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Abstract. The reaction 2°Si + 2**U — 268Sg* was studied at beam energies close to the Coulomb barrier.
At a center-of-mass energy of E.m. = 144.0 MeV for reactions at half thickness of the target we measured
three decay chains of 253Sg produced by evaporation of five neutrons. The cross-section was (67fg;) pb.
At Ec.m. = 133.0 MeV we measured three spontaneously fissioning nuclei which we assigned to the isotope
26430 The production cross-section was (107'7) pb and a half-life of (1201'7$) ms was determined. This
half-life is a factor of twenty shorter than theoretical predictions. At F¢m. = 128.0 MeV an upper cross-
section limit of 15 pb was measured. The cross-section data reveal a strong influence of the orientation
of the deformed target nucleus on the production yield. Compared to excitation functions measured for
the lighter system 00 + 23¥U — 25*Fm*, a reduction of the fusion probability was observed at low beam
energies indicating increasing competition from quasifission processes.

PACS. 25.60.Pj Fusion reactions — 23.60.+e « decay — 25.85.Ca Spontaneous fission — 27.90.+b 220 < A

1 Introduction

Two types of fusion reactions which significantly differ
by the amount of released thermal energy were success-
fully used in synthesis of heavy and superheavy elements
(SHE). These are the cold-fusion reactions based on lead
or bismuth targets and the hot-fusion reactions based on
actinide targets. Using cold-fusion reactions isotopes of el-
ements up to proton number 112 [1] were produced at GSI
in Darmstadt, Germany, up to proton number 113 [2] at
RIKEN in Wako, Japan, and using hot-fusion reactions
isotopes of elements up to 116 and one isotope of element
118 [3,4] were produced at FLNR in Dubna, Russia.
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Another difference between the two reactions is associ-
ated with the static deformation of the target nuclei. Ex-
perimental data from measurement of excitation functions
reveal that in the case of cold-fusion highest cross-sections
are obtained at beam energies where a contact configura-
tion between the projectile and the spherical target nu-
cleus is just reached [1]. In the case of hot fusion the cross-
section maxima were measured at beam energies which are
high enough so that projectile (*®*Ca) and prolate target
nuclei can come into contact at minimal distance (equa-
torial collisions) and thus form a most compact starting
configuration on the way to the compound nucleus. The
cross-sections drop rapidly when the energy is decreased
to values where the interaction is limited to polar colli-
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sions. In this case the probability for re-separation of the
reaction partners is high.

However, the results are different in the case of pro-
jectiles significantly lighter than #®*Ca. In the reaction
160 + 238U, e.g., the experimental data show a large en-
hancement of evaporation residue (ER) cross-sections at
sub-barrier energies [5], indicating fusion independent of
the orientation of the target nucleus.

In the frame of the hypothesis given before, we expect
a transition from the orientation-independent fusion us-
ing light projectiles to the case of equatorial fusion only
using *®Ca projectiles. In order to study the anticipated
transition we used the reaction 3°Si+ 238U with a pro-
jectile right in the middle between 'O and “2Ca. The
compound nucleus is 2%Sg. In the case of subbarrier fu-
sion, we expect production of the isotope 264Sg via the
4n evaporation channel. This isotope was not known until
recently, when it was first observed at LBNL using the
same reaction as studied here [6]. Our cross-section data
are compared with results from fusion evaporation models
taking into account effects of the static prolate deforma-
tion of the target nucleus on the fusion process. Similar
arguments were discussed and presented in earlier work on
reactions using prolately deformed target nuclei of rare-
earth elements [7-10].

2 Experimental technique

The experiment was performed at the linear accelerator
UNILAC and at the velocity filter SHIP of GSI in Darm-
stadt. The beam of 3°Si%* was prepared from isotopically
enriched material, 3°SiO, enrichment 99.5%, at the High
Charge State Injector (HLI) consisting of a 14 GHz ECR
ion source, RFQ and IH structure accelerators. At an
energy of 1.4 x A MeV the beam was injected into the
Alvarez sections and accelerated up to 4.8 x A MeV.
Subsequently, the fine tuning of the energy was achieved
with single resonators.

Average beam intensities were typically (0.7-1.0) puA
at a pulse structure of 5.0 ms wide pulses and 50 Hz repe-
tition frequency.

The SHIP set-up is essentially the same as in previous
experiments. It consists of a rotating target wheel, the ve-
locity filter SHIP (Separator for Heavy-Ion reaction Prod-
ucts), and the detector system in the focal plane. Detailed
descriptions can be found in [1,11-14].

The uranium targets were prepared by evaporation of
isotopically depleted 238UF, (< 0.4 % 23°U) and by con-
densation on 45 pg/cm? carbon backing. The 23UF, tar-
get layers had thicknesses of 375-404 ug/cm?, which were
coated by a 15 ug/cm? thick carbon layer to prevent losses
of material due to sputtering. Eight targets were mounted
at the rim of a wheel of 15cm radius. The side with the
thin carbon layer was mounted downstream. Four wheels
were used during the experiment. The wheels rotated at
a frequency of 1125 rpm synchronously to the pulse struc-
ture of the beam. The target thickness was monitored
continuously using the scattering of 20keV electrons [15]
and elastically scattered projectiles. The reaction energy
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in the center-of-mass system at the beginning and end of
the 238UF, layer differed by +0.9 MeV and —0.9 MeV, re-
spectively, from the reaction energy in the middle of the
target thickness due to energy loss of the beam.

The efficiency of SHIP is significantly reduced by the
scattering of the relatively slow ERs in the target and by
the recoil momentum from the evaporation of 3-5 neu-
trons. Using a Monte Carlo calculation we obtained an
efficiency of 11%. Due to the relatively wide distribution
of the ERs in the focal plane, we lost about 10% of the
ERs which passed SHIP, by the detector. Combining the
uncertainties of the efficiency values, beam dose measure-
ment, and target thickness, we estimated a 50% uncer-
tainty of the extracted absolute cross-section values. How-
ever, the relative uncertainty between the data of an ex-
citation function is given by the statistical fluctuation of
the measured number of events.

In the focal plane of SHIP, ERs and their subsequent
« decay and/or spontaneous fission (sf) are detected by
a position-sensitive 16-strip Si PIPS detector. The active
area of this “stop detector” is 80 mm x 35 mm. Escaping
« particles or fission fragments are detected by a “box
detector” which covers an area of 85% of the backward
hemisphere.

A timing detector is located in front of the silicon de-
tector array. Besides a time-of-flight energy measurement
obtained together with signals from the silicon detector,
it is used for distinguishing signals from implanted ERs or
background particles from radioactive decay events. These
veto signals are obtained from electrons which are emit-
ted when ions are passing through a 35 ug/cm? carbon
foil. The detector is movable. It was moved out of the
particle trajectories for testing the range of the relatively
slow ERs during some of the irradiations at the beginning
of the experiment. In this case the radioactive decays were
detected during the 15.0 ms beam-off periods.

The silicon detectors were calibrated using a-rays
from 2°2No and its decay products ?*®Fm and 244Cf,
produced in the reaction *®Ca + 2°6Pb — 254No*. The
energy resolution for fully stopped a’s was typically
25keV (FWHM) for the 8415keV «a particles from
252No. For the energy of escaping o particles detected
in coincidence with signals from the box detector we
determined a resolution of 70keV.

Higher energy sf fragments were measured in a second
branch of the electronic circuit including low-gain ampli-
fiers. Energies up to 320 MeV were measurable. A nor-
malization of the different amplifications and an a-based
calibration was performed with « particles from external
sources of 1*8Gd, 239Pu, 241 Am, 24Cm, and 22" Ac, which
cover an energy range from 3183 to 7450keV. The total
kinetic energy (TKE) of sf events was obtained by sum-
ming the energies from the stop and the box detectors.
Energy calibration of the TKE was performed with the
known TKE of 195 MeV of 252No [16] produced in the re-
action “®Ca 4 296Pb. Pulse height deficits and energy loss
in the inactive entrance windows of stop and box detec-
tors were determined from the difference compared to the
calibration using a particles. We measured a strong de-
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pendence as a function of the implantation depth which
was regulated by varying a number of Mylar degrader foils
in front of the Si detector array. Seven different thicknesses
ranging from 1 to 8 um were used. This information was
needed for the calibration of the TKE of sf events of nu-
clei produced in the reaction 3°Si + 238U at implantation
depths less deep as in the case of **Ca + 296Pb. At a re-
action energy of F. ,, = 133.0MeV, the implantation en-
ergy relative to the data from the 2*2No test case was so
that a correction energy of 55MeV had to be added to
the energy value based on a calibration in order to get
the correct TKE value.

