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ABSTRACT

-The results of radiochemical mass yield distribution
studies of the reaction of "“®Ca with thick 2°8§bltafgets at
the effective laboratory energies of 255 and 300 MeV are
reported. Complete fusion cross sections are found to be a
factor of ~2 lower than those fouﬁd for “°Ar induced reactions
with non-magic targets apparently showing the effect of the
projectile and target nuclear structure on such cr6$s sections.
Implicatibns for superheavy element production wifh “8ca

induced reactions are discussed.

Concurfent with recent attempts fo produce superheavy
elements (SHE) in reactions involving the bombardment of
highly fissionable heavy element targets such as 2“%Cm with
doubly-magic, neutron rich “éCa,l and in an attempt to
understand better the reactions of this unique projectile,
we have studied the reaction of the doubly-magic “°Ca

projectile with the relatively non-fissionable doubly-magic
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208php target. 1In this-paper, we report for the first time
the finding that the complete fusion cross sectioﬁ is reduced
twofold in a doubly—magic projectile-target system-compared
to similar cross sections for non-magic systems. We also
coﬁbine our results with the ﬁarallel work of Ghiorso et al.,?
who measured the evaporation reéidue yields from.ﬁhis reaction,
to draw implications for the production of SHE using “8ca
induced reactions. |

Isotopically pure 2“”’Pl:v targets of thickness 42-45 mg/cm?
were irradiated with beams of *®Ca ions of ‘incident énérgy
303 and 408:MeV from the SuperHILAC of the Lawrence'Berkeley
Laboratory. The lower energy bombardment lasