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Effects of nuclear orientation on the mass distribution of fission fragments
in the reaction of 36S+233U
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Fragment mass distributions for fission after full momentum transfer were measured for the reaction *S+2%U
at bombarding energies around the Coulomb barrier. The data revealed a transition from symmetry to asymmetry
mass distributions when the beam energies were decreased from above-barrier to sub-barrier values. The main
components of the asymmetric mass distribution are at Ay ~ 200 and Ap &~ 74. The asymmetric fission is
attributed to quasifission of the reacting system at polar collisions, whereas the symmetric fission originates from
the compound nucleus produced in equatorial collisions. The results suggest a strong influence of orientation

effects of the deformed target nuclei on fusion.
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I. INTRODUCTION

Superheavy elements have been successfully produced
using two types of fusion reactions which differ by the
amount of excitation energy of the compound nuclei. Cold-
fusion reactions based on lead or bismuth targets result in
low [1,2], whereas hot-fusion reactions based on actinide
targets result in high excitation energy. However, using **Ca
beams also in this case the excitation energies are relatively
low [3].

Another difference between the two reactions is associated
with the static deformation of the target nuclei. Since nuclei
of the actinides are prolately deformed, the Coulomb-barrier
height depends on the orientation of the target nucleus, and
reactions start from different touching configurations. The
two extreme cases are collisions with the polar and equatorial
sides of the target nucleus. At low projectile energy nuclear
contact occurs only at polar collisions, whereas at higher
energy contact is obtained also in equatorial collisions. Ori-
entation effects on fusion were investigated in reactions using
deformed nuclei of rare-earth elements [4]. It was observed that
equatorial collisions result in fusion, whereas polar collisions
do not lead to fusion. The measured evaporation residue
cross sections for **Ca+23U and **Ca+2*>2**Pu [3,5] have
maxima at a bombarding energy close to the barrier for
equatorial collisions, suggesting a higher fusion probability at
this orientation. Similarly, orientation effects on fusion were
measured for the reaction °Si+23U [6].

In reactions with the light projectile 'O with a 2¥U
target, the system results in fusion even at deep sub-barrier
energies. In this case fusion is independent from the orientation
[7]. Measured fission-fragment mass distributions revealed
symmetric shapes for all projectile energies from above-barrier
to sub-barrier values [8]. These results show that a symmetric
mass distribution is characteristic for the formation of a heavy
excited compound nucleus.
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In reactions using the heavier projectile *Ca and targets
of 28U and 2*Pu, the fragment-mass distributions were
measured at bombarding energies corresponding to the Bass
barrier [9] which is slightly lower than the barrier for equatorial
collisions. In this case the fragment-mass distribution was
dominated by an asymmetric distribution with a mass of the
heavy fragment at around Ay =~ 208. This phenomenon was
attributed to quasifission, and the result implies that fusion-
fission and quasifission have different mass distributions. In a
reaction where fusion is influenced by orientation effects, we
expect an increase of asymmetric fission at sub-barrier energies
due to an increase of quasifission at polar collisions. In the
present work we have measured fragment-mass distributions
for the reaction **S+23U in order to study a transition from
quasifission to compound-nucleus fission as function of the
bombarding energy.

In our measurements we selected those fission events which
occurred after the momentum of the projectile was fully
transferred to the composite system. The full momentum
transfer (FMT) fissions were separated from fission events
following nucleon transfer, which also occurs when fissile
targets like 28U are used.

II. EXPERIMENT

Beams of 163-208 MeV 3¢S were supplied by the JAEA-
tandem accelerator. Beam intensities were in the range from
0.1 to 1.0 particle-nA. The 23¥U target was prepared by
electrodeposition of natural UO, on a Ni backing of 90 z1g/cm?
thickness with a diameter of 5 mm. The thickness of the 23¥U
contents was 82 ug/cm?.

The target was mounted at an angle of 45° to the beam
axis with the Ni backing oriented downstream. Two fission
fragments (FFs) were detected in coincidence by position-
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1 FIG. 1. (Color online) (Upper left) Definition

of the emission angles 6, and 6, and of the out-of-
plane angles ¢, and ¢,. (a) Events plotted on the
¢12 Vs 05 plane. (b) Plot on the At and (AE;| +

I AE,) plane for events entering in the rectangular
region in (a). (c) Same as (a), but obtained with a
gate on the fission events as shown in (b).
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sensitive multi-wire proportional counters (MWPCs). The
emission angles 6, and 6, of FF1 and FF2 projected on the X-Z
plane and the out-of-plane angles ¢; and ¢, were measured as
defined in Fig. 1.

The MWPCs have an active area of 200 mmx 120 mm in
horizontal and vertical direction, respectively. The detectors
were operated with isobutane gas at a pressure of 3 Torr. A
3 pum Mylar film was used as an entrance window.

The detectors were located on both sides of the target
each at a distance of 211 mm and at angles of §; = —61.0°
for MWPC1 and 6, = 4+90.0° for MWPC2. Each MWPC
covers the emission angles of —86.0° <6; < —36.0° and
65.0° < 6, < 115.0°. For the out-of-plane angle, the MWPC1
covers the range of 72.0° < ¢; < 108.0° at 6; = —61°, and the
MWPC2 covers the range of 74.1° < ¢, < 105.9°. We define
the angles 0y, and ¢, between the two fragments as 6, — 6,
and ¢; + ¢, respectively. Resolution to measure the 0, is
0.9° ~ 1.1°, and that for ¢; 5 is 0.9° ~ 1.5°.

The time difference At between the two fragments was
measured feeding the signals from MWPC2 to the start
and the one from MWPCI to the stop input of a time-to-
amplitude converter. The signals from both MWPCs contain
the information on the energy deposition AE| and AE, of
particles passing through the detectors.

For normalization of the beam current, a silicon surface
barrier detector with the solid angle of 1.96 msr was mounted
at 27.5° relative to the beam direction.

An example for the accumulated events is shown in Fig. 1.
The data were obtained at a center-of-mass energies E., =
160.0 MeV for reactions at the middle of the target. Plot (a)
shows the events on the ¢y vs 6, plane with the bin
size of 0.5° for both A¢;; and A6H,. Figure 1(b) shows
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the plot on the (At, AE; + AE5) plane, but for events in
the rectangular region in Fig. 1(a). Fission events form an
arrowhead distribution are well separated from the elastically
scattered projectile-target events. The appearance of these
events at large At values means that the projectile-like nuclei
enter MWPC2 and the target-like nuclei enter MWPCI. In
the opposite case of target-like nuclei entering MWPC2 and
projectile-like nuclei entering MWPCI, the target-like nuclei
have kinetic energies of ~10-15 MeV and are not able to pass
through both the gas-shielding foil and the electrode foil of the
detector. In this case no ¢, signal is generated.

Figure 1(c) also shows the events on the ¢, vs 61, plane,
but for events located within the fission gate marked in
Fig. 1(b). The FMT fission events are located in the elliptic
region.

In Fig. 1(c) we recognize fission events of different origin,
which have a lower folding angle but a wide distribution in
@12 symmetric to 180°. These events are due to fissions of
target-like nuclei after nucleon transfer. A smaller folding
angle 0, means that the projectile-like nucleus is scattered
into backward direction after the transfer, resulting in larger
recoil velocity of the fissioning nucleus.

We define the FMT fission events as those recorded within
the fission gate marked in Fig. 1(b) and the FMT gate in
marked in Fig. 1(c).

III. RESULTS AND DISCUSSIONS

The cross section for the FMT fissions (ofs) are shown
in Fig. 2 as a function of the center-of-mass energy E..,..
The values were determined from the angular distribution

064607-2



EFFECTS OF NUCLEAR ORIENTATION ON THE MASS ...

10°
10°
10’
10°

Cross-section (mb)
I.I.lll IIII|_|,u| IIII|_|1|| IIII|_|,u| IIIIu,|,|| IIII|_|,u| LIl

_IIII|'|T|'| IIII|'|T|'| IIII|T|'|| IIII|'|T|'| IIII|T|'|| IIII|'|T|'| TTTIT

oo —
o

1

FIG. 2. (Color online) Cross sections for the full momentum
transfer (FMT) fission of the reaction 3°S+2¥U. Curves repre-
sent the results of coupled-channel calculations (see text). The
Coulomb barriers for polar and equatorial collisions are at 143.0 and
162.1 MeV, respectively, as indicated by the arrows.

dofiss/d26..m.) in the range of 85° < 6. . < 125°. The cross
sections are almost equal to those of the projectiles being
captured inside the Coulomb barrier (0¢,p). The data were fitted
with a function described in [10], which was then integrated
over the solid angle to yield the cross sections. Because of
the limited angular range covered in our experiment, the
ofss values contain an error arising from the uncertainties in
dofiss /d 26, m.) at forward and backward angles. We estimated
a 35 % uncertainty in ogs in addition to the statistical
uncertainty.

In order to determine the influence of nuclear properties
on the capture cross sections, we performed a coupled-
channels calculations using the computer code CCDEGEN
[11]. We used the same parameters for the nuclear potential
as in our previous work for the reactions '*O+23%U and
308i4+238U [6,7]. The dashed curve in Fig. 2 is the result
without considering any collective properties of target and
projectile (one-dimensional barrier penetration model). The
corresponding Coulomb barrier is at 158.1 MeV. This model
does not reproduce the cross sections for E¢ ., < 160 MeV.
The dash-dotted curve represents the calculation taking into ac-
count the deformation of 23¥U with 8, = 0.275 and B4 = 0.05
[6,7,12]. These results reproduce the data well downto E¢ , =
146.0 MeV, showing that the static deformation of 28U is the
main reason for the cross section enhancement at sub-barrier
energies. Data at the two lowest energies of 142.0 and
140.0 MeV are reproduced, when couplings to vibrational
states are additionally taken into account (solid curve). In this
case the 2% state at 3.29 MeV in S (8, = 0.16 [13]) and
the 3~ state at 0.73 MeV in 2%U (83 = 0.086 [14]) were
considered.

Figure 3 shows the mass distributions for the FMT fis-
sions. The fragment masses were determined by using the
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FIG. 3. (Color online) Mass distributions for FMT fissions of the
reaction S+233U. Reaction energies E. ., and excitation energies
E* of the compound nucleus are given.

conservation law for momentum and mass with the assumption
that mass of the composite system is A, = 274. The mass
resolution was determined to be 8.5 (FWHM) from the peak
of the elastically scattered events.

At the two highest energies of 180.0 and 176.0 MeV,
the mass distributions are symmetric. With decreasing bom-
barding energy an additional asymmetric mass distribution
becomes evident. A remarkable change occurs at sub-barrier
energies of E., < 160.0 MeV, where distribution becomes
dominantly asymmetric with peaks at Ay = 200 and Ay, = 74.
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In Fig. 3 we do not show the mass distributions correspond-
ing to the lowest two energies of E., = 142.0 MeV and
140.0 MeV shown in Fig. 2 because of the low statistics.

A systematic study of reactions with 23%U target nuclei
shows that the mass distribution changes from symmetry
to asymmetry with increasing the mass of the projectile
[15,16]. This phenomenon was attributed to an increased
quasifission probability. The present results from the 3°S+233U
reaction reveal symmetric fission at above-barrier energies
with characteristics of fusion-fission and an asymmetric one at
deep sub-barrier energies with characteristics of quasifission.
The contributions of the two components to the total cross
section vary gradually with the beam energy.

The variation of the mass distribution with reaction energy
results from the orientation effects of the deformed target
nucleus 23U on the reaction. At deep sub-barrier energy,
where only polar collisions lead to nuclear contact, most
of the reactions with projectile and target captures inside
the Coulomb barrier do not form a compound nucleus, but
disintegrate by quasifission into fragments around Ay ~ 200
and Ay ~ 74.

