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We measured the fusion-fission excitation functions for¥ig+ 18'Ta reaction and thé®S+ *8'Ta reaction.
(The radioactive®S beam was produced by projectile fragmentajidine thresholds were measured to be
137.5+1.0 and 130.7 2.0 MeV for the®?S and®S-induced reactions, respectively. This result agrees with the
systematics of fusion excitation functions and may be significant in the synthesis of new heavy nuclei.
[S0556-28187)50802-9

PACS numbgs): 25.60.Pj, 25.70.Jj

One of the interesting aspects of the study of nuclear re- Because the fusion-fission excitation function for tH&
actions induced by radioactive beams is the possibility of+ 8'Ta reaction had not been measured, we began by using
using n-rich radioactive projectiles to synthesize new,the ATLAS accelerator facility to make this measurement.
neutron-rich heavy nucl¢iL]. It has been showji] that new  Well-focused, collimated®®S beams of well-defined energy
areas in the atomic physics and chemistry of the transactiniddypical energy spreae= 0.2 MeV) from ATLAS struck a
elements could be developed using intengich radioactive  0.46 mg/cnf Ta target mounted in the center of the”36
beams. scattering chamber. An array of 16 silicon surface barrier

Various author§2—4] have suggested that there will be detectors(300 mn?) were used to detect the coincident fis-

significant enhancements to the fusion cross sections fo°ri°°” fragmients from this reaction emerging at angles from
n-rich projectiles due to the lowering of the fusion barrier 1°° 0 160°. Cross-section measurements were made at six-

32 H
and the excitation of the soft dipole mode. They have furthef€n S energies between 150 and 300 MeV. At each en-
&ray, the measured fragment angular distributions were

speculated that the use of these projectiles might lead to th ¢ dinto th tor of fit with a 1/gidistri
successful synthesis of new or superheavy elements. Sevegﬁms ormec Into the center of mass, Mt With a _L/GIdistri-

new radioactive beam facility proposals have focused. i ution and integrated to give the total fission cross section.
. Y prop - ' ntNo significant differences in deduced total fission cross sec-
part, on these possible attractive features of usisrch ra-

. . . ) tions resulted when a more exdat] form of the fragment
dioactive beams. The gpal of this project was to make aangular distribution was usedThe absolute magnitude of
measurement of the fusion enhancement factorsnfoch  {he' cross sections was determined by normalizing the ob-
projectiles(of interest in the synthesis of new heavy nurlei sereq elastic scattering cross section in the forward detec-

A readily availablen-rich projectile that can act as a pro- tors to the Rutherford scattering cross section. The resulting
totype for the projectiles likely to be involved in future fysjon-fission excitation function is shown in Fig. 1.

heavy element synthesis &S. %S (t;, =170 m can be The compound nucleus &Ac, formed at excitation en-
produced at the MSU A1200 radioactive beam facility by
fragmentation of*°Ar.] By measurement and comparison of T By L iBlgy

fusion cross sections and excitation functions for the fusion
of 32S and®8s with 18'Ta, we can evaluate quantitatively the
expected fusion enhancement factof$s (N/Z = 1.39 is as
n-rich as any radioactive projectile nucleus available in rea-
sonable intensities from radioactive beam facilifiés Com-
parison of its fusion properties with those #S (N/Z = 1)
should be a meaningful comparison. Specificaffg can act 10}

1000 ¢

100 ¢

o(mb)

¢ fission 1

. . —CCDEF

as a prototype for the less availabl#Ca whose fusion en- - ~Gupta et al.
“““ Wilcke et al.

hancement factors have been calculdiépand the results 1 et ieiis ., Acomplete fusion
from this study may provide impetus for more realistic cal- 100 120 140 160 180 200 220 240 260 280 300
culations. Neither’>3% or 8Ta are “magic” nuclei, and E, ., (MeV)
thus any special effects present in the fusion of shell stabi-
lized nuclei will not be present. PACE calculatioid indi- FIG. 1. Fission excitation function for th&S + #Ta reaction.

cated that 99% of the products formed in this reaction wouldg experimental fission data, full curve-CCDEF calculatidi®]

fission so that the fusion-fission excitation functions shoultdashed line systematics of RgE6], dotted line-systematics of Ref.
be equivalent to the fusion excitation function. [15], A deduced complete fusion cross section
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ergies of 47—174 MeV. According to PAJB] simulations
with a value ofa;/a, =1.00[8] and temperature dependent
values ofa [9], the fraction of the reactions that leads to
fission is 0.99 and it does not change appreciably with pro- AISSION PPACS ] FSSION PPACS
jectile energy. Furthermore, in our related study %8 +
181Ta reaction, a measured upper limitsf3% for the frac-