Behind the stop detector we mounted a second Si PIPS
detector for detection of protons or « particles originating
from inelastic reactions with the target or the target back-
ing, which passed SHIP as background. Behind this veto
detector we mounted a clover detector consisting of four
Ge crystals, each with 50 mm diameter and 70 mm length.
It was used to measure coincident - or X-rays. With two
electronic branches the energy of v-rays was measured up
to ranges of 1.8 and 8.0 MeV, respectively. Due to the high
multiplicity of y-rays emitted from the fragments during
sf, y-rays in coincidence with high-energy signals from the
Si detectors are likely to occur and thus serve as a strong
evidence for the occurrence of sf. In the case of sf of 2°2No
we measured in 80% of all sf events at least one coinci-
dent ~y-ray, whereas from high-energy background events
only 2% were accompanied by one or more signals from
the clover detector.

The detection of correlated events is primarily based
on the agreement of the measured positions between im-
planted ERs and subsequent « decays or sf. The range of
position distributions of correlated events for shallow im-
plantations, as it is the case in the reaction 3°Si 4 233U,
was determined from the implantation and decay of 252No
produced in the reaction 8Ca + 20Pb using a 5 yum thick
Mylar degrader foil in front of the Si detector array. A
position resolution of 0.4mm (FWHM) was determined
between ERs and « particles fully absorbed in the stop
detector. For ERs and escaping « particles the resolution
was 2.9 mm. Correlation between ERs and sf resulted in
1.2 mm position resolution.

In order to test a possible production of spontaneously
fissioning nuclei in reactions with a 2°®Pb contamina-
tion of the uranium targets, we investigated the reac-
tion 3°Si + 298Ph — 238Cm* at beam energies of 152.4
and 158.1 MeV. SHIP was set for filtering out ERs.
At 152.4MeV, no sf was observed at a beam dose of
1.2 x 10'7. At 158.1MeV, two sf events were detected
at a beam dose of 1.7 x 10'7, corresponding to a cross-
section of 180pb. This cross-section value agrees with
the one measured for sf of 234Cm produced in the reac-
tion 40Ar + 98Pt — 238Cm* [17]. Considering a maximum
208Ph contamination of 1.2 x 107% in the uranium targets
according to the material contamination analysis, we esti-
mated a probability of 1 x 10~* for the observation of one
sf event originating from 2°8Pb impurities in each of our
three 3°Si + 238U irradiations.

283

Table 1. Parameters of the 2°Si beam used in irradiations
of 238U targets. Flap, is the energy in front of the target, the
center-of-mass energy E..,. and the excitation energy E* are
calculated for reaction at half thickness of the target.

Bl /MeV  Eem./MeV  E*/MeV  dose/10'®
163.5 144.0 50.6 1.8
151.2 133.0 39.6 4.0
145.5 128.0 34.5 1.7

3 Experimental results and discussion
3.1 Produced isotopes

The irradiations at SHIP took place from April 8May 1,
2006. We used three different beam energies which where
chosen so that for reactions at half thickness of the tar-
get maximum cross-sections were expected for the evap-
oration of five, four, and three neutrons, respectively, ac-
cording to a statistical model calculation (for details see
sect. 3.2). Beam energies, resulting excitation energies of
the compound nuclei and beam doses are listed in table 1.

We started our experiment using the highest beam
energy. At that energy we expect the highest ER cross-
section which was calculated for the emission of five neu-
trons. The decay properties of the produced isotope 253Sg
are sufficiently well known, so that an unambiguous identi-
fication is possible [18-23]. We observed four decay events
which are shown in the upper row in fig. 1, chronologically
ordered from 1 to 4.

Event number 1, 2, and 4 were obtained during mea-
surement without timing detector, resulting in the higher
implantation energy, whereas number 3 was obtained dur-
ing a period when the timing detector was positioned in
front of the Si detector array. Subsequent to the implan-
tation, we measured within the position resolution of the
detector two « decays in the case of event number 1 and
2, three a decays in the case of event number 3. Energies
and half-lives agree well with the literature data for 263Sg,
see references given before. The large energy of 4729 keV
deposited in the stop detector for the decay of 2°°Rf in
the case of event number 2 is due to the shallow angle
of emission of the a particle relative to the surface of the
stop detector. From the measured position in the stop de-
tector and the location of the hit box detector segment,
we obtained an emission angle between 0 and 17 degrees.

No definite conclusions can be drawn concerning the
different intensity ratios of the 9.06 and 9.25 MeV « lines
from the decay of 253Sg in the case of direct production
in a fusion reaction, [18] and this work, or by population
as granddaughter in the a decay of 2"'1Ds [20-23]. Defi-
nitely, we can conclude that the two different lines orig-
inate from two different levels. The reason is that in the
case of direct production of 263Sg different line intensities
were measured than in the case of population by « decay
within the chain from 27'Ds. If the different o energies
would originate from transitions of one level in 263Sg to
different final states in the daughter nucleus ?°°Rf, then
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E,., = 144.0 MeV

) @ @

strip 8 strip 16 strip 4
E,.= 9.1 MeV E,.= 94 MeV E,.= 7.9 MeV
sy
a, 48.2 ms sf
9257 keV
179 ms
Epp = 129 MeV
@ . = 20 MeV
2/ 8741 keV (esc) TKE =204 Mev
Eop = 4729 keV E, (1) = 964 keV
E,,, = 4012 keV
X
8130 keV (esc)
Eyp= 251keV
E,,, = 7879 keV
E;m = 133.0 MeV
strip 4 strip 4 strip 10 strip 13
E,..= 3.7 MeV E,.= 5.8 MeV E,,,= 5.0 MeV E,,,= 7.1 MeV
sf 15.2 s (esc)
Eoiop = 224 keV
52.0 ms 236 ms 443 ms
Eup = 176 MeV E, = 114 MeV Eyp = 144 MeV
E,(2) = 540 keV Epr = 28 MeV E,(2)= 94 keV of
E,(3) = 638 keV TKE = 197 MeV E,(4) = 143 keV
1145
Eu = 181MeV
E,(8) = 1172 keV
Fig. 1. Decay events obtained from the reaction

30gj + 238U — 2%Sg" at Ecm. = 144.0MeV (upper row)
and at Fcm. = 133.0MeV (lower row). In the case of «a
decay or spontaneous fission (sf) the energies measured in
the stop and box detector are given. For sf the total kinetic
energy (TKE) is given, when both fission fragments were
detected. Also given are the energies of «-rays coincident with
sf measured in one or more of the four crystals of the Ge clover
detector. The number in brackets gives the crystal number of
the fourfold Ge clover detector.

the intensity ratio would be independent of the production
mechanism.

In the discovery experiment of element 106 [18] using
a relatively slow He-jet technique, from a total number
of 73 counts an intensity ratio of about 9 to 1 was de-
termined for the lines at 9.06 and 9.25 MeV [24], respec-
tively, whereas in the decay chains of 2"'Ds the 9.25 MeV
«a particles are observed almost exclusively. From a to-
tal of 36 decay chains of 2"'Ds published in [20-23], in
22 cases the energy of the 203Sg a decay is determined
sufficiently well for clearly distinguishing the two differ-
ent energies. Among these 22 events the majority of 20
ones has a higher energy of 9.25 MeV and only 2 have an
energy of 9.06 MeV. Because the two intensity ratios are
different with high statistical significance, we must assume
two different levels in 263Sg, although their half-lives are
similar.

