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We measured the capture-fission excitation functions for’tse- 18'Ta reaction and thé®S+8'Ta reac-
tion. (The radioactive®®s beam was produced by projectile fragmentajidn.the 3’S-induced reaction, an
incomplete fusion component was observed at high energies, with an average linear momentum transfer
corresponding to the escape of anparticle. The deduced interaction barrier heights were 130.3 and
124.8+0.3 MeV for the 32S- and*®S-induced reactions, respectively. No differences between the two reac-
tions were observed beyond a simple shift in the interaction barrier height.
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I. INTRODUCTION the effect of the changing isospin was a simple shift in the
fusion barrier with similar reduced excitation functions for
One of the interesting aspects of the study of nuclear rethe systems under study. For reactions at sub-barrier ener-
actions induced by radioactive beams is the possibility ofgies, however, more complicated nuclear structure effects
using n-rich radioactive projectiles to synthesize new,appear to play a role. These have been described
neutron-rich heavy nucl¢lL]. It has been showj2] that new  [9,10,13,15—1Pin terms of inelastic excitations of the pro-
areas in the atomic physics and chemistry of the transactinidectile and target nuclei and the influence of transfer reaction
elements could be developed using intenseh radioactive  channels. Alternate explanatiofi20,21] use a macroscopic
beams. description of neck formation or neutron flow to explain the
Various authorg3-6] have suggested that there will be observed effects dfl/Z upon the fusion process.
significant enhancements to the fusion cross sections for One of the first reported studies of the effect of using
n-rich projectiles due to the lowering of the fusion barrier, radioactiven-rich medium-mass projectiles to produce heavy
the excitation of the soft dipole mode, and the lowering ofnuclei was the preliminary report of Yoshigé al. (commu-
the reactionQ values for the moren-rich projectiles. The nicated by Signorini[22]). This study of the 27:2%3}|
survival probability of the evaporation residuéSVRs) is  +1%7Au reaction showed the expected shift in the excitation
also expected to increase due to their reduced fissionabilitfunctions due to a lowered fusion barrier for theich pro-
and lowered excitation energy. jectiles. The observations with the radioactive beams were
They have further speculated that the use of these projegot well described by coupled channel calculations. In a
tiles might lead to the successful synthesis of new or supershort, preliminary version of this paper, Zyromskial.[23],
heavy nuclei. Takigawat al.[3] predict an enhancement of reported fusion excitation functions for thé38+181Ta re-
10° in the fusion cross section for th#K+23% reaction  action. This study concluded that the use of thech pro-
compared to the*K+2#J reaction and an increase of a jectile led to simple lowering of the fusion barrier with the
factor of 2 in the survival probabilities for the EVRs. Expe- reduced excitation functions for the two reactions being
rience from the synthesis of new heavy nuclei by nonradioidentical within experimental uncertainties.
activen-rich projectiles shows that an increase of one unitin  This paper represents an expansion and extension of the
isospin of the projectile increases the heavy element produgrevious report of the®?3%+18Ta reaction[23]. In this
tion cross sections by a factor of[3]. work, we report in greater detail the experimental design
Several new radioactive beam facility proposals have foused to measure fusion excitation functions with low inten-
cused, in part, on these possible attractive features of usingjty, high energy radioactive beams from a projectile frag-
n-rich radioactive beams. The goal of this project was tomentation facility. We also correct some errors in the previ-
make a measurement of the fusion enhancement factors folus analysis, demonstrate the existence of a previously
radioactiven-rich projectiles of interest in the synthesis of unrecognized incomplete fusion component of the cross sec-
new heavy nuclei. tions, and extract quantitatively different values of the inter-
There have been several stud[@-19 of the effect of action barriers using a less model-dependent analysis. We
varying the isospin of the projectile and the target nucleiexplain, in detail, our attempts at corrections for quasifission.
upon the fusion cross section. In some of these stydi4ls  While the quantitative conclusions of this work differ from
Ref.[23], the qualitative conclusions remain the same.
In Sec. Il of this paper, we describe the experimental
*Present address: Isotope Products Laboratories, Burbank, CA.methods used. In Sec. lll, we discuss the results and the
"Present address: Texas A&M University, College Station, TX. correction for quasifission, In Sec. IV, we present our con-
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clusions and comment on their potential significance in thecross section. The beam current for a typical run was
synthesis of new heavy nuclei. 1.5-3%10%3%S per second, giving event rates from 250—300
fission fragments per minute in the most forward detectors to
50-100 per minute in the most backward detectors. Mea-

ll. EXPERIMENTAL METHODS
surements of one half hour to one hour per energy were

A. Design of experiment made in order to obtain adequate numbers of events.
A readily availablen-rich projectile that can act as a pro-
totype for the projectiles likely to be involved in future C. Radioactive beam experiments

heavy element synthesis &S. %S (t;,~170 m) can be
produced by fragmentation dAr using the A1200 radio-
active beam facility at the National Superconducting Cyclo-
tron Laboratory(NSCL) at Michigan State University. By
measurement and comparison of fusion cross sections al
excitation functions for the fusion of stabféS and radioac-
tive %8s with 18'Ta, we can evaluate quantitatively the ex-

The capture-fission excitation function for the radioactive
beam %S+ 181Ta reaction was measured in two separate ex-
periments at the National Superconducting Cyclotron Labo-
rgtory (NSCL) at Michigan State University. Beams from the

200 cyclotron were fragmented, and the secondary radio-
active beam was separated and degraded in energy in the

pected fusion enhancement factoréS (N/Z=1.38) is as A1200 fragment separator. After separation, the beam was

neutron rich as any radioactive projectile nucleus currentlyP€Nt 1© the 92 in. scattering chamber where the experimental

available in reasonable intensities from radioactive beam fa?(atLJp was located. In the chamber, the beam energy was

cilities [24]. Comparison of its fusion properties with those TUrther degraded, beam characteristics were observed, and

of 35 (N/z=1) should be a meaningful comparison. Nej- Measurement of the fusion reaction took place.

ther 323%8 or 181%a are “magic” nuclei %nd thuspany special . Radioactive beams are praduced at the NSCL by the pro-
effects due to shell stabilization will not be present. PACEjectllebfragnjentgtlon meth?dhtl? Wh'tCh gtfrlllgh—enifgy fp”'
calculationg 25] indicated that greater than 99% of the prod- My béam impinges on a light target and the resulting irag-

ucts formed in this reaction decay by fission, so the fusion-ments continue forward at velocities near that of the primary

fission excitation function should be equivalent to the fusionP€am. For these experiments, the primary beam %@ at
excitation function. 40 MeV/nucleon and the production target was 141 mg/