. . . . . . A - ! 16 X 16 Si SRIP
tion of reactions leading to residue formation was found. 16 KRN DETECTOR
Therefore we have taken the fusion-fission excitation func- ]

tion to be the fusion excitation function for this reaction. TIMING PPAC

Because of our desire to compare these data with our less
precise measurements of ti€S+ 8Ta reaction, we have
made a simple analysis of the data which can be applied in
both reactions. We have performed a coupled channels cal-
culation using the codescrus and ccper [10]. In the
coupled channels calculation, we have included the deforma-
tion of the target nucleu§ll], the excitation of the first
guadrupole and octupole states of projedtiéth B(E2) and
B(E3) values from12] and[13]], and the excitation of the DEGRADER WHEEL —
low-lying states of the ground state rotational band of
181Ta (B values from[14]). The strength of the nuclear po-

| IMING/BEAM IMAGING
<« PPAC

tential was varied to give the best overall fit to the experi- BEAM ENTRY
mental data, giving/,, = 137.5*=1.0 MeV. The resulting fit
to the data is shown in Fig. 1 along with semiempirical pre- FIG. 2. Schematic diagram of experimental apparatus.

dictions of the fusion excitation function for this reaction

8,
[15,16. The predicted values of the one-dimensional fusio The 8.5 MeV/nucleon™s beam was degraded to 150-260

barrier height are similar to the measured value. The better f ev bTVha” Al degr::\der E.hat V‘ﬁ; rc;tated t'ct)t cgange Its th'gk' ¢
of the coupled channel calculations below the fusion barrief!€SS: ! N€ Energy straggiing ot the transmitted 1ons was abou

shows the importance of sub-barrier fusion enhancement if°> Mev (FWHM) for degradation to 200 MeV. The de-
this system. graded beam passed through a set of microchannel plate de-

It has been showr18,19 that for reactions like the tectors and PPACs separated by 96 cm wherein the time of
32,38 18174 reaction of tr,1e relate®S+ 183\ reaction that flight of the io.ns was measured. The time resolution of the
a significant fraction of the fission events result from “quas-mc\};'MCIP p%{gA\\Nf mea;ur_ed ttc;] be 40 ps FV\{{'::_';]/I fot_r an 8.5
ifission” as well as “true complete fusion.” Quasifission is M€ VY/nucleon™Ar beam(during the experiment This time
the process where the interacting nuclei merge to form esolution allows measurement of the energy of each beam

mononucleus, but the system does not evolve inside the f|§’artICIe to within acceptable limits{1 MeV). The effi-

sion saddle point. Comparison of the fission excitation funcSIENCY Of the “beam timing system” was measured to be
tion for the combined processes with one-dimensional poten 99 99%. Position sensitive PPACs mounted on either side of

tials such as those used in coupled channels calculatmnsr?ee Tt?1 tadrget d?t?cted fptrr(])mpt f'sf"ctml f:cagm(;ants éehsult|ng
appropriate. But for the purpose of estimating heavy eleme fom e de-excitation of the completely fuse nucldine

production by complete fusion, one must separate the Contrpfﬁuency of the PPACs for detecting fission fragments was
0,
butions of quasifission and true complete fusion in the dataYPically >85 %) For tuning and measuring beam currents,

micon r rw | °an h low
Using the methods outlined in Ref&l8,19 which depend §8§e|ntgr?s|ij|:(s:t?hed§:ae:r:$wazsalpl)o?;:g t%t s(,)tnkae i at these lo
on analyzing the shape of the fission fragment angular dis- )
tributions, we have estimated the relative contributions of Silicon strip detectors or an array of surface barrier detec-
quasifission and complete fusion to the observed cross sef2™s Were mounted at backward angles to observe any
tions. The results for thé®S + 1Ta reaction are shown in : : :
Fig. 1. Approximately half the fission events are due to quas- 385, 181q,
ifission. The reaction threshold shifts up by an energy of 7.3
+ 1.5 MeV in this case.