The mean half-life of the 20 higher-energy events is
(0.561‘8:%8) s. This value is significantly prolonged by a
statistical runaway with a lifetime of 6.0 s measured in [22].
The half-life determined from the two lower-energy events
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is (0.5675:93) s. Due to the larger error bars, the latter
value is in agreement with the longer half-life of (0.940.2) s
obtained from the more prominent 9.05 MeV a-rays in the
He-jet experiment.

In the present experiment we observed two « decays
at 9.25 MeV and one at 9.05 MeV. The measured lifetimes
given in fig. 1 are in good agreement with the literature
data. The intensity ratio of two to one for the energetically
different a-rays indicates losses of the shorter-lived higher-
energy « particles in the He-jet experiment [18]. The cross-
section for the production of the three 263Sg nuclei in our
experiment at a beam energy of 163.5 MeV is (67f§;) pb.

At this highest beam energy we observed also one sf
event at a lifetime of 17.9ms (7' /» = (12.41%) ms), num-
ber 4 in fig. 1. No signal was detected indicating an «
decay between implanted ER and sf. The sf event was in
coincidence with a y-ray at 964 keV in one of the crystals
of the clover detector. Two fragments were measured in
coincidence in the stop and box detector at a sum en-
ergy of 149MeV. After correction for the pulse height
deficit, 55 MeV, we obtained 204 MeV as TKE. The iso-
topic assignment of this sf event is difficult. Although
the production yield of 263Sg should be highest at this
beam energy, we expect a longer sf half-life relative to the
neighboring even-even isotopes due to an odd neutron hin-
drance factor. Half-life as well as TKE are in good agree-
ment with the decay data of the known isotope 262Sg,
T2 = 6.9ms, TKE = 222 MeV [25]. Slightly less agree-
ment exists, concerning the half-life, with the isotope 264Sg
(T2 = (120712%) ms, see below). The cross-section for the
sf event is (2273%) pb. We tentatively assign this sf event
to the isotope 262Sg produced by evaporation of six neu-
trons. The measured TKE of 222 MeV agrees reasonably
well with the value of 210 MeV obtained from the empiri-
cal Viola formula [26] for 26?Sg.

At the lower beam energy of 151.2 MeV, we observed
four sf events. They are numbered from 5 to 8 in fig. 1.
These events were measured during periods with the tim-
ing detector in front of the Si detector array resulting in
the relatively low implantation energy. The events were
identified as sf on the basis of the high signal amplitude,
absence of signals from the timing detector and, in the case
of event numbers 5, 7, and 8, coincident -y signals from the
clover detector. In the case of event number 6, no coinci-
dent ~-ray was measured, however, both fission fragments
were detected in the stop and box detector. In addition,
this event occurred during the beam-off period. From the
sum of the two fragment energies, we obtained a TKE of
197 MeV after correcting for the pulse height deficit. TKE
values cannot be unambiguously determined in the other
three cases, when only one signal was detected, due to
the uncertainty related with the amount of lost energy. If
both sf fragments are stopped in the stop detector, the
correction energy differs from the value given before.

The lifetime of the sf events number 5 to 7 is sim-
ilar and relatively short. We determined a half-life of
(1201139) ms. The events were produced at an excitation
energy of 40MeV, 11 MeV less than the value for the
production of 25°Sg. At this energy we expect the high-
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est yield for the evaporation of four neutrons. We assign
these three sf events to the sf isotope 254Sg. The TKE of
197 MeV obtained from event number 6 is in good agree-
ment with the value of 210 MeV calculated from the Viola
formula for 264Sg [26].

A comparison with calculated sf half-lives reveals a
shorter experimental value by about a factor of twenty.
The calculated half-life given in [27] is 2.3s. The devia-
tion continues a trend already observed in the sf half-life
of 262Sg where the experimental value is about a factor
of ten shorter than the calculated one, whereas agreement
between experiment and theory within a factor of two ex-
ists for the isotopes 269Sg and 2°®Sg [25].

The production cross-section for the three sf events
assigned to 204Sg is (107'9) pb.