cn? °Be. The desired secondary bedim this case,’S) is
then selected from the fragmentation products using the
A1200 magnetic separator, and sent to the experimental area.
The 3°S+81Ta experiment was performed at the ATLAS  After separation in the A1200, the seconddf$ beam,
accelerator at Argonne National Laboratory. Well-focusedwith a final energy~8 MeV/nucleon(as measured by time
well-collimated beams of%S with intensities of 4 to 8 enA  of flight in the A1200, was sent to the 92 in. scattering
were sent to the 36 in. scattering chamber where the experechamber. The experimental setup inside the 92 in. chamber
mental apparatus was arranged. Measurements were madecahsisted of a degrader wheel, two pairs of detectors for
16 beam energies ranging from 157 to 300 MeV; the meabeam timing and imaging, a set of fission detectors, and a
surements were made in two separate passes through tb#icon detector at the end of the beamline to monitor beam
range of energies in order to avoid possible systematic errointensity and characteristics. A schematic diagram of the ap-
All energy changes were made in the accelerator, with ngaratus is shown in Fig. 1. At the entrance to the chamber a
additional energy degradation at the chamber. A typicalvheel with 12 holes of 3 cm diameter was mounted. Alumi-
beam energy resolution was 0.01 to 0.1 MeV, and so direatum foils ranging in thickness from 1.6 to 14 mg/cmere
measurement of time of flighfTOF) of the beam particles mounted over 11 of these holes to degrade @ beam
was unnecessaryBeam energy and resolution at ATLAS from 8 MeV/nucleon to the desired reaction energies. The
are determined continuously by multiple TOF measurementgheel was attached to a stepper motor so that rotation of the
of the arrival of beam bunches at various points along thdoils into the beamline could be controlled from outside the
beamline) A satellite beam, nominally identified by TOF chamber. After the beam passed through the degrader, an
and energy to bé®0, was observed as scattered beam in thémage of the beam spot was obtained using«anposition-
most forward detectors, but it was a very small componengensitive parallel-plate avalanche countBPAC detector
(on the order of 10° of the total beamand was easily [26] with a5 cmx5 cm active area, which also served as
separable in the data analysis. the first element of the beam timing system. The beam spot
In the scattering chamber, 16 300 fsilicon surface-  for a typical run from the second experiment was 1.5 to 2 cm
barrier detectors of thickness 60 to 1Qm were arranged in diameter after degradation in the chamber.
in a plane at angles from 15° to 160° in the lab frame, at a The beam timing system consisted of two pairs of detec-
distance of 170 mm from the target. Each detector subtende@drs mounted on a support arm extending roughly one meter
10.4 msr, and so the total solid angle covered by the detectdrom the beam entrance to the table supporting the fission
array was 1.3% of 4. The target ladder in the center of the detectors. For the second experiment, the support arm was
chamber contained an 0.46 mg/crself-supporting?®Ta  mounted on a movable rail, so that the entire beam timing
target. The beam current was monitored by counting theystem could be rotated out of the path of the beam during
elastically scattered beam particles at angles inside the grahigh-intensity stable-beam calibration runs. The outer pair of
ing angle and normalizing this to the Rutherford scatteringiming detectors were PPACs: the beam-imaging PPAC

B. Stable beam experiment
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FIG. 2. A plot of the time of flight vs energy for the undegraded
DEGRADER —p- radjqactive beam showing the prima#S beam and satellite im-
WHEEL putities.
beam particles. The®S rates in the silicon detector were
about 500 particles/s for these runs, and the total beam rates
were less than 700/s, time-averaged over the runs. Because

FIG. 1. Schematic diagram of experimental apparatus used iff th€ low beam intensity, the beam timing system could be
radioactive beam measurements. used to give event-by-event TOF information for the radio-

active beam. The MCPs were used as the primary source of
mentioned previously and a second 10 xm0 cm PPAC timing data due to their better resolution, with the PPACs as
located 114 cm downstream, from which no imaging signalst backup system.
were taken. Between the PPACs were a pair of microchannel After passing through the timing system, the beam struck
plate detectorsMCP9 [27] separated by a flight path of 93 a 2 cmXx2 cm 181Ta target in the center of the chamber.
cm (97 cm in the second experimenfThin aluminum or The targets were self-supporting, with a mean thickness of
aluminum oxide foils were placed in the beamline at an0.924 mg/cr for the first experiment and 0.857 mg/ém
angle of 45° as electron emitter foils for the MCPs, and wirefor the second.
grids were used to focus the electrons onto the MCPs. In the Two 500 um 16X 16 silicon strip detectors were placed
first experiment, the emitter foil thicknesses wereat backward angles from the target with the- gvertical
3.09 mg/cm Al (upstream and 60 wg/cn? Al,05 (down-  strips side facing the target. The detectors were at
stream; in the second experiment, both emitter foils were =155°(lab), at a distance of 14.6 cm. Each detector had an
1.62 mg/cm Al. The MCPs themselves were set at back-active area of 47 mixi47 mm and covered 0.101 sr solid
ward angles out of the beamline. 1.75 cm diameter collimaangle; the strips were chained togethewiat 4 verticak 1
tors were placed in front of the MCPs during the seconchorizontal configuration. For the second experiment, the strip
experiment to reduce scattered beam background. The tindetectors were removed and replaced by an array of silicon
resolution of the PPAC timing system was 1.5 ns FWHM forsurface barrier detectors. Eight 300 frBi detectors of
the one-meter flight path, and the MCP timing system had 400 um thickness were used, mounted four on each side of
timing resolution of 530 ps FWHM, as measured using ahe beam in a square configuration which subtended 75% of
stable*®Ar beam of 300.9 MeV(The beam energy spectrum the original strip detector’s solid angle coverage. The signals
in the Si detector at the end of the beamline had a FWHM ofrom the strips and Si detectors were used to detect fission
2.5 MeV, which corresponds to a spread in TOF of 100 ps.fragments at backward angles, but also to look for alpha