Using the projectile fragmentation/radioactive beam facil-
ity at Michigan State University, we measured the fusion
excitation function for the®®s+ 18'Ta reaction. A primary 40 100 1
MeV/nucleon “°Ar beam was fragmented in a 120 mg/
cm? Be production target in the A1200 fragment separator.
After passage through an achromatic wedge, degrader, and

1000

o (mb)

o fission
— CCDEF
a complete fusion

momentum defining slit§to assure high beam purjtyn the 1000 150 200 250 300 350
A1200, the beam was transported to & area. The beam Eq 1 (MeV)

intensity was measured to be 2000—7388/s on a X2 cm

Ta target(of thickness 0.46 mg/cR) with a primary Ar FIG. 3. Measured fission excitation function for th8S+

beam current of 15 particle nA. The experimental apparatud®'Ta reaction.® experimental fission data) deduced complete
used to measure the fusion cross sections is shown in Fig. fision cross sections, full curve-CCDEF calculations



R564 K. E. ZYROMSKI et al. 55

TABLE I. Comparison of fusion barrier height&eV) __ 18 , i i
: ‘“&p n ¢38g 4 181q,
Reaction Measured Rdil6] Ref.[17] Ref.[15] g 03Rg 4 181y,
%25+ 18Ta 137.5+ 1.0 139.7 134.1 137.9 : 1
s+ 18Ta 130.7+ 2.0 132.2 130.7 - 8 1o} o
o &
6 F li]l 1
particles from the decay of evaporation residues that stop in § ok c
the target or fission fragments. No residue deeayarticles ot o
were detected, giving rise to the previously discussed upper 3 2} ¥
limit of 3% of all events that could lead to residue produc- & g
tion. Folding angle distributions for the fission fragments 0 1 2 3 4
Reduced Energy (E, , /Vp)

were deduced from the coincident PPAC/strip signals. The
differential fission cross sections, deduced from the PPAC
and semiconductor signals, were fit with a 1/gimdistribu-
tion and integrated to yield the total fission cross sections. It is interesting to test whether there is anv evidence in
Absolute cross sections were determined by comparison Witnwi g y

measurements of the knowWR0,21] fission cross section for fshdatfa for art;ything othehr than a silmpk; fShicfjt if“ the height
i i ' Wi : t i i t jectile shift 7S t

the interaction of 149 Me\A®0O with ®’Au made with the 288 \?Veuzlhoor:/v(Failm% :Srede p(rjOJE'C 'Itet's Ife t_rO f ?h

same setup. . g. uced excitation function for the

The resulting fission excitation function is shown in Fig. two systems. Within the uncertainties in the datg, ther_e IS no
3. We fit the observed®s + 18:Ta excitation function with  €Vidence for any changes in excitation functiofirrier

: shape in the two reactions. Finally, we point out that the
:EZ gglﬁéegrgzgngelsa?eﬁfh ?géﬂ?digg dCrCegg];)unsmvg\]/e observed shift in the fusion barrier heights between the two

deduced a fusion barrier height of 130:2.0 MeV for the reactions agrees with previous measurements and the ex-
3851 18174 reaction that is togbe comparea with a measure(?eCted lowering of the fusion barrier due to formation of a
value of 137.5 1.0 MeV for the3?S + ¥1Ta reaction. These necl:rl: Egavgﬁjz?o;hevfglggll?e%guvitleah%ve show) it is pos-
values of the fusion barrier height agree with various system-. | h, fusi f ich h Ip' .
atics (Table ). From the point of view of synthesis of new S'b eto stud_y the fusion of neutron-rich heavy nuclei using
heavy nuclei .this energy shift of about one neutron bindin existing radioactive beam facilitiegh) the fusion barrier
energy can a,ffect the production rates by factors of 10_1003‘|eights for neutron-rich nuclei are substantially lower than
br nuclei near the valley 0B stability, and(c) the lowering

i.e., by the ratio ofl'¢/T",, [22]. Because the fission angular : . ? -
distrib)l/Jtions are notf knnO\Evn ]vvell enough to allow thegsameOf the fusion barrier height is large enough to significantly

analysis as used in th&S-induced reaction to these data, we affect the synthesis of heavy nuclei.

have simply applied the same quasifission correction factors We wish to thank L. Hart for aid in the data analysis. This
at equivalent excitation energies to arrive at the deducedork was supported in part by the Director, Office of Energy
complete fusion cross sections shown in Fig. 3. The differResearch, Division of Nuclear Physics of the Office of High
ence between the threshold for “fusion-fission” and “true Energy and Nuclear Physics of the U.S. Department of En-
complete fusion” is 6.9 2.8 MeV, resulting in a shift of the ergy under Grant No. DE-FG06-88ER40402, the Swedish
true complete fusion threshold of 72 3.9 MeV in going  Natural Sciences Research Council, and the National Science
from 32S to s, Foundation under Grant No. PHY 95-28844.

FIG. 4. Reduced excitation functions for thetSTa reaction
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