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Fission fragment angular distributions and cross sections have been measured for the reaction of

10 + 28U at energies around the Coulomb barrier.

Full momentum transfer events were selected

using the folding angle technique. The fission fragment anisotropies rise rapidly as the beam energy
decreases through the barrier region. This is interpreted as showing that collisions with the tips of the
deformed target nucleus lead to quasifission, collisions with the sides to fusion-fission.

PACS numbers: 25.70.Jj

The fusion of two heavy nuclei is a very basic
phenomenon in the study of nuclear physics; yet there are
dynamical aspects which are not fully understood. For
heavy systems, with large Coulomb repulsion, there is a
dramatic reduction of the true fusion probability, which is
a severe obstacle to the formation of superheavy elements
[1]. Because of the high probability of fission, obtaining
detailed information about this effect through studying
those nuclei which survive fission is a very difficult task.
However, the angular distribution of the fission fragments
can in principle give useful information about the reaction
preceding the scission event. The angular distribution is
characterized by the anisotropy, defined as the ratio of
yields at 0° or 180° to that at 90° to the beam axis. This
is denoted by W(0°)/W(90°) or W(180°)/W(90°).

In the case of fission following fusion, with complete
equilibration of all degrees of freedom of the compound
nucleus, the anisotropy is determined by the mean square
angular momentum (J?) of the compound nucleus and
by the effective moment of inertia and temperature of
the nucleus, calculated in the transition state model [2]
at the saddle point. The predictions of fusion models
have compared well [3,4] with (J2) values extracted from
measured anisotropies for light projectiles (Z = 8).

For heavy compound nuclei (A > 230) formed with
heavy projectiles, measured anisotropies [5] substantially
exceed calculated values. It is accepted that fissionlike
events (quasifission) occur from systems which, due to the
large Coulomb repulsion, never reached the compact equi-
librium configuration. This results in a large anisotropy.

For reactions in the transition between these two
regimes ('°O or F on Th or 2®U targets) the
anisotropy increases as the bombarding energy decreases
near the fusion barrier. Earlier data [6,7] included fission
following transfer, which clouded the picture. More
recent data [8] eliminate this contribution, and still show
an increase. No satisfactory explanation for this energy
dependence has been given.

New high precision data presented in this Letter have
inspired a simple and intuitive explanation for this phe-
nomenon. It should be applicable to all reactions involv-
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ing deformed nuclei where quasifission and fusion-fission
are in competition, and has important implications for un-
derstanding and predicting production cross sections for
superheavy elements.

The experiment was performed at the 14UD tandem
accelerator of the Australian National University. A
target of "'UF; of =220 ugcm 2 deposited on a =
15 ugem™2 C foil was bombarded with 'O beams of
76 =< Ej,p =< 104 MeV. Fission fragments were detected
in two position sensitive multiwire proportional chambers
(MWPCs), each with active area 28 X 36 cm?, centered at
45° and —135°, and located 18 cm from the target. Two
monitor detectors were placed at angles of 22° above and
below the beam axis. The position information from the
MWPCs was transformed to give the scattering angles
®np and azimuthal angles ®,,. For a cut of 70° in
®y,p, slices of 5° in ®y,, were made in the back angle
detector, and the folding angle spectrum for each slice
was projected. These showed a main peak consistent
with fission following full momentum transfer (FMT),
and a subsidiary peak corresponding to fission following
transfer or incomplete fusion, as illustrated in Fig. 1(a).
At near-barrier energies, the projectile remnant recoils
to backward angles. Thus the folding angle for fission
following transfer is smaller than that for FMT, and the
kinematics causes the fission yield to decrease at angles
closer to the beam axis. This is in contrast with the
situation if slices in ®;,, are made at forward angles,
in which case the relative yield would increase. The
method used thus minimizes the contribution from fission
following transfer at near-barrier energies. Cross sections
were normalized to Rutherford scattering by performing a
calibration run at a sub-barrier energy in which elastically
scattered 28Si projectiles were detected.

Angular distributions of the FMT component in its c.m.
frame were generated at each energy. These were fitted
using distributions calculated [8] with the transition state
model, in order to obtain the total fission cross section and
the anisotropy W(180°)/W(90°). An example is shown
in Fig. 1(b). Also shown is the angular distribution for
all fissions; since the kinematic transformation assumes
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FIG. 1. (a) shows the fission folding angle distributions for

83 MeV '°0 + 238U at the indicated mean laboratory angles.
Extraction of the full momentum transfer component results
in the angular distribution shown in (b). Also shown is the
distribution for all fissions. The fitted angular distributions
from which the anisotropies and cross sections were determined
are shown by the dashed lines.