Efficiency of the timing system was calibrated by measur-particles from any heavy residues that may have survived.
ing the percentage of®S beam particles implanted in the No residue alphas were observed for any of the data runs,
silicon detector at the end of the beamline, which had trig-which puts an upper limit on the heavy residue cross section
gered a coincidence signal in i8S TOF peak for each pair of 3% of all events.
of timing detectors. The efficiency of the MCPs was 95%— Four 10 cmx10 cmx-y position-sensitive PPACs were
99%, and PPAC efficiency was measured toh#9%. Both  placed around the target in order to detect fission fragments.
of the timing systems together recorded 99.9% of #i®@  Two detectors were centered at 2&b frame at a distance

BEAM ENTRY
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of 20 cm from the target, and two were at 90° and a distance Another Si surface barrier detector with area 100 4nm
of 6.5 cm. The position resolution of the PPACs wasand thickness 50Qum was placed downstream from the tar-
<5 mm as measured using a plastic mask arfé’@f cali-  get. This detector was mounted on an arm attached to a mov-
bration source. The PPACs were filled with isobutane gas atble rail, and was placed in the beam path to observe the
5 to 8 torr and had applied voltages from 500 to 750 V. Theintensity and characteristics of the radioactive beam. The rall
four “fission PPACs” covered a total solid angle of 20% of on which this detector was mounted, which also acted as the
44 in the lab frame; this large area coverage was crucial tdoase for the timing apparatus as mentioned previously, en-
compensate for the low beam intensities. The efficiencies odbled the entire set of detectors for timing and beam imaging
these four detectors for fission fragments ranged from 85%0 be rotated out of the beamline for high-intensity stable-
to 88% as measured with &2Cf source. Although the beam calibration runs. At the end of the beamline, a Faraday
PPACs subtended large solid angles and gave position infocup was attached to the exit line from the chamber. This was
mation, they are transmission detectors, and so the total ewonnected to a current integrator in the data acquisition area,
ergy of the incident particles was not recorded. Since thend was used to measure beam current for the high-intensity
detectors were also sensitive to other reaction products suctalibration beams.

as scattered beam, transfer products, and target recoils, sepa-The total efficiency of the detector system was determined
ration of fusion—fission from other events had to be accomby measurement of the known fission cross section for the
plished by observing angular correlations between pairs ofeaction of 60+ °’Au [28] at two energies. Two calibra-

coincident particles. tions were made at each energy, a high beam intensity run
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FIG. 4. Capture fission excitation function for tH#éS+18Ta
reaction as deduced from singles and coincidence measurments
(which excluded incomplete fusion events.