Properties for quasifission fragments were measured in
reactions leading to more lighter composite systems [17]. The
quasifission has asymmetric mass distribution and the angular
distributions are not symmetric around 6. ,, = 90° but show
forward-backward asymmetry. In the present experiment for
365 42380, detection angles do not cover the range enough
to discuss such a forward-backward asymmetry. The mass
distributions shown in Fig. 3 are obtained from the angular
range where the ratio of quasifission events to fusion-fission
events is smaller than those for the more forward and backward
angles, so that the observed enhancement of asymmetric
fissions in the sub-barrier region should represent properties
of the reaction 3°S +23%U.,

The potential energy surface Epo for the nucleus ?"*Hs as
functions of the mass asymmetry « = (Ag — Ap)/(Ay + AL)
and the center separation zo is plotted in Fig. 4. The Ejq
values were calculated using the modified two-center harmonic
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FIG. 4. (Color) Potential energy for the nucleus 2"*Hs
relative to the ground state energy of a liquid drop model. The
energy is labeled in MeV and the contours are plotted with
5 MeV steps. The shape at the ground state (e) is marked by C.
The saddle points for symmetric (S) and asymmetric shapes (A)
are marked (x). The « values at the nuclear contact in collisions
are indicated by the arrows on the right side, and the zo values
for the polar (p) and equatorial (e) collisions are marked on the
upper side.

oscillator shell model [18]. The fragment deformation § is
assumed to be zero. Two isolated fission paths are evident.
The symmetric one at o = 0.0(Ag = AL = 137) extends
to the right side of the mass-symmetric saddle point marked
by S. The asymmetric channel is at « = 0.4 (Ag = 192 and
Ap = 82) and starts at the mass-asymmetric saddle point
marked by A.

Because the symmetric saddle point is lower and closer to
the compound nucleus (marked by C) than the asymmetric
saddle point, compound-nucleus fission proceeds preferably
along the symmetric fission valley, whereas the measured
asymmetric fission for the reaction °S 4238 U at sub-barrier
energy is reasonably well explained by the asymmetric
fission channel. In this case the ratio of mass numbers
(Aug/AL =200/74) is equivalent to o = 0.46. Responsible
for the existence of the asymmetric fission path are the high
binding energies of the fragments near the double magic nuclei
208Ph and 7®Ni. Recent potential energy calculations based
on a five dimensional deformation space obtained a similar
asymmetric fission channel with Ay =~ 200 [19].

In the reaction of 3°S+23U having mass asymmetry o =
0.74 at the nuclear contact in collisions, the nuclear shape
start to evolve from the center distance zo = 1.6 for the
polar collisions (marked by p in Fig. 4) and zop = 1.3 for
the equatorial collisions (e). Despite the simplification in the
calculation of the potential energy surface of Fig. 4, that is the
nuclear deformation § is assumed to be zero and the nuclear
shape is axially symmetric which is not the case for equatorial
collisions, we can draw the following conclusions. In the case
of equatorial collisions, the system has already a smaller zq
value than the saddle point A. Due to the attractive nuclear
forces the system develops with high probability into the
direction of the compound nucleus C. At the polar collisions
the z( value at the contact configuration is larger than the saddle
point A, so that the composite system is driven into the valley
of reseparation into two quasifission fragments. In addition
the gradient of the potential changes the mass symmetry from
a = 0.74 to smaller values. However, due the ridge between
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the asymmetric and symmetric fission valleys, the quasifission
stays at o« = 0.4.

In the more asymmetric reaction 26Mg+248Cm, which
leads to the same compound nucleus 27*Hs* as in *6S+28U,
hassium evaporation residues were produced from sub-barrier
to above-barrier energies [20]. Excitation energies were in the
range from E* = 36 to 54 MeV. The measured cross sections
were reproduced by a statistical model calculation assuming
that fusion occurs independently from the nuclear orientation.
The fragment mass distributions for 2Mg+2**Cm [9] show a
symmetric shape in the measured energy range from E* = 32
to 63 MeV, which is characteristic for a fusion-fission process.
Coulomb repulsion is less strong in the reaction 2Mg+2*Cm
compared to **S+238U, which results in fusion also in the case
of polar collisions.

In conclusion, we have measured the mass distributions
for the full momentum transfer fissions of 3S+233U. The
distributions change from symmetry to asymmetry when
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energies are decreased from above-barrier to sub-barrier
values. The asymmetric fission component can be attributed
to quasifission, and the variation of the mass distribution with
energy can be explained by the relative intensities for fusion-
fission and quasifission. The results reveal the influence of the
orientation of the deformed target nucleus 2**U on fusion.
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