FMT, these fits do not result in physically meaningful
cross sections or anisotropies. At energies above E;, =
90 MeV, it is not possible to clearly separate the two
fission components since the recoil direction of the
projectile remnant moves to more forward angles, and
the momentum transfer in the beam direction is no longer
larger than that for complete fusion. It was found that
the ratio of fission cross sections extracted for FMT
fission to those for all fissions saturated at 0.91 before
E.n. = 90 MeV, so at higher energies the former cross
sections were estimated by scaling the latter by 0.91. As
will be seen, this is already above the most interesting
energy region, and so does not affect the conclusions.

This analysis procedure resulted in a set of fission cross
sections and anisotropies for FMT fission, and for all
fissions extracted using the kinematics for FMT fission.
Since the evaporation residue yield is negligible for this
reaction, the FMT fission cross sections constitute the
fusion cross sections oys.

The curvature of the function E., o, With respect to
energy represents the distribution of fusion barriers [9].
This was determined from the measured E. ., o values
using a point-difference formula [10] with an energy step
of 1.87 MeV. 1t is shown in Fig. 2(a) by the solid points.
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FIG. 2. (a) shows the curvature of the FMT fission excitation

function (full points) and that for all fissions (hollow points).
The former is proportional to the fusion barrier distribution.
The fission anisotropies are shown in (b) with the same
symbols. The expected anisotropy based on the transition
state model is given by the dot-dashed line, while the model
described in the text results in the full and dashed lines.

Because of the high statistics and large solid angle of
the detectors, the fusion barrier distribution is very well
defined, and the assumption that random uncertainties are
not less than 0.5% appears to be conservative, based
on the lack of scatter of the data points at the higher
energies. The “barrier distribution” extracted from the fits
to all fissions is also indicated by hollow points. Since
this is derived from cross sections which include some
transfer-induced fission using inappropriate kinematics, it
is interesting that the true distribution is reproduced with
surprisingly little distortion.

The shape of the fusion barrier distribution is very
similar to that previously determined [10,11] for the
reaction '°0 + '*Sm, and is characteristic of a prolate
deformed nucleus. This is supported by a calculation
using the code ccMmobD [12], with tabulated [13] #%U
deformation parameters 8, = 0.275 and B4 = 0.05, which
gives a reasonable reproduction of the data, as shown in
Fig. 2(a).

The fission fragment anisotropies are shown in
Fig. 2(b). As the bombarding energy decreases through
the barrier region, the FMT anisotropies rise rapidly, then
ultimately seem to saturate. This correlation with the
barrier distribution is very striking, and immediately sug-
gests a relationship between the anisotropy and the height
of the fusion barrier encountered in a given collision.
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Considering the collision classically, the higher barri-
ers correspond to contact of the projectile with the flat-
tened side of the prolate target, resulting initially in a
compact dinuclear system. Conversely, the lower barri-
ers correspond to contact with the tip, giving an elon-
gated dinuclear system. Intuitively, it seems reasonable
that the former configuration would be more likely to re-
sult in fusion-fission, and the latter in quasifission. These
limiting configurations are illustrated in Fig. 3. Once in-
side the respective fusion barriers, and the radial motion
is rapidly damped, the nuclear system will start to evolve
over the potential energy surface of the combined system.
Important features of the potential energy surface (PES)
for this system are sketched in Fig. 3. The axes represent
the mass asymmetry, defined as o« = (My — M)/ (My +
M), and the separation D of the centers of mass of the
two incipient fragments, defined in units of the radius
of the spherical configuration (Ry), as in Ref. [14]. The
equilibrium configuration, which should be reached for
fusion-fission to occur, is close to the line corresponding
to a sphere. The ridge line represents the locus of con-
figurations of the conditional («-fixed) saddle points. If
D is beyond the ridge line, the PES forces the system to
scission. The curve in Fig. 3 was estimated by extrapo-
lation from the results of Ref. [14] for lighter nuclei. For
fissile systems, with the model used, it proved possible
to define the ridge line only at large and small « (solid
line), since at intermediate values the field of the smaller
fragment deforms the larger one over its own saddle point
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FIG. 3. The fusion barrier configurations for 0 + 2%U
corresponding to collision with the tips (A) and sides (B) of
the deformed 2**U. These points are indicated on the potential
energy surface, as a function of the center of mass separation
D and the mass asymmetry «. The spherical configuration
and the estimated position of the conditional fission saddle
ridge line are shown. Possible trajectories are sketched from
injection points A and B, leading to quasifission and fusion-
fission, respectively.