FIG. 5. 1E plot for the 325+ 181Ta capture fission data.

based on TOF andE/dx measurementsMaximum beam
_ - . intensities on target ranged from 2000 to 10 000 particles/s,
with the beam timing system out of the beam in order to

librate the fission PPACS and h b ntensitie Vit the 383 as 85%—-90% of the total flux. In order to be
calibrate the fission S and a run with béam INensIey,, o 1,4t the observed fission fragments were induced by the
attenuated to a few thousand particles per second, to det

ine the effici £ th ire fissi db imi ) beam, event-by-event TOF information was used. A
mine the efliciency of the entiré Tission and beam Imlngtriple coincidence of timing-fission-fission was required to

system. In both calibrations, valid events were determined byt 2 valid event Time-of-flight gates were then used in

requiring the observation of coincident fission fragmentsthe data analysis to associate fission-fission coincidences

){’\r’]';h r]:':(Ijliorggtri]:/ir-]ggn:rigsgﬁr;u];g:ig;e fxvalggeiﬂs% rl:gsu'i?eyvith the %S or with the satellite beams. True fusion-fission
9 ’ d events(as defined by correct folding angle and coincidence

ment of a trigger in the beam TOF gate of the timing systen], ., 3sg particle through the timing detectoisccurred at
was added. The efficiency of the entire detector system WaS g ranging from about two per hour at the highest energies

measured to be 78%4%. .
: . to roughly one event every 2.5 hours at the lowest energies.
A plot of energy versus TOF for the radioactive beam a unning times were from 7—16 hours of data per energy.

it entered the scattering chamber is shown in Fig. 2 It can be
seen that, although thé®S is the major component of the
beam, there are several satellite impurities as W&le pri- lll. RESULTS AND DISCUSSION
mary satellites were nominally identified 43*% and®'Si, A. Stable beam experiment

_ Lo In the first preliminary communication of the results of
TABLE I. Measured cross sections fa+~"Ta. this experiment, we reported capture-fission cross sections
for the 3°S+ 81Ta reaction based on integrating the singles

32, 38, . . . . . .
S S fission angular distributions for these reactions. Because of
Eian(MeV) at(mb) Eian(MeV) as(mb)
157.3 88-4 161.2 28@-140
165.1 2220 182.7 816410
170.2 32010 190.5 956100
175.1 4370 204.3 1386260
178.3 4605 20 237.7 1678160 2 1000 ¢
185.6 600-20 254.0 1626180 ~
192.5 68020 2
©
200.1 78060 ® singles data
215.6 100a: 20 —— deformation only
225.3 104090 wol o4 | coupling to 2, 3" of 328
239.6 103& 30
°0.6 113670 120 140 160 180 200 220 240 260 280
265.5 10940
274.3 1150:30 E,n.(MeV)
288.3 103&20
299.1 107630 FIG. 6. Coupled channels fit to th&S+8Ta capture fission

excitation function.
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FIG. 7. Attempted fit to the fission fragment angular distribu- ﬁlab(degrees)

tions to determine the fraction of the cross section due to quasifis-
sion for 15&E,=225 MeV. For energies where only one curve

is shown, the fit is not statistically significant at the 95% confidenc:[ . . . _
level. For the other energies, two statistically significant fits ar 25] simulations with a value of;/a,=1.00[29] and tem-

shown, corresponding to 0% quasifissiatashed cirveand 100%  Perature dependent valuesaf30], the fraction of the reac-
quassifission(solid line). tions that leads to fission is 0.99 and it does not change