Preceding the fission event number 8, no a decay with
E, > 8.0MeV was observed up to a time range of 1000s.
However, at 11.4s we found a 224 keV signal without sig-
nal of the timing detector, indicating an escaped « parti-
cle. An energy estimation revealed that 30% of escaping «
particles have energies in the range from 200 to 300keV.
For the appearance by chance of escape-like events in the
relevant detector strip and within a position window of
AY = 4+6.0 mm we obtained an average value of 82s. This
interval is a factor of seven larger than the time span of
11.4s, which makes the origin of the correlation by chance
unlikely.

The average frequency of ER-like events implanted
within a position window of AY = £1.2mm is 1 per 10s.
Indeed, we measured a first ER-like event at 11.1s before
the sf event. However, due to the fact that an escaped
«a event occurred 11.4s before the sf event, which has a
high probability for being a true correlation, we interpret
the ER-like event at 11.1s as chance event. The first ER
candidate before the sf event and escaped « particle was
measured at 15.2s before the a event. However, due to
the appearance of one ER-like event every 10s on the av-
erage, the value of 15.2s represents only a lower limit for
the lifetime.

Comparing the decay properties of event number 8
with those of reasonable candidates of seaborgium iso-
topes (2637265Sg) produced in the reaction, we find good
agreement with the decay of 265Sg. This isotope is an «a
emitter with a half-life of (7.9757) s (average of three
events from [28] and two events from [29]). Recent investi-
gation of 26°Sg and the « decay daughter 26'Rf produced
as decay products of 20°Hs in the reaction 2Mg + 24¥Cm
revealed from six measured events, firstly, a half-life of
(16.4752) s of 265Sg and, secondly, a 100% probability for
sf of the T}/ = (3.677%) s state in 20'Rf populated by «
decay of 265Sg [30]. Due to the good agreement of these
data with our data from event number 8, we tentatively

assign our event to 26°Sg. The production cross-section at
Eem. = 133.0MeV is (3.5753) pb.

At the lowest beam energy of 145.5MeV no decay
events were measured. We determined an upper cross-
section limit of 15pb at 68% confidence level (one event
would have had a cross-section of 8.2 pb).
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3.2 Discussion of the production cross-sections

Experimentally determined cross-sections of the reaction
30Gi 4 238U — 268Gg* are compared with two different cal-
culations in fig. 2. The upper part shows the fission cross-
section measured at JAEA [31] by detecting single frag-
ments. These data are used here prior to publication.
The fission fragments can originate from quasifission and
compound-nucleus fission, so that the cross-section repre-
sents the sum of both origins. The data are compared with
the results for the capture cross-section using the coupled-
channel code CCDEGEN [32] which is a modification of
the code CCFULL [33]. In the calculation the static de-
formation of the target nucleus ?*®U with the deforma-
tion parameters 33 = 0.275 and (4 = 0.05 [5,34] is taken
into account. The nuclear potential was approximated by
using the same parameters as in the case of the earlier
studied reaction 60 4 238U — 254Fm* [5]. Also consid-
ered was the channel coupling to the 3~ state at 0.73 MeV
in 238U and to the 27 state at 2.235 MeV in 3°Si. We also
show in fig. 2 the results from the CCDEGEN code using
the assumption of a spherical target nucleus and no cou-
pling to excited states in projectile and target nuclei (one-
dimensional model). The corresponding Coulomb barrier
height is 139.7 MeV.

The coupled-channel calculation (solid curve in the
upper part of fig. 2) reproduces well the experimental
data points for the reaction 3°Si+ 238U as it was the
case for the lighter system 160 + 23U [5]. However, it
does not give information about the increasing amount of
quasifission in the capture cross-section in the case of the
heavier system. The one-dimensional model, on the other
hand, which does not include detailed properties of the
reaction partners is not able to describe the data below
the energy FE.n. = 140MeV, where these properties
become significant.

In the lower part of fig. 2. we compare the cross-
sections of the fusion evaporation channels (3n—6n) mea-
sured in this work with model calculations. Using the re-
sults of the two different models for the capture cross-
section (entrance channel) as discussed above, the cooling
down of the compound nucleus by evaporation of neutrons
and competitive fission was approximated by the statisti-
cal model code HIVAP [35].

The measured ER cross-section for the 5n channel,
263Gg. at E. ., = 144.0MeV agrees well with both cal-
culations (solid curve for the coupled-channel calculation
and dashed curve for the one-dimensional calculation).

At the lower energy FE.. = 133.0MeV the large
enhancement of the 4n ER cross-section compared to
the one-dimensional model confirms the validity of us-
ing the nuclear properties of projectile and target in the
coupled-channel calculation. The dominating reason for
the enhancement is the lowering of the Coulomb barrier
height for reactions with the polar regions of the deformed
2387. However, the experimental 4n cross-section (10 pb)
is about a factor of 4 smaller than the calculated cross-
section (40pb), a reduction which is not observed in the
capture cross-section. This indicates that at this energy
about 80% of the reaction does not result in fusion but in
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Fig. 2. Fission (upper part) and evaporation residue (ER)
cross-sections (lower part) of the reaction 3°Si + 238U — 268gg*
as a function of the center-of-mass energy F... and excita-
tion energy E* for reactions at half thickness of the target. In
the upper part, the experimental data points, taken from [31],
include quasifission and compound-nucleus fission. The data
are compared with results for the fusion cross-section of a
coupled-channel calculation (full line) and of a one-dimensional
fusion model (dashed line, see text). The calculated ER cross-
sections in the lower part were determined from the calcu-
lated fusion cross-sections using the statistical evaporation
code HIVAP [35]. At Ec.m. = 133.0 and 144.0 MeV three events
were measured in each case for the 4n (diamond) and 5n (cir-
cle) evaporation channel, respectively, and one event in each
case was tentatively assigned to the 3n (open triangle) and 6n
(open square) channel, respectively. The two extreme touch-
ing configurations, polar and equatorial collisions are shown
at the top of the figure. There the two arrows indicate the
corresponding Coulomb barrier heights.

re-separation of the reaction partners via the quasifission
channel.

Also at the lowest energy E. . = 128.0 MeV the mea-
sured upper limit of the cross-section of 15pb (3n + 5n
channel) is about a factor 5 less than the calculated one,
indicating a strong quasifission contribution.

Finally, we compare the two extreme reactions men-
tioned before, namely, the very asymmetric system
160 4 238U [5] which has an orientation-independent fu-
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sion probability and the heaviest systems studied so far
using *¥Ca projectiles [3,4], with the reaction 39Si + 238U
studied here. Obviously, the reaction 3°Si + 233U shows
an intermediate behavior. We observe a strong reduction,
but still a measurable fusion cross-section at low energies,
where a contact configuration can be reached only in polar
collisions. No reduction of the ER cross-section was mea-
sured at energies which were higher than the Coulomb
barrier for equatorial collisions, indicating the high prob-
ability of complete fusion when the interaction starts at
this compact configuration.

4 Summary and conclusion

We measured evaporation residue cross-sections of the
reaction 30Si 4 238U — 208Gg* At an energy of E. ., =
133.0MeV which is subbarrier according to a one-
dimensional fusion model, we observed four spontaneously
fissioning nuclei. Three of the events have similar half-lives
with an average value of (1207'2%) ms. We attribute these
events to the fissioning isotope 264Sg.

The cross-section for the production of this isotope
at this energy is (101') pb. This value indicates a large
underestimation of about factor 1 x 10™* of the cross-
section calculated with the one-dimensional fusion model.
Compared to a coupled-channel calculation taking into
account deformation of the target nucleus, the agreement
is considerably better. However, in this case a fraction of
80% of the capture cross-section had to be assigned to
quasifission in order to explain the measured 4n ER cross-
section.

At the higher energy E.., = 144.0MeV, where the
projectile starts to interact with the deformed target nu-
cleus 238U from the equatorial side, we obtained four de-
cay chains. The decay properties of three of them are in
agreement with those of the known isotope 263Sg. The 5n
ER cross-section is (67757) pb. No significant reduction of
the cross-section was observed at this energy in compari-
son to the results of the coupled-channel calculation. This
supports the idea that the fusion starting from a compact
configuration is advantageous in the fusion processes using
deformed target nuclei.
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