[14]. Since the nuclei still undergo symmetric fission, na-
ture must provide a ridge line; however, its location is not
yet well defined, and may be at considerably smaller val-
ues of D than indicated by the dashed line.

Whether the system evolves in the direction of a =
0.0 or @« = 1.0 is of crucial importance in determining
the outcome of the reaction and is expected [15] to
be determined by the PES. In particular, the Businaro-
Gallone critical asymmetry apg defines the point on the
ridge line where the potential energy is at its maximum.
For this system, agc ~ 0.90, while the injection point
is at @ = 0.87 (before N/Z equilibration). Experimental
measurements of anisotropies at energies above the barrier
region have been used [3,15] as evidence to show that
for this reaction the system does move towards « = 0.0.
Thus we can picture the projectile “sucking up” matter
from the target. The trajectories over the PES will
depend in detail on the PES and the inertia and viscosity
tensors. However, experimental evidence [16] shows that
the mass-asymmetry degree of freedom equilibrates more
rapidly than the elongation does. Thus, qualitatively, the
trajectory leading from the most compact injection point
(B) may be as indicated on Fig. 3 by the arrow, resulting
in fusion-fission. Moving the injection point out to larger
D should cause the system to cross the ridge line at finite
asymmetry, as illustrated, resulting in quasifission. The
combined effect of the larger effective moment of inertia
compared to that of the unconditional saddle point at
a = 0.0, and the fact that K equilibration [17] may not
occur, will result in a large anisotropy.

A simple empirical geometrical model to test this
picture has been developed. It is assumed that collisions
with the tips of the target nuclei result in quasifission
only; the data at the lowest energies then show that
quasifission has an anisotropy of 2.3, which is used at
all energies. The anisotropy for fusion-fission is taken
from the transition state model, and is shown by the dot-
dashed curve in Fig. 2(b). A sharp transition between
quasifission and fusion-fission is assumed to occur at a
critical fusion barrier radius. The average anisotropy was
determined by weighting the anisotropies with the cross
sections resulting from passage over fusion barriers with
radii, respectively greater and smaller than the critical
radius. Taking a critical radius of 12.4 fm (point C in
Fig. 3), corresponding to an angle between the beam axis
and the target nucleus symmetry axis of 35°, the resulting
average anisotropies are as shown by the solid curve in
Fig. 2(b). They follow the trend of the data very well,
supporting the hypothesis. The effects of a £5° change
in angle are indicated by the dashed lines.

The experimental feature observed is well defined and
distinctive, and describing it should be a challenging test
of the reliability of transport models of fusion and fission.
It would be of interest to compare calculations with
detailed measurements from other projectile and target
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combinations, and to look for any variation of fission mass
distribution with energy. Such measurements are planned.

In all reactions where fusion-fission and quasifission are
competing reaction modes, and a range of fusion barrier
radii are involved, the effect described here should be
present. Experiments in which fusion reactions are used
to form superheavy nuclei could be significantly affected.
The results presented here indicate that, in attempting
to form such very fissile nuclei near their equilibrium
deformation, only reactions associated with passage over
the highest fusion barriers can result in the compact
shapes which lead to the survival of evaporation residues.
The use of targets and projectiles with the largest possible
deformations may thus give the most favorable result.
Clearly more experimental data and more sophisticated
model calculations need to be available before the full
implications for superheavy element production can be
assessed.

In conclusion, new precise measurements have been
made of the cross sections and anisotropies of fission
fragments following full momentum transfer for the
reaction '°0 + 23U. The former allow extraction of the
fusion barrier distribution, which shows that 223U behaves
in fusion as a prolate deformed nucleus, as expected.
The anisotropies rise rapidly as the beam energy drops
through the fusion barrier region, then saturate. The
correlation between barrier energy and radius leads to the
conclusion that in this reaction collisions with the tips
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of the deformed target nuclei lead to quasifission, while
collisions with the sides result in fusion-fission.
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