appreciably with projectile energy. Furthermore, in our re-

the possibility of having fission induced by incomplete fu- jated study of the3®S+'8'Ta reaction, a measured upper
sion or other processes included in this cross section, Wemit of <2%—3% for the fraction of reactions leading to
reanalyzed these data demanding that all fission events cofesidue formation was found. In the study of a similar reac-
respond to full momentum transfer events. This was done bygn, 325+ 184y, it was found that the residue cross section
requiring that both fragments from a fission event be dewas 200 ub, a negligible quantity for this studg1]. There-
tected and that the measured folding angle be withif0%  fore, we have taken the capture-fission excitation function to
of that corresponding to full linear momentum transfer. Forpe the capture excitation function for this reaction.
the ten lowest projectile energies57.3—-225 MeY, a single If we represent the interaction cross section by the simple
peak was observed in the folding angle distributions, corresemiclassical formula
sponding to full linear momentum transfer. At projectile en-
ergies of 239 MeV and above, a “shoulder” in the folding U=77R2(1—Vb/E), (1)
angle distributions corresponding te87% linear momen-
tum transfer was observe(@Fig. 3. At these energies, the we can plot the observed cross section data verskstd/
average linear momentum transfer for the “shoulder events'determineV,,, the height of the interaction barrier, afy,
is consistent with the fusion of ah=28 fragment with the the value of the interaction radius. Such a plot is shown in
target nucleus, suggesting the possible escape of dng. 5. The reduceg? is 0.22. The values d¥, andR, are
a-particle prior to fusion. After subtracting this incomplete 130.9-0.5 MeV and 10.4 0.3 fm. (In making this analy-
momentum transfer component from the measured cross sesis, we have used data with 200-<800 mb to exclude
tions, the resulting capture fission excitation function isnonlinearities due to tunneling effects and coupling to other
shown in Fig. 4 and Table KIn Fig. 4, we also show the reaction modes at low energies and angular momentum limi-
previously published singles excitation function which hastations on the fusion process at high energiganilar values
been corrected for errors in the analysis of the Rutherfordor Vy, and Ry, 129.5-1.7 MeV, and 10.20.4 fm were
scattering data.The incomplete momentum transfer compo- obtained by making a fit to the data using a simplified
nent corresponds to 15%-30% of the total fission cross secoupled channels calculation with CCDEB2] (Fig. 6). In
tion at the highest energies. this calculation, only the effect of the static deformation of

In these reactions, the compound nucleu&'#c, formed  *'Ta (8,=0.269, 8,=—0.090) [33] was included. Cou-
at excitation energies of 47—174 MeV. According to PACEpling to the first 2° and 3~ excited states of*’S (B,

FIG. 8. Same as Fig. 7, except 24€,,,;=<299 MeV.
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=0.336[34], B3=0.48[35]) was not conclusive as there was
not sufficient data belowr=100 mb where these effects
could become more important. The weighted average of
these two fits to the data foW, and R, are 130.7 while the quasifission component has
+0.3 MeV and 10.3 0.1 fm, respectively. .

It has been shown36,37 that for reactions like the 20 151> 3)
32,385 181T3 reaction or the relatetfS+ 84N reaction that Jett cn-
a significant fraction of the fission events result from “quas- ) ) L )
ifission” as well as “true complete fusion.” Quasifission is " these equations, is the moment of inertia of a spheri-
the process where the interacting nuclei merge to form &2l nucleus with the sama value, complete fusion is as-
mononucleus but the system does not evolve inside the figumed to occur for partial wavessd<l., and quasifission
sion saddle point. Comparison of the fission excitation func!S assumed to occur for partial waves| ¢,. The constants a
tion for the combined processes with one-dimensional poter@"d b were shown to depend only on the fissility of the
tials, such as those used in coupled channels calculations, fi§sioning nucleusx” such that
appropriate. However, for the purpose of estimating heavy X' =X oy + 0.3, @)
element production by complete fusion, one should try to
separate the contributions of quasifission and true complet@here the rotating liquid drop fissility,xxpw IS given as
fusion in the data. Using the methods outlined in Refs.
[36,37 which depend on analyzing the shape of the fission _ Z%A
fragment angl_JIar distr!but!ons, we hay(_a a_ttempted to esti- XRLDM_50.88$1—1.782$(N—Z)/A]2]' ®)
mate the relative contributions of quasifission and complete
fusion to the observed cross sections. The authors of Ref§alues ofa=1.07 andb=—0.0001075were used in the
[36,37] studied the angular distributions for a large numbercalculationg 36].
of reactions including several that were similar to the ones We fitted the observed fission fragment angular distribu-
studied in this work. They concluded that one could decomtions for the projectile energies of 157-299 MeV, allowing
pose the observed fission angular distributions into two comthe maximum angular momentum associated with complete
ponents, one due to complete fusion and the other due tusion, J., to be a free parameter determined in the calcula-
quasifission. The complete fusion component has an angulaion. (J,,,, was determined by the total fission cross section.
distribution characterized by values of the effective momentWe used the familar expressions for the fission fragment an-
of inertia, Jg, given by gular distributionq 38]:

| [
o

=maxa+bl?0.3 I=<lg (2)

=

eff

Jon (2341)2 ex — (I+ 2)2 sin?0/4K2]3o[i (I + %)? sir?0/4K 2
W(a)=2( )2 ex —(J+3)7 si oldoli(J+32)° si ol

J=0 erff (J+3)/(2K5) ]

. Jiax (23+1)% exf — (J+2)? sirf /4K 21 Jo[i (I + 3)2 sirf /4K 3]

NEN . erf{ (J+3)/(2K3)*?]

assumingM =0, wherel, is the zero order Bessel function  The results of this analysis were not conclusive. While we
with imaginary argument and the error function [édf found a minimum iny? in the fitting process at each projec-
+1/2)/(2K(2))1/2] is defined as tile energy, we found the fits to the datshown in Figs. 7
and 8 were not definitive. At eight energi€457.3, 165.1,
X 185.6, 200.1, 215.6, 225.3, 265.5, and 288.3 Mekie re-
9ff(X)=(2/7Tl/2)f exp(—t?)dt. (6)  ducedy? values were not significant at the 95% confidence
0 level. At eight other energie€l70.2, 175.1, 178.3, 192.5,
239.6, 250.6, 274.3, and 299.1 Mg\satisfactory fitgat the
95% confidence levielwere obtained with a wide ranging set
5 ) of values ofJ;,, corresponding to quasifission contributions
Ko=TTen/h7, (7) " ranging from 0% to 100%. While the shapes of the fission
o angular distributions hint at excess numbers of events near
where the nuclear temperature at the saddle pbistgiven  g° and 180° (the quasifission signaturethe data do not

The parameteK? is defined as

as allow a statistically significant extraction of the information.
. o We shall, therefore, compare the measured values of the pa-
T= E _Bf_Erot} ®) rameters of the one-dimensional interaction barriers with
A/8.5 models for the isospin dependence of these quantities.
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B. Radioactive beam measurements =12.1+0.1 MeV. Thus one observes a lowering of the in-

Because of the need to discriminate between scatterd@raction barrier height and an increase in the interaction ra-
beam particles and fission fragments in the PPACs, only dat‘g:\k'US with the n-rich projectile of 5.9 0%2 MeV and 1.8
corresponding to full linear momentum transfer events Wereté—]g'ggsfrg;o?e:"ig;c“vely’ in going from the'S projectile to

used to determine the capture-fission cross section for th q his ch ith . . .
radioactive-beam reaction. Th&S-gated folding angle dis- . How loes this change compare with various semiempir-
ical predictions of the isospin variation of these quantities?

tributions are shown in Fig. 9 along with the cytiashed
lines used to define full momentum transfer events. The T i
events at small values of the folding angles correspond
mostly to hits in two detectors on the same side of the beam.
The measured capture-fission cross sections for’tse

+ 181Ta reaction are shown in Fig. 10 and Table I. The sili- __ 1000}
con detectors at backward angles were used to search for anvg
« particles emitted by evaporation residues that may have &
survived. No counts were observed, giving an upper limit of

3% of the capture-fission cross section at the lowest energy
(182.7 MeV) and<2% atE,=204.3 MeV.

o tusion

Assuming a negligible cross section for residue formation 100 b ® Bgdaia
in this reaction, we used the sameE Iplots (Fig. 11) and —— CCDEF
coupled channels fifFig. 10 to determine values of the o T T T i T e e
interaction barrieVy, and radiusR,,. The results weré/,
=125.2+5.3 MeV, R,=12.2+0.4 fm (reducedy?=0.49) E,_(MeV)

for the 1E plot and V,=124.3+5.9 MeV, R,=11.9
+0.7 MeV from the coupled channels fit. The weighted av-  FIG. 10. Measured capture fission excitation function for the
erages of these quantities akg=124.8-0.3 MeV, R,  38S+18iTa reaction, showing a coupled channels fit to the data.
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FIG. 12. Reduced excitation functions for tf&3+ Ta reaction.

FIG. 11. 1E plot for the %8s+ 181Ta capture fission excitation _ _ . . .
function. a shift of the barrier height of 5.9 MeV in going froffS

to 38S. In addition, theQ values of the reactions are80.6

The comparisons are summarized in Table II. The best agredeV and —86.9 MeV for the %S and **S induced reac-
ment with the shift of the barrier height is with the predic- tions, respectively. This means that the excitation energy of
tions of Bass and Pumt al. [46]. In the case of the Bass the completely fused system is lowered by 12.2 MeV for the
model, the underestimate of the barrier shift has been noteitrich projectile compared to the stable projectile for the
before in the context of heavy element production reactionsame fusion probability. This corresponds to evaporating one
[7], where there is a trend of seeing maxima in cold fusionfewer neutron, with an increase in then cross section of a
excitation functions shift more with increasing projectile factor of I', /T's, which can be a factor of 10-10080]. An
isospin than one would anticipate based upon the Basgxample of what this effect might mean for the synthesis of
model. The large shift in the interaction radius would suggestew heavy nuclei with radioactive beam facilities is shown
that the simple one-dimensional potentials used in the modh Fig. 13. We plot the calculatef41] cross section for
els are not adequate to account for the effect of the increasdbie 2>Cf(*Ne,4n) reaction as a function of the mass num-
deformation of the®S projectile (3,=0.246)[39] relative  ber of the projectileX. In this calculation, we assume a
to 32S. This effect had to be included in the coupled channelgonstant fusion cross section, but adjust the excitation energy
calculation(along with the deformation of the target nuclgus by using the calculated values @ for the reaction and
to properly fit the data. assume fusion takes place at the Bass barrier. While one

It is interesting to test whether there is any evidence inmust ultimately consider the intensities of the veryich
this data for anything other than a simple shift in the heightbeams, significant increases in the production rates of very
of the fusion barrier as the projectile shifted from stablen-rich nuclei are predicted. These reactions, leading to new
323 to neutron-rich®®S. In Fig. 12, we show a reduced exci- very long-lived heavy nuclei, could be of importance in the
tation function for the two systems. When the differences in

barrier height and interaction radius are factored out, the data 2520f XN _AH
from the two systems are in agreement. Within experimental + Neé= S
uncertainties, there is no evidence for any enhancement due -324
to coupling to additional modes in the energy region mea- | 1
sured. - T
What are the implications of this work for the synthesis of 34 . "
new heavy nuclei using-rich projectiles? We have observed g o "
S
TABLE Il. Comparison of measured and predicted shifts in bar- AE -36 1
rier parameters. o) |, = RNB
~— & Stable
)
AVb(MeV) ARb(fm) O 36
Experimental 5.90.4 1.8+0.1
Bass[42] 4.0 0 -40 ; . ' . ' . . . .
Vaz et al.[43] 3.8 03 272 274 276 278 280
Royeret al. [44] 3.1 0.4 A
Puri and Guptd45] 3.3 7.6 en
Puri et al. [46] 8.0 0.9 FIG. 13. Predicted cross sections for tH&Cf(*Ne,4)
reaction.
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