight-
forward than in the case of capture and scattering reac-
tions. Although several distinctive features of quasifission
have been identified as discussed in the preceding subsec-
tion, they cannot be utilized unambiguously in a quantita-
tive analysis. Additional simplifying assumptions are re-
quired.

As a first step we estimate the complete fusion cross
section on the basis of the mass spectra by requiring that
(1) the complete fusion component is symmetric and has
the expected mass width, and (2) that only a fraction of
the cross section at mass symmetry is associated with
complete fusion. This fraction is 100% for the ' 0 target
decreasing to about 40% for Ca. The estimates of these
fractions are based on extrapolations from a quantitative
analysis of the angular anisotropies. The mass distribu-
tion for fission of a completely fused system is assumed to
be a Gaussian centered at symmetry with a variance given
by Eq. (2).

As a second step these estimates have been compared
with simulations of the mass-angle correlations, in
which the mass drift toward symmetry during the rota-
tion of the intermediate complex as a whole have been
calculated under simplifying assumptions in order to com-
pare with the measured mass-angle correlations. The
main assumptions are that a definite l value (to be deter-
mined) separates complete fusion from quasifission. The
lower l values lead to complete fusion, followed by isotro-
pic emission of fission fragments (i.e., large ICO/1 ratio),
with a mass width according to Eq. (2). Higher I-values
up to I,"~' give rise to double trapezoidal mass distribu-
tions of quasifission products. They change smoothly
with target Z value and bombarding energy, reflecting a
tendency for more asymmetric quasifission with lighter Z
value, higher l value, and lower bombarding energy. The

trapezoidal distributions are further convoluted with mass
widths that approach the limit of Eq. (2) for symmetric
masses, and they are normalized to the measured cross
section for capture (minus complete fusion). For each
value of the mass asymmetry there is a definite reaction
time [see Sec. V, Fig. 19 and Eq. (28)), I value, and mo-
ment of inertia, and thus a definite turning angle during
the reaction. This angle is given a distribution with a
width that increases with the square root of the turning
angle. The decay into two quasifission fragments is fur-
ther assumed to occur in a direction perpendicular to the
total angular momentum vector, corresponding to K0 ——0.
When these simulated mass-angle distributions are re-
quired to look like the experimental ones as shown in
Figs. 5 and 6, one obtains a sensitive estimate of the corn-
ponent of complete fusion present in the experimental dis-
tributions. This simulation technique results in complete
fusion cross sections, which are in agreement with those
obtained from the former method to within better than
about 30—50% for the heavy targets, and considerably
better for the lightest targets. We consider 30—50% to be
the accuracy with which complete fusion cross sections
can be determined from the present data.

The results are summarized in Table V and shown as
solid squares in Figs. 12 and 13. We observe that for the

Target

' Mg

Al

32S

"Cl

(E/A )i,b
(MeV/nucleon)

5.4
5.9
7.5

5.4
5.9
6.7
7.5

5.4
6.7
7.5

5.4
5.9
6.7
7.5

OCF

(mb)

95+30
270+80
910+300

85+30
155+50

405+ 120
560+ 180

5.4+ 1.6
230+80
260+ 100

16+5
85+30

220+80
255+90

AE
(MeV)

7
9
19

2
9
17
28

7
20
40

8

14
27
48

E..(1=0)
(MeV)

7+4

1+3

6+4

9+4

Ca

48c

5.0
5.4
5.9
6.7
7.5

4.6
4.8
5.0
5.4
5.9
6.7
7.5

0.11+0.06
1.1+0.5

10.6+4
54+20
98+40

0.06+0.03
0.5+0.2
4.5+2.0

53+20
105+40
130+50
195+90

20
38
59

24
30
43
72
96

28+8

25+8

TABLE V. Complete fusion cross sections and extra-extra
push energies. AE is the extra energy needed for complete
fusion. It is extracted from the experimental compound nucleus
formation cross section (see text). E„(1=0) is the extra-extra-
push energy for the central collision.
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heavy targets only a very small fraction of the capture
cross section can be attributed to complete fusion between
target and projectile. This indicates that a large addition-
al energy, over and above the interaction barrier and
above the extra energy required for capture, must be pro-
vided to the system in order to initiate complete fusion.
The shapes of the excitation functions are indicative of a
dynamical hindrance of complete fusion. It will be dis-
cussed in the framework of the extra push model in the
following section.

come the interaction barrier in order to achieve capture in
these systems. An additional energy, the extra push ener-
gy, E„, is needed to obtain capture for the highest partial
waves. This extra push energy may be read directly off
the figures as the additional energy needed to achieve a
certain cross section level, allowing for the 1/E, reduc-
tion of the cross section corresponding to a specific max-
imum partial wave, i.e.,

E —E E

where
IV. DISCUSSION GF CAPTURE

AND COMPLETE FUSION E, =E,cr, (E, )/cr, (E, ) . (7)

In reactions with "light" heavy ions it is sufficient to
provide a radial energy equal to the one-dimensional in-
teraction barrier in order to achieve complete fusion of the
target and projectile. The complete fusion cross section at
a particular bombarding energy may therefore be deter-
mined from the highest partial wave for which the sharing
of the center of mass energy between radial and tangential
motion leaves sufficient radial energy to fulfill this condi-
tion. This gives rise to the following approximate expres-
sion for the complete fusion cross section,

or =~&1'(1—I'I/Ec m ), . . (6)

A. Extra-push scaling law for capture

The experimental capture cross sections are shown as
solid circles in Figs. 12 and 13. The solid curves
represent the theoretical touching cross section calculated
according to the procedure outlined above. We observe
that the capture cross section is of the same magnitude as
the theoretical touching cross section for the ' 0 and

Mg targets, as well as the lowest energy points for the
Al and S and Cl targets. At the highest energies we

observe a clear cross section deficiency for targets heavier
than Al. This indicates that it is not sufficient to over-

where Vl and Rl are the interaction barrier height and ra-
dius, respectively. From systematic studies of a very large
set of experimental complete fusion cross sections it has
been found ' that the interaction barrier is slightly over-
predicted by the nuclear proximity potential calculated
using standard liquid drop model parameters. This
discrepancy can be removed' by using parameters relat-
ing to the nuclear surface tension obtained in a model us-
ing a folded Yukawa force and adjusted to experimental
nuclear masses and radii. In the following we shall use
interaction barriers obtained in this manner. It has also
been pointed out in several studies that the so called
sharp cutoff model represented by Eq. (6) severely under-
predicts the complete fusion cross section at energies near,
and in particular, below the interaction barrier Vq. In
light systems, a fraction of this enhancement arises from
quantum-mechanical tunneling of the interaction barrier,
but in heavier systems the enhancement is mainly due to
barrier fluctuations arising from static target deforma-
tions and surface vibrations of the interacting nuclei.
In the present work we have taken both of these effects
into account, the details of the calculations being de-
scribed in Ref. 10.

where E,h is a characteristic energy, a is the slope
coefficient, and x B„, is an effective fissility parameter
reflecting the relative strength of repulsive and attractive
forces of the entrance channel system. The characteristic
energy is given by

2048 ~ my2r6 /I i/3/I i/3( g 1/3+ g 1/3 )2

81 3

(9)

where m is the atomic mass unit, y is the surface tension
coefficient, and ro is the radius parameter. The effective
fissility parameter is given by

ECo.i++- t
B (F )nucl max

(10)

where Fc,„~, F„„„and (F„„,~),„ is the Coulomb, centrifu-
gal, and nuclear force, respectively, at the point of max-
imum nuclear attraction.

For the interaction between spherical nuclei, we may
write

Fc«&=Z)Z2e /rm

F„„,=(fl) fi /pr

(Fnucl )max =41rpc /max

where the nuclear force is obtained on the basis of the
proximity model. In this model the maximum nuclear at-
traction is achieved at an internuclear distance of
r =ci+c2+0.3 fm, where the c;, i =1,2, refer to the
central radii of the interacting nuclei. At this distance the
proximity function assumes a value of $,„=0.9601. In-
serting these expressions into Eq. (10), we find

XB„,=XB„,(l =0)+f (I/l, h) (12)

where f is the fraction of the total angular momentum, 1,
which remains in orbital motion. The characteristic angu-

Here, o., and o-, refer to the calculated touching cross sec-
tion and the experimental capture cross section, respec-
tively. For each data point showing a cross section
deficiency the extra push energy has been determined in
this manner.

In keeping with the extra push model, ' we may ex-
press the extra push energy as follows,

2 & 2E» —Ech& (& Bass &th )
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2.0

(o)

S

U beam

tal cross section on the basis of a sharp cutoff approxirna-
tion. We notice that the data points exhibit the expected
linear dependence between the two quantities supporting
the extra push model.

B. InAuenee of N/Z equilibration

2.0 I

{b)

1.0

0.5

—0.5

2.0

35O 48C

The extra push energy for central collisions are ob-
tained from the data by extrapolation along the solid lines
to I, =0. The scaling properties of the extra push model
may be tested by plotting the resulting values of
(E /E, h)' as a function of either the effective fissility
x ff Fig. 1 5 (a), or the parameter x B„„Fig. 1 5 (c) . The
effective fissility parameter

1.5

1.0

(e)-
Xeff = 1 2FCoul /(Fnucl )max (14)

0.5 '

0.0

—0.5
0.0 0.2

40~

0.4 0.6 0.0 0.2 0.4 0.6

(4/4. )
FIG. 14. Solid points represent experimental values of the pa-

rameter (Ex/E, h)' ' for the reactions ' U+' S, "Cl, Ca, Ca,
and ""Zn shown as a function of the parameter (l, /l, h)' in
panels (a), (b), (c), (d), and (e), respectively. Open points are ob-
tained from Ref. 13. Solid lines are fits to the data points.
Dashed lines represent the prediction based on the overa11 sys-
tematics.

lar momentum, l,q, is given by

l,h=(10mycttp, ~r /3A )' (13)

where p is the reduced mass in the entrance channel.
Guided by the scaling properties of Eq. (10), we plot

the quantity (E„/E,], )' against (l, /l, h) for the experi-
mental data points in Fig. 14. The limiting angular
momentum for capture, l, , is derived from the experimen-

scales with the force balance between the interacting nu-
clei, assuming spherical shapes with sharp surfaces,
whereas the parameter xB„, reflects the same quantity,
but calculated assuming diffuse nuclear surfaces and
modified values of the nuclear radii and surface tension
coefficient. A comparison of the effective fissility parame-
ters is listed in Table VI. These modifications result in a
better representation of the interaction barrier heights, as
discussed in Sec. IV. Furthermore, this redefinition of the
scaling parameter allows for a generalization of the extra
push concept to nonspherical interacting nuclei, which be-
comes very important at near and subbarrier energies.

In Figs. 15(a) and 15(c) we have also included experi-
mental estimates of the extra push energy for head-on col-
lisions for several other reactions"' ' ' and we find a
reasonable overall linear scaling with either of the effective
fissility parameters. There appears, however, to be a
slight discrepancy between the results for very asymmetric
reactions, such as those studied in the present work, and
the nearly symmetric reactions of Ref. 35 and 36. The
threshold values of the effective fissility, x,z, or xq„„are
significantly different. In agreement with earlier stud-
ies, "' a threshold value of x,h

——0.7 is obtained for the

TABLE VI. Comparison of dift'erent fissility parameters. The columns (1—5) give the following quan-
tities: (1) x]]„,=1.2[Fc,„](r )+F„„,(r )]/F„„,](r-), r =c]+cq+0.3 fm. r is the point of maximum
nuclear attraction, F»c](r )=4tryc]t],„, c; =R; —b /R;, R; =1.28M ~ —0.76+0.8A; '~, b =1 fm,
c =c]c2/(c] +c2 ), y =yo( 1 —2.3I ), and ]t] „=0.9601, y = 1.2496 MeV fm '. (2) (x Basg ),q is the system
parameter after N /Z equilibrium. Keeping the mass constant, the formulae Z& = A T (Z /A ),
NT = A T —ZT give the proton and neutron number in the nucleus after N /Z equilibrium. (3)
x, =(Z /A)eff/(Z /2)e]]i (Z /A)e]r:4Z]Zz/[AI Az (2] +A& )]i (Z /A)en]:50. 9(1 1 78I )~

I= (N —Z ) /A. (4) (x, ),q is the efT'ective system parameter after N /Z equilibrium. (5)
x=(Z /A)/(Z /A)„;.

Target

16O

Mg
Al

32S

35(

Ca

Ca
Zn

I
X Bass

0.532

0.610
0.644

0.717
0.727

0.790
0.733
0.918

0.426

0.501

0.543

0.593
0.690
0.663

0.698

0.826

0.462

0.561

0.595

0.675

0.690
0.760
0.713
0.918

Entrance channel
I

(X Bass )eq xe (x, ),q

0.370
0.486

0.502

0.559

0.586

0.638
0.679
0.827

254FYIl

264X
104

265X
105

270X
108

273X109

278X
112

286X
112

302X
122

0.841

0.895

0.885

0.914
0.922

0.950
0.940
1.036

Composite system
zX x
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FIG. 15. The parameter (E /E, h)' is plotted against the four scaling parameters, x,&, (x,&),q, x B„„and (xz„,),q in panels (a), (b),
(c), and (d), respectively. Solid points are obtained from the present work, whereas open circles, open squares, open triangles, and open
diamonds are from Refs. 13, 11, 35, and 36, respectively. The thick solid lines represent the best fits to the data, the parameters of
which are indicated in the figure.

reactions with mass asymmetric entrance channels,
whereas the data for more symmetric reactions indicate
a threshold value of x,h ——0.61—0.64.

A possible cause of this inconsistency may be found in
the rapid equilibration of the isospin mode during the ear-
ly stages of the reaction. Studies of deeply ine1astic and
quasielastic scattering show that this mode is nearly
completely equilibrated in the early stages of the reac-
tions. We have therefore examined the scaling properties
of the extra-push energy with respect to the effective fissil-
ity parameters, (x,s),q and (xii„,),q, referring to charge
equilibrated systems as shown in Figs. 15(b) and 15(d), re-
spectively. These parameters are calculated assuming that
the total charge is distributed according to the mass of the
interacting nuclei while the initial mass asymmetry is
preserved. We observe that most of the above mentioned
discrepancy between mass asymmetric and symmetric sys-
tems is removed under this assumption, although a few
points, notably the Pb+ Ca and Zr+ Zr, fall out-
side the systematic trend. It is reasonable to expect that
this particular deviation is caused by the especially strong
shell effects in these systems. Otherwise we find a good
universal correlation between the experimental extra push
and the charge equilibrated effective fissility parameters.
From this analysis one obtains, however, significantly
different threshold and slope parameters compared to ear-

lier analysis in which no charge equilibration was as-
sumed.

The increase in the quantity (E /E, h)' with (1, /l, h)
as illustrated in Fig. 14 is related to the l dependence of
the effective fissility, Eqs. (8) and (12), the slope being af .
Having determined the quantity a from the scaling prop-
erties of the extra push energy, a =7.3+1.0, we may ob-
tain an estimate of the angular momentum fraction, f.
There is no reason to expect that this quantity should be
strictly constant, but we find that a constant value of
f=0.55 is in reasonable agreement with the experiment,
as illustrated by the dashed lines in Fig. 14. These lines
are drawn on the basis of the effective fissility parameter,
(x B„,),q, using a threshold value of x,h=0. 62 and a slope
of a=7.3. For ease of calculation, we therefore assume f
to be constant in the following.

C. Complete fusion and the extra-extra push

The complete fusion cross sections estimated on the
basis of the measured fragment mass distributions accord-
ing to the methods described in Sec. III G are shown as
solid squares in Figs. 12 and 13 and listed in Table V.
We observe that the complete fusion cross section consti-
tutes only a small fraction of the capture cross section,
especially for the heavier targets. This implies that a radi-
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Exx =ECF —E, ,

where

&CF(ECF/Et )

(15)

Here, o., and O.CF refer to the calculated touching cross
section and the experimental complete fusion cross sec-
tion, respectively.

The extra-extra push energy, E, is expected to be
given by

E„=E,ha (x —x,h) (16)

where x is a scaling parameter composed of the effective
fissility and the true fissility of the system as defined
below. The characteristic energy, E,h, is defined in Eq.
(9) and listed in Table VII for the reactions studied in the
present work. The slope parameter, a, and the threshold,
x,h, are determined from the data.

It has been suggested tentatively that the mean fissili-

ty parameter, x, is the geometrical mean between the
effective fissility, x,ft-, which reAects the force balance in
the entrance channel, and the true fissility, x, related to
the stability against fission of a spherical compound sys-
tem. It was furthermore assumed that a simple I term
accounts for the increased hindrance of complete fusion
with angular momentum. ' In a recent theoretical
study of the dynamical scaling properties of the extra-
push model, it has been suggested that the mean fissility,
x, may be better represented by the more general form

al energy, E, may be needed in excess of the interaction
barrier, Vl, and E in order to lead to complete fusion of
the system. Since the complete fusion cross section is al-
ways smaller or equal to the capture cross section, it fol-
lows that this extra-extra push energy is larger or equal to
the extra-push energy needed to induce capture. From
the experimental data we may estimate the extra-extra
push energy in a manner analogous to the estimate of the
extra-push energy from the capture cross section. Thus
we have

3 \
I

1
I

I

-(a)
'I

I
I

d

Mg 35C)

different from 0.71 in order to obtain the optimal repre-
sentation of the data. Assuming that the mean fissility in-
creases approximate linearly with ICF we plot the quantity
(E„ /E, h)' as a function of lcF in Fig. 16 for the data
obtained in the present experiment. Here, lcF represents
the highest partial wave leading to complete fusion, es-
timated from the experimental cross section on the basis
of the sharp cutoff' assumption. The thick lines represent
the estimated best fits to the data points under the con-
straint of reasonable f values, i.e., f=0.55. The inter-
cepts of these lines with the ordinate represents the experi-
mental estimates of (E „/E,h)' for head-on collisions,
i.e., the extra-extra push energy needed to achieve com-
plete fusion in this situation.

In order to study the scaling properties of the extra-
extra push energy, we have plotted the quantity
(E„„/E,h)' as a function of the mean fissility parameter,
(xB„,)",qx' ", for three different values of p, in Fig. 17.
We have chosen to use the charge equilibrated effective
fissility parameter for diffuse surface nuclei (xB„,),q for
the reasons mentioned in Sec. IV 8. The solid points are
from the present study, open circles are obtained from an
analysis of fission fragment angular distributions, and the
open squares are obtained from an analysis of evaporation
residue cross sections for nearly symmetric systems.
From Fig. 17(a) we observe a substantial discrepancy be-
tween symmetric and asymmetric systems if scaling with
either the effective fissility (x B„,),q or the true fissility x is
attempted. We find, however, that a mean fissility param-
eter of
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where dynamical equivalence was found for different sys-
tems with the same value of x if a value of p=0. 71 was
used. In the analysis of the present data, and other data
found in the literature, we have used this form of the
mean fissility. The relative weighting between the
effective fissility x,~ and the true fissility x expressed by
the exponent p was, however, allowed to assume a value
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TABLE VII. Extra push parameters.
S Ca

Reaction

238U+ 16O
23 8U +26Mg
238U+ 27Al

238U+ 35C]
238U +40(

238U+ 48C

238U+ 64z

E,h (MeV)

9.2
1 1.5
1 1.8
12.9
13.4
14.4
14.8
17.5

92.1

135.4
139.8
160.3
171.7
190.7
216.7
272.0

2000 4000 6000 0 2000 4000 6000

( ~cr'& (t ')
FIG. 16. Solid points represent experimental values of the pa-

rameter (Exx/E, h)' for the reactions "U+' Mg Al, "S,
Cl, Ca, and Ca shown as a function of the parameter I~F in

panels (a), (b), (c), (d), (e), and (f), respectively. The solid lines
are fits to the data points using Eqs. (16) and (20). Dashed lines
represent the l dependence based on Eq. (19).
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10

0.0

fusion cross sections, removing an earlier discrepancy and
establishing consistency with central aspects of the
theoretical extra push model. This is mainly a result of
taking fast charge equilibration in the entrance channel
into account in the calculation of the effective fissility pa-
rameter.

The I dependence of the mean fissility has been suggest-
ed to be given as a simple linear dependence of ICF ac-
cording to

x (1)=x (1 —0)+f (1/1 eh ) (19)

10
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where

1,'h =(lehlsf o)' /(1 —x)'

and f is the angular momentum fraction, see Eq. (11). In
the above expression, l,h is the characteristic angular
momentum for capture given by Eq. (13), lB o is the an-

gular momentum at which the fission barrier vanishes ac-
cording to the rotating liquid drop model, ' and x is the
fissility parameter.

The 1 dependence of x according to Eq. (19) (dashed
lines) is compared with the experimental data, x (1=0)
being given by Eq. (18). We find that the increase in E „
with spin is not as steep as indicated by the experimental
data, especially for the heavier targets. A slightly better
agreement with the data is obtained if the following rela-
tion is used,

FIG. 17. The parameter (E„„/E,h)' is plotted against the
scaling parameter (xB„,)",~' " for three values of p, 1.0, 0.37,
and 0.0, in panels (a), (b), and (c), respectively. The solid points
are obtained from the present work, whereas open circles and
open squares are from Refs. 9 and 35, respectively. The solid
line in panel (b) represents the best fit to the data, the parameters
of which are indicated in the figure.

O. 37 0.63
xm = (x Bass )eq (18)

i.e., p=0. 37, constitutes a reasonable scaling parameter
for the extra-extra push energy. As is the case for the sys-
tematics of the extra push energy, we find that the

Zr+ Zr point [open square at (E„ /E, h)' =0] falls
outside the general trend. Again, it may be argued that
this discrepancy is associated with the unusual strong
binding of both reaction partners in this case. The result-
ing threshold and slope parameters, x,h ——0.62+0.03 and
a =7+1, are in good agreement with the previous esti-
mates obtained from a smaller subset of the data exclud-
ing the data from the present study.

The value of p=0. 37 resulting from this analysis seems
to suggest that the properties of the compound system are
more important than estimated on the basis of the theoret-
ical studies. Although this discrepancy is not under-
stood at present, it may indicate that the numerous
simplifications assumed with this model lead to numerical
inaccuracies.

An important result of the present analysis is the fact
that identical values of the threshold fissility, xth, and the
slope parameter, a, are obtained from the analysis of both
the experimental capture cross sections and complete

x (1)= (x B„,),q( I ) x (1)

where

(20)

x (1)=x (1 =0)+ (1 —x)(l/lB 0)

Using this I dependence results in a somewhat stronger in-
crease in the extra-extra push energy with spin, as
represented by the solid lines in Fig. 16. The angular
momentum fraction used in these estimates is identical to
the value used to estimate the capture cross section,
namely f=0.55.

D. Model calculations

Having determined the parameters for the extra-push
model as detailed above, it is of interest to perform actual
calculations of the cross sections for capture and complete
fusion for comparison with the experimental quantities.
Insofar as the parameters are extracted from the experi-
mental estimates of the extra- and extra-extra-push ener-
gies, it is expected that the model calculations will provide
a good representation of the experimental cross sections.
There are, however, several approximations in the deter-
mination of the extra- and extra-extra-push energies from
the cross sections which may modify this expected agree-
ment. One of these is the assumption of a sharp cutoff in
the l distributions for both capture and complete fusion.
The cross section calculations take into account both the
barrier fluctuation caused by target deformation and
zero-point vibration, ' ' as well as the effect of quantum-
mechanical tunneling through the interaction barrier.
Both of these effects cooperate to produce smooth l distri-
butions, as opposed to the sharp cutoff assumption used in
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the first analysis. These barrier fluctuations are propagat-
ed to the capture and complete fusion cross section.

E. Extra push fluctuations

Recently, it has been observed ' that the complete
fusion cross sections vary even more smoothly for ener-
gies near threshold than what can be accounted for by the
interaction barrier fluctuations. This effect has been attri-
buted to fluctuations in the extra-extra push energy need-
ed to bring the system from the configuration of the in-
teraction barrier to a configuration inside the true saddle
point (the fission barrier). Since this motion is subject to a
substantial dissipation, it is natural to expect that it is as-
sociated with a certain amount of fluctuations. In the
present treatment we have assumed that the extra-extra
push energy required to bring the system to a con-
figuration behind the true saddle point has a Gaussian dis-
tribution, i.e.,

p(E „)=expI [E —E, (0)] l2tr

where

(21)

o„„=croE„(0).

3
1 0

238

0
0
Q3
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O

In this expression it is assumed that the variance increases
linearly with the extra-extra push energy, as would be the
case in a multistep process. The constant o.o is to be
determined from the near barrier behavior of the excita-
tion function for complete fusion. In Fig. 18 the effect of
the fluctuations in the extra-extra push energy is illustrat-
ed for the U + Ca reaction. The solid circles
represent the experimental complete fusion cross sections
obtained in the present work as detailed in Sec. III G.
The solid curve represents extra push model calculations
of the complete fusion cross section following the guide-
lines of the preceding section including barrier fluctua-

tions. This calculation is carried out using standard pa-
rameters, o0=2 MeV, x,h=0. 62, o„=7, f=0.55, and
p=0.37, whereas a calculation of the complete fusion
cross section in which the fluctuation of the extra-extra
push energy is disregarded (i.e., o0=0) is illustrated by
the dotted curve. We observe that this latter calculation
severely underestimates the complete fusion cross section
at near barrier energies by falling off much more rapidly
when approaching the barrier energy than seen in the ex-
perimental data. This effect is taken in support of the as-
sumption of a fluctuating extra-extra push energy as de-
scribed above.

F. Summing up

The analysis carried out in the present section is based
on the most comprehensive and diverse set of experimen-
tal results used so far to assess the qualitative and quanti-
tative validity of the extra push model.

The prominent qualitative feature of this model is that
the motion inside the touching barrier is highly dissipa-
tive, being dominated by dinuclear and mononuclear one-
body friction, while the conservative driving forces are of
liquid drop type. This leads to the specific scaling laws
that further require identical threshold and slope parame-
ters for capture and complete fusion reactions. We have
shown that the experimental results qualitatively reflect
the scaling laws of the prescribed type with equal thresh-
old and slope parameters for the two kinds of reactions.
The existence of such systematic correlations between
quite diverse measurements lends strong support to the
validity of the central assumptions of the theory.

Quantitatively, the extracted parameters x,h =0.62 and
a =a, =7 can be compared to theoretical model calcula-
tions ' of central collisions leading to the same reactions,
using sharp surface model-nuclei and shapes described by
three parameters only (elongation, neck radius, and mass
asymmetry). The corresponding theoretical parameters
are x,h =0.723 and a =a =18. A discrepancy between
theory and experiment of this magnitude certainly cannot
be neglected. It remains to be seen whether or not it can
be understood as a result of surface diff'useness and (dissi-
pative) fluctuations or in terms of shapes that so far have
been neglected in the theoretical model calculations. It is
also possible that the procedures used to separate mean
values from fluctuation effects in the analysis of the exper-
imental data tend to result in a lowering of the extracted
threshold and slope parameters without affecting the scal-
ing behavior.

V. DISCUSSIOIV OF MASS DRIFT
TOWARD SYMMETRY

'J60 200 240 280 320
A. General properties

E, (tvIeV)

FIG. 18. Illustration of the eft'ect of extra-extra push Auctua-
tions. Excitation functions for complete fusion calculated with
(solid curve) and without (dashed curve) extra-push energy Auc-
tuation are compared with the experimental data for the
"'U+ 'Ca system.

In the past the deep inelastic scattering process has pro-
vided most of our knowledge on mass rearrangements in
heavy ion reactions. The deeply inelastic scattering pro-
cess was found to be associated with an unexpectedly
small net mass transfers between the reaction partners, al-
though a pronounced increase in mass width as a function
of the energy dissipation in the process has been observed
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and studied in great detail. In these studies one has also
observed a net change in the element distribution without
an associated drift in the average fragment mass con-
sistent with a fast equilibration of the isospin mode during
the short reaction time (typically, r-1X 10 ' s).

In contrast to these observations, we find a large degree
of mass drift for the completely damped processes, i.e., re-
actions in which the total kinetic energy in the exit chan-
nel can be thought of as representing the Coulomb repul-
sion between the final fragments at the point of scission
according to the Viola systematics. ' One finds that mass
drift toward symmetry takes place only in reactions where
the relative motion of the interacting nuclei has been corn-
pletely damped.

By studying the fragment mass-angle correlations
shown in Figs. 5 and 6, we observe that the mass drift to-
ward symmetry is often incomplete. The mass-angle
correlation for the U + ' 0 reaction is, however (within
experimental uncertainties), perfectly reflection symmetric
around the 0, =90' line and around mass symmetry at
A=127 u. This behavior is expected (and required) for
the decay of a compound nucleus by virtue of the hy-
pothesis of independence between formation and decay.
For reactions on targets heavier than Mg we observe a
progressive deviation from these symmetries, which indi-
cates the presence of non-compound-nucleus reactions
with time scales that are short compared with the charac-
teristic time scale for mass drift all the way to symmetry.
Due to its distinctive characteristics, this class of processes
is referred to as quasifission reactions. They may be
viewed as the connecting link between partially damped
deeply inelastic processes and complete fusion, its main
distinction being a completely damped kinetic energy in
the exit channel combined with various degrees of mass
drift toward symmetry.

B. Angles of rotation —reaction times

Aside from the mere observation that the mass-angle
correlations for targets heavier that 3 -27 are incon-
sistent with the fission decay of a compound nucleus, we
will in the present subsection attempt to estimate the reac-
tion times for such processes from the observed emission
angles and estimated mean angular momenta.

The angle of rotation of the intermediate system is

60=~—0; —0y —0, (23)

where 0 is the observed scattering angle and 0; and 0I are
half of the computed Coulomb deflection angles of initial
and final trajectories. The reaction time, i.e. , the period
during which the nuclear interaction between the two re-
action partners is significant, is given by

herent inaccuracy of the method does not warrant further
refinements. Two different estimates of the constant mo-
ment of inertia, 2, of Eq. (24) have been used in the
derivation of the reaction times, namely

J z ——1.4Jo or Js =0.5[J„,(in)+ J„,(out)], (25)

where Jo is the rigid spherical moment of inertia of the
combined system and J„,(in) and J„,(out) are the total
rigid moment of inertia for touching spheres correspond-
ing to the entrance or exit channel mass asymmetry, re-
spectively. Sharp surface spheres with a radius parameter
of ro ——1.16 fm were assumed in both cases.

In order to relate the relaxation of the mass asymmetry
degree of freedom to the reaction time, we have divided
the mass distribution corresponding to projectile-like cap-
ture products into three bins, each containing one-third of
the cross section. The average mass corresponding to
each bin, ( A ), was computed and the results are listed in
Table VIII along with a normalized measure of the degree
of mass drift toward symmetry defined as

(26)

where 3, is the symmetric mass

A, = —,
'

( A~ + A, ), b, A,„=—,
'

( A~ —A, ), (27)

Az and 3, being the projectile and target masses, respec-
tively.

The mean partial wave associated with each mass bin
was estimated on the following basis. The partial wave
distribution for capture reactions, and the associated
transmission coefficients TI, were obtained from model
calculations as described in Sec. IVD. This distribution
was divided into three partially overlapping bins, each en-
compassing one-third of the capture cross section, with a
falloff toward high partial waves given by the T~'s for cap-
ture. It is furthermore assumed that the most symmetric
mass bin is associated with the angular momentum bin
corresponding to the smallest spins, etc. The mean angu-
lar momentum, as well as the corresponding angle of rota-
tion 60 and the reaction times ~q and ~~ calculated with
the two different assumptions on the moment of inertia,
are listed in Table VIII.

The correlation between the mean normalized mass
drift toward symmetry, 63 /6 A,„, and the reaction
time, determined from the angles of rotation, is shown in

Fig. 19, for the cases listed in Table VIII. We find a
surprising universality in this correlation irrespective of
the target species' and the bombarding energy. ' It in-

dicates that the drift toward mass symmetry occurs as an
overdamped motion given by

I:„„=60/co, m = l /2 . (24) 6, A /5 A,„=1 —exp[ —(t —to) lr], (28)

The angular velocity co is given by the total angular
momentum l of the system divided by the total moment
of inertia. In this simple relation we shall ignore the fact
that the moment of inertia changes continually during the
interaction as a result of shape changes and instead as-
sume a simple rigid rotation without axial spin com-
ponents (IC =0). These are crude assumptions, but the in-

and that the time constant common to all systems is
r=(5.3+1)X10 ' s. There appears to be a time delay
of wo —1X10 ' s before (and after) mass drift sets in.
We interpret this as the time from contact until a sizable
neck is generated between the interacting ions plus the
time of neck constriction prior to scission.

An important result of this analysis is the apparent
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TABLE VIII. Mass drift, radial injection energy, angles of rotation, and reaction times for U induced reactions.
Ez(l)=E, —V(l), (hA ) = A~ —(A ), and b A,„=—'(A~ —A, ). bO=~ O—; Of ——O, ~g =EO/(cog ), cog =l//g, d g =1.48 ph,

7 e =DO/(cog ), (ci)tt ) = l I/g, and 8a =
z [cP«f(in)+ cF«&(ont)].

Target

(Z/W)1,

{MeV/nucleon)

5.4

5.9

6.7

7.5

Bin

123
143
166

120
143
167

117
141
167

121
146
166

21
32
40

27
40
48

28
52
67

33
61
78

AA

~~max

—1.0
0.90
0.68

—1.0
0.91
0.67

—1.0
0.92
0.68

—1.0
0.87
0.69

(ER )

(MeV)

7.5
4.0
0.3

23.7
12.0
0.9

41.3
25. 1

10.2

(deg)

65
58
54

249
239
232

223
207
195

211
195
183

( lp —21

6.9
4. 1

3.1

20.9
13.6
10.9

18.0
9.0
6.6

14.5
7.2
5.3

( 1p
—21

8.7
5.2
3.7

26. 1

17.1

13.2

22.4
11.3
8.0

18.1

9.1

6.3

s)

32S 5.4

6.7

7.5

154
167
185

130
151
169

130
157
174

18
28
30

27
49
64

34
63
81

0.90
0.75
0.48

—1.0
0.83
0.67

—1.0
0.78
0.63

22.0
13.5
4.7

42.4
28.0
14.5

52
43
41

245
232
222

223
207
196

6.7
3.6
3.0

21.2
1 1.1
8.1

15.3
7.7
5.7

8.6
4.5
3.5

27. 1

14.1

9.9

19.6
9.8
6.8

"Cl 5.4

5.9

6.7

7.5

151
179
200

135
162
188

132
158
177

131
158
183

21
33
52

28
42
69

32
58
75

37
67
87

0.87
0.75
0.55

—1.0
0.75
0.49

—1.0
0.79
0.60

—1.0
0.79
0.54

6.3
2.3

27.6
16.8
6.2

50.4
36.0
21.3

62
53
38

249
239
232

204
190
179

183
168
157

7.0
3.9
1.8

31.2
16.3
12.3

15.1
7.8
5.7

1 1.7
6.0
4.3

9.1

4.8
2. 1

27. 1

17.4
9.5

19.6
10.0
6.9

15.2
7.6
5.2

Ca 5.4

5.9

6.7

7.5

216
229
233

177
208
227

155
184
205

152
180
202

11
18
23

23
36
45

28
51
66

37
67
87

0.22
0.09
0.05

0.6
0.30
0.1

0.84
0.55
0.33

0.87
0.59
0.37

1.0

25.7
17.7
I 1.2

50.7
38.1

25.5

53
41
30

93
63
48

157
115
73

224
170
110

11.9
5.6
3.2

9.9
4.3
2.6

13.7
5.5
2.7

14.8
6.2
3.1

13.9
6.1

3.8

12.8
5,0
2.9

18.1

7.0
3.1

19.5
7.9
3.6
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TABLE VIII. (Continued).

(ER )

(MeV)

(E/A )l,b

(MeV/nucleon)

&B

AA
~ A max

( 10—21(10 ' s)(deg)BinTarget

"Ca 6.2
3.1

2. 1

45
39
33

4.9
2.6
1.8

0.38
0.26
0.19

24
39
47

202
214
220

4.6

7.6
3.6
2.0

62
50
35

5.9
3.0
1.7

0.47
0.31
0.22

27
43
53

193
209
217

4.8

7.8
3 ' 8
2.3

5.9
3.1

2.0

71
58
47

3.1

0.8
0.59
0.35
0.21

31
49
60

182
205
218

5.0

11.0
5 ' 3
3.2
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11.2
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195
214

5.4
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6.6
4.4
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0.37
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5.9

15.1

7.0
4.2

1 1.3
6.3
3.5

202
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65.1

49.3
33.3

0.94
0.58
0.34

41
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6.7

13.2
6.2
3.6

9.8
4.7
3.0

210
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94. 1

71.0
47.6

0.90
0.59
0.37

55
100
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7.5

13.9
5.3
3.4

10.0
4.0
2.6

57

38

0.73
0.32
0.26

16
31
40

175
209
216

Zn 5.4

8.5
4.1

2.8

6.2
3.1

2.2

75
69
64

47.5
40.9
34.5

0.60
0.28
0.21

34
62
80

186
213
220

6.7

8.4
4.4
3.2

6.1

3.3
2.5

91
90
87

86.4
76.1

66.4

0.63
0.30
0.23

42
77
99

184
212
218

7.5

1.2
temperature independence of the drift rate in the mass
asymmetry degree of freedom. This point is illustrated
more clearly in Fig. 20, where the data are divided into
three bins according to the estimated energy E' of the
would-be compound system. This represents an upper
bound to the excitation energy during mass relaxation, the
actual excitation energy being reduced by some 5 —20
MeV of deformation energy relative to the (spherical}
compound nucleus. The solid curves in this figure are
identical, representing the best fit to the entire set of data.
The consequences of this apparent temperature indepen-
dence of the characteristic time for the mass drift mode is
discussed in further detail in the following subsection.

The effect of using smoothly overlapping partial l distri-
butions for each of the three mass bins is illustrated in
Fig. 21. Data for the seven different bombarding studied
for the U+ Ca system are shown. In the derivation
of the data points shown in panel (a} of Fig. 21, a sharp
cutoff l distribution is assumed for the capture reactions.

2~~0 beam
1.0

32'
35(

)

: ~Ca
"~Ca
; 5
~ ~xi
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Ni

flGf~

0.8
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25 3010 15 20

t, (&0-"s)

FIG. 19. Normalized mass drift AA/AA, „as a function of
the reaction time. The solid curve represents the best At to the
data using Eq. (28). The parameters for the curve are given in

the text.
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FIG. 20. Illustration of the temperature independence of the
time constant for mass drift toward symmetry. The data are di-
vided into three excitation energy bins. Identical curves based
on the best fit to the data in Fig. 19 are shown in the three
panels for comparison.

FIG. 21. Illustration of the importance of using smooth angu-
lar momentum distributions. The data are for the U+ Ca
system at seven different bombarding energies. The data shown
in panel (a) are derived using a sharp boundary between adjacent
angular momentum bins, whereas the results assuming smoothly
overlapping angular momentum bins are shown in panel (b).

This is again divided into three sharply divided bins, each
containing one-third of the cross section. The average l
value of each bin is used to compute the associated reac-
tion time. As known from numerous other studies, this
method results in a severe underestimation of I values
contributing to both complete fusion and capture reac-
tions near or below the barrier. In Fig. 21(a) this un-
derestimate results in excessively long reaction times for
low bombarding energies. In panel (b) of Fig. 21 we show
reaction times which are computed on the basis of smooth
l distributions. In this case low- and high-energy points
fall on the same curve. This illustrates the importance of
using correct I distributions, which agree with subbarrier
cross sections, also in this type of analysis.

C. Dissipation mechanism in the mass drift mode

The tendency for mass equilibration observed in the
present data is thought to be caused by the fact that the
minimum in the potential energy surface for the systems
studied in the present work occurs for equal mass
divisions. The mass dependence of the potential energy
is reasonably well represented by a parabola of the form
U= —,'k(( A ) —2, ), where k is practically independent of
the temperature. This leads to a driving force for the

mass drift mode of the form

F, = = —k((A) —A, ) .
dU

d
(29)

1 d(W)F„=—
m dt

(3O)

where m is the mobility which could depend on tempera-
ture. From these equations one obtains

where

—(3) (gg) = 1 —exp
Ap —3, AA

t —tp
(3.1)

1
'7 =

mk
(32)

The temperature independence of the dissipation as ob-
served for motion in the mass asymmetry degree of free-

The force constant k may be estimated from the liquid
drop model' of symmetric and asymmetric saddle shapes
to be k-0.0035 MeV/u for all the systems studied here.
In an overdamped motion this driving force will be bal-
anced by the dissipative friction force



36 FISSION AND QUASIFISSION IN U-INDUCED REACTIONS 137

dom is characteristic for one body dissipation, which
occurs in media' where the mean free path of the parti-
cles is long or comparable to the dimensions of the object.
In the nucleus this form of dissipation is realized by the
interaction between single nucleons and the nuclear sur-
face. The relative importance of one-body dissipation, as
opposed to two-body dissipation which arises from col-
lisions between nucleons inside the nuclear medium, de-
pends on the mean free path. If the mean free path is
much shorter than the nuclear dimensions, many two-
body collisions would occur before an interaction with the
nuclear surface could take place. In this case one would
expect ordinary viscous Aow associated with the two-body
dissipation mechanism to prevail. If, however, the mean
free path is longer than or comparable to the nuclear di-
mensions, one will expect the one-body particle-surface
dissipation mechanisms to dominate. The diA'erence in
temperature dependence for the two mechanisms is a clue
to the relative importance of one-body versus two-body
dissipation in nuclei. As a Fermi liquid, the dissipation
properties of nuclear matter may be compared to those of
bulk liquid He. In this latter case it has been observed
that the viscosity is inversely proportional to the square of
the temperature, q —1/T, as expected from a two-body
dissipation mechanism in the framework of the general
Landau theory. The observation that the characteristic
time constant ~ for the mass asymmetry relaxation is in-

dependent of the temperature lends strong support to the
assumption that the one-body dissipation is responsible
for the dissipation in the nuclear case. In the following
we will therefore compare the observed characteristic
times with estimates for one-body dissipation for
simplified geometries.

The general expression for one-body dissipation for a
dinuclear system connected by small neck of cross section
a may be written'

dE
. 2 ~ 2

dt
=pv ~du(ri D—;) +pv $2do(ri —D2)

p 2

+ —,'pv(» +x )a + —", pv

where p, U, ri, and D; are the nuclear mass density, mean
particle speed, surface velocity perpendicular to a surface
element do. , and general translational and rigid rotational
drift velocity of each of the two partners. The quantities
x and i describe the relative motion of the two reaction
partners, whereas V~ denotes the rate of change of the
volume of one of the fragments. As can be seen, the ex-
pression contains no temperature dependent quantities
(both v and p are practically constant in the temperature
range considered here). Presently, we will consider the
situation ~here the relative motion between the two ions
has been dissipated both in the radial and tangential direc-
tions. We may therefore disregard the third term in Eq.
33, which represents the dissipation in the relative motion.
If we furthermore assume that the system is represented
by two spheres with a common window of area a =mr„,
Eq. (33) reduces to

2

=4mpv(R iR i+R qR 2)+ —pv, (34)
dE
dt a

where R;, i = 1,2, are the radii of fragment 1 or 2, respec-
tively. Here the first two terms arise from the wall dissi-
pation generated by the expansion of one fragment and
the corresponding contraction of the other. The third
term represents the dinuclear dissipation associated with
the mass Aow through the interconnecting neck. It
should be noted, however, that this term is derived under
the assumption that the window radius is much smaller
than the nuclear dimensions, an assumption which may
not be fulfilled for the quasifission reactions.

Using the relation R; =rp A and

1/3
27 77

pUrp =
32~ 3

we find

dE 3
dt 8

dE 3

dt 8

1/3
1

A 2/3
1

1/3
h

A 2/3

2
64 rp+ 2/3 +

rtv

2/3
A

A)

(b, A),

A 64 R+ + (b, A ) (35)

=2.5 X 10-22
Ag

2/3
64 R+ -'— +
9 r

(b, A ) (MeV/s), (36)

where A is the mass number and R the spherical radius of
the compound system and 6A = A, —A& ——A2 —A, . We
find that the third term associated with mass transfer
through the interface is substantially larger than the first
terms, which are appropriate for mononuclear systems.
For a typical system, say Ca+ U with a interconnect-
ing window of radius r =0.3R, we find

= (1/m )(b, A )
dt

=2.5X10 A i'(3.3+ 1.1+79)(b,A) (MeV/s)

=4.8&(10 (b, A) (MeV/s) . (37)

This results in a characteristic relaxation time for the
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mass asymmetry mode of ~= 1/mk = 1.4 X 10 ' s,
which is about 26 times longer than observed experimen-
tally.

One may expect that most of the mass transfer ob-
served in quasifission reactions takes place while the inter-
connecting window is too large to justify the dinuclear
description of the dissipation. We therefore compare the
measured relaxation time with that expected for mononu-
clear wall dissipation only, i.e., disregarding the last term
in Eq. (35). In this case we find

or, for symmetric systems,

+(A/A2) ](b,i ) (38)

7 95 + 10—22 ' —2/3(g g )2
dt

(39)

The resulting characteristic mass relaxation times for the
" Ca+ U system ranges from ~=4.6 X 10 ' s for mass
symmetry to ~=6.4&10 ' s for the entrance channel
mass asymmetry, which is in remarkable agreement with
the experimental value of ~,„~,=(5.3+ I) && 10 ' s.

Also, the independence of the observed relaxation times
for mass relaxation of all the systems considered is in
agreement with the wall dissipation picture since the mo-
bility m is expected to change, due to the 2 factor, by
less than 10% over the range of systems studied in the
present work. As already mentioned, the force constant
k, which in conjunction with the mobility m determines
the mass asymmetry relaxation times, is also expected to
remain virtually constant over this range of masses.

In conclusion, we find that the mononuclear wall for-
mula provides a remarkably good description of the ob-
served relaxation times for the mass asymmetry mode.
The role of additional dissipation arising from the use of
the dinuclear dissipation expression remains, however,
open to question. The exact conditions for the validity of
the mononuclear as opposed to the dinuclear description,
and the different physical contents of these alternate
descriptions, need to be more clearly understood.

sion, this result is consistent with scission shapes that are
essentially identical for all systems and for the two types
of reactions. The dashed curve in Fig. 22 represents the
results of a recent dynamical calculation of Nix and
Sierk, which is based on a modified surface and window
dissipation mechanism. Although this calculation gives
an accurate description of the total kinetic energy release
for a wide range of systems, it underpredicts this quantity
for the heaviest systems, where quasifission processes
dominate. This discrepancy may possibly arise because
the quasifission process follows trajectories in
configuration space different from those of the fission pro-
cess, where the system proceeds on a path all the way
from the saddle point to the scission point. The calcula-
tion applies only to this latter type of trajectories and may
not be representative of a quasifission process. It is, how-
ever, also possible that it is caused by inadequacies in the
assumed dissipation mechanism. The total kinetic energy
is quite sensitive both to the assumed transition from wall
to window dissipation and the possible premature rup-
ture of the connecting neck.

In Fig. 23 we show the average total kinetic energy for
symmetric mass division as a function of the available ex-
citation at the scission point, given by E+ =E' —Qo—E~, where E* is the excitation energy of the compound
system, Qo is the Q value for symmetric mass division,
and E~ is the average kinetic energy. It is found that
within the experimental uncertainty of the data the aver-
age kinetic energy is independent of the excitation energy.
This result indicates that the additional kinetic energy is
completely damped away, i.e., converted to intrinsic exci-
tations of the system. Also, this aspect of the quasifission
process agrees with that of the normal fission decay of hot
nuclei, where only a very weak dependence of the final to-

500

~ Viola

Borderie et al.
~ Toke et al.
~ Present work

VI. TOTAI. KINETIC ENERGIES

The average total kinetic energies for symmetric mass
divisions obtained in the present experiment are listed in
Table II and plotted in Fig. 22 as solid squares as a func-
tion of the parameter Z /3 ' . Similar data taken from
the literature are shown as open triangles, ' open
squares, and solid circles, ' respectively. The solid line
represents a best linear fit to the previously available data
obtained by Viola et al. , see Ref. 17. We note that this
straight line fit gives a good representation of all of the
available data, including the heaviest system, namely

U+ ""Zn, obtained in the present experiment. The
present data, and those of Ref. 13, which both contain
quasifission products to varying degrees, do not show any
deviation from the systematics from systems with purely
compound nucleus fission, generally at lower values of
Z /3 ' . In the case of a creeping motion toward scis-
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FIG. 22. Average total kinetic energies for symmetric mass
divisions are shown as a function of the parameter Z'/A. Data
points taken from Refs. 17, 47, 13, and the present work are
shown as open triangles, open squares, solid points, and solid
squares, respectively. The solid line represents the empirical sys-
tematics of Viola et al. (Ref. 17), whereas the dashed curve is
taken from Ref. 48.
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tal kinetic energy on the excitation energy and angular
momentum of the system has been observed. "

In Fig. 24 the full widths at half maximum of the total
kinetic energy distribution for symmetric mass divisions
are shown as a function of the available excitation energy
at the scission point, E+ =E —Qp —E~ [panel (a)] and
the compound system E* [panel (b)]. In general, the total
kinetic energy distribution broadens with excitation ener-

gy, as expected. We find, however, that the width is
somewhat better correlated with the excitation energy at
the scission point, E+, than with the compound system
excitation energy E*. This observation is consistent with
the notion that the descent toward the scission point is

subject to considerable energy dissipation, with little or no
relative kinetic energy in the relative motion of the two
nascent fragments being present at this point.

The total reaction times, obtained from the measured
rotation angles (see Sec. V B) do, however, impose a limit
on the magnitude of the dissipation forces. From the ob-
served quantities, reaction times, mass drift rates, and ki-
netic energy damping, it is, in principle, feasible to set
both lower and upper limits for the dissipative forces.
These must be sufficiently weak to allow the rather short
reaction times observed, but also strong enough to damp
out the kinetic energy, which is remarkably independent
of the initial kinetic energy, as illustrated in Fig. 23. Due
to the complexity of the dynamics of quasifission process-
es, it is, however, not feasible to determine these limits
from the observed quantities in a simple model indepen-
dent way. One must rely on detailed model calculations
based on specific dissipation mechanisms, as well as a
number of other assumptions, and compare to the experi-
mental results. We feel that such an analysis lies outside
the scope of the present work and it has therefore not
been pursued.

Instead, we consider the striking constancy of the total
kinetic energy release for symmetric fragmentation as
displayed in Fig. 23. If the dissipation is sufficiently
strong to give rise to a creeping motion toward scission
over the entire excitation energy range of the present data,
this is perhaps not surprising, since the total kinetic in this
case is just the Coulomb repulsion between the fragments
at scission and the correlation illustrated in Fig. 22 speaks
strongly for constant scission shapes. If, however, the
descent toward scission is only partially damped, the con-
stancy of the total kinetic energy implies also a constant,
i.e., a temperature independent dissipation mechanism.

The division between translational and excitation ener-

gy of the potential energy difference between the saddle
and scission points has been a long-standing question in
fission research, which has been difficult to settle due to
the lack of convincing experimental evidence. Experimen-
tal, but still somewhat model dependent, information on
the prescission kinetic energy for low energy fission has
recently been obtained from an analysis of the observed
increase of symmetric fission yield with increased excita-
tion energy in neutron induced fission. In the region of
Z and 3 values studied, it was found that the prescission
kinetic energy increases with fissility of the system accord-
ing to the formula

Eg"=0.0158Z /A ' —11.3 MeV,

50 QO 150 200 250 0

E (MeV) E* ( MeV )

FICx. 24. The width (FWHM) of the total kinetic energy dis-
tribution for symmetric mass divisions is shown as a function of
excitation energy at scission, E+, panel (a), as well as the com-
pound system, E*, panel (b), for the targets indicated in the
figure.

or, e.g. , EP'=18.8 MeV for the system U+ Ca. This
indicates that the descent toward scission is only partially
damped with about 35—40% of the 60 MeV potential en-
ergy difference between the saddle and scission points
converted into translational energy, whereas the remain-
ing 60—65%%uo is converted into internal excitations. This
is in good agreement with the prediction of Eg"= 21 MeV
obtained in an earlier work by Sierk and Nix on the
basis of the unmodified one-body dissipation mechanism
(wall and window). It also agrees with model calculations
by Swiatecki, and it is perfectly compatible with the de-
lay, =(1—2)X 10 's, seen in the mass relaxation curves
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in Figs. 19 and 20.
The constancy of the total kinetic energy with excita-

tion energy again supports the notion that nuclear dissipa-
tion is basically of a one-body type, in agreement with the
observed temperature independence of the energy dissipa-
tion. Since the motion toward scission appears to be only
partially damped, one would be sensitive to a possible
temperature dependence, as, e.g. , the 1/E* dependence
expected for bulk viscosity. Such a decrease of the dissi-
pation, which presumably would lead to an increase of the
order of 10—20 MeV total kinetic energy with tempera-
ture, is not seen, cf. Fig. 23. The weak increase indicated
by the measurements can be fully understood as an (at-
tenuated ') angular momentum eff'ect. This observation
strengthens the conclusion obtained from the analysis of
the mass asymmetry relaxation rates, namely that the pre-
vailing part of the nuclear dissipation mechanism, wheth-
er mononuclear or dinuclear, is of one-body character at
these temperatures.

VII. SUMMARY

We have studied the different aspects of quasifission
processes in interactions between a beam of U and tar-
gets ranging from ' 0 to ""Zn at relative kinetic energies
between 4.6 and 7.5 MeV/nucleon. It is found that the
quasifission processes account for an important part of the
total reaction cross section providing a natural link be-
tween the more peripheral deeply inelastic scattering pro-
cesses and the complete fusion, which occurs for more
central collisions. The quasifission reaction constitutes
the mass drift mode of heavy ion interactions and is there-
fore only discernible for interactions between projectiles
and targets of distinctly different mass. In heavy
systems —the only region where quasifission processes
have been observed —the underlying potential favors mass
drift toward symmetry in accordance with the observed
direction of the mass flow. Varying degrees of mass re-
laxation are observed for different targets and bombarding
energies. For the lighter targets, e.g. , ' 0, Mg, and

Al, the quasifission process resembles mostly the fission
decay after compound nucleus formation. In this region
the mass drift toward symmetry is almost complete and
only small variations in the mass distributions as a func-
tion of scattering angle together with an enhanced angular
anisotropy reveal the quasifission origin of the products.
For somewhat heavier targets the mass drift toward sym-
metry is clearly incomplete and the quasifission products
are easily identifiable, while for the very heaviest targets
the quasifission products overlap with the products of
deeply inelastic scattering reactions, and there is no clear
distinction between the two processes.

The measured cross sections for capture reactions,
which include quasifission and complete fusion-fission
processes, and for complete fusion reactions, are analyzed
within the framework of the extra- and extra-extra-push
model. The capture and complete fusion processes are as-
sociated with reaction trajectories which pass inside the
conditional and the true saddle points, respectively, in this
model. It is found that the data are in qualitative agree-
ment with the scaling properties of the model. Universal

scaling can be determined from the observed set of cross
sections provided that a fast charge equilibrium in the en-
trance channel is assumed. This latter modification re-
moves a previous inconsistency between the thresholds for
capture and complete fusion. While the qualitative
features of the theoretical model are strikingly reflected in
the experimental systematics, there remains a significant
discrepancy between experimental and theoretically calcu-
lated threshold and slope parameters.

The partial relaxation of the mass asymmetry and the
finite angle of rotation in quasifission reactions makes it
possible to see a correlation between the fragment mass
and the scattering angle. This correlation allows for the
determination of reaction times (using plausible assump-
tions about the contributing l values and the moment of
inertia of the system during the process). It has been
found that the mass drift toward symmetry occurs on a
time scale of t =(2—10) && 10 ' s following an exponential
curve, which is characteristic of a strongly damped
motion. An important result of this study is the univer-
sality of the time constant in the drift toward symmetry.
We found that all of the present data are consistent with a
time constant of r=(5.3+1.0)X 10 ' s, irrespective of
target mass and bombarding energy. The latter observa-
tion strongly supports the picture that the nuclear dissipa-
tion is basically of one-body type, i.e., the energy loss is
caused by interactions of the constituent particles with the
nuclear surface. The alternative dissipation mechanism,
namely the two-body dissipation giving rise to bulk viscos-
ity, is expected to be inversely proportional to the excita-
tion energy. This would have given rise to a difference in
time constants of a factor of 2 —3 over the range of bom-
barding energies of the present experiment. Such a depen-
dence is inconsistent with the data, thus lending strong
support to the assumption of one-body nuclear dissipa-
tion. The measured relaxation time is in quantitative
agreement with model estimates assuming the mass asym-
metry motion to be of the mononuclear type.

The total kinetic energies for symmetric fragmentation
have been studied and found to follow the empirical sys-
tematics obtained previously from compound fission reac-
tions. The total kinetic energy extrapolates linearly and
proportionally in the quantity Z /A to be heaviest sys-
tems, whereas a recent calculation based on a one-body
dissipation mechanism of reduced strength tends to un-
derestimate the total kinetic energy for the heaviest sys-
tems. It is furthermore observed that the total kinetic en-

ergy is independent, within the experimental accuracy, of
the beam energy and consequently the excitation energy
of the system. In view of the recent tentative result that
the motion toward scission is only partially damped, this
result means that this damping is independent of tempera-
ture over a larger range, again supporting the assumption
that the nuclear dissipation is dominated by one-body col-
lisions between independent nucleons and the nuclear sur-
face. Several aspects of the present study thus confirm
this picture. The present study is sensitive to the exact
strength of the dissipation function only in a model
dependent way. In particular, it is emphasized that the
transition from the mononuclear to the dinuclear regime
needs further theoretical clarification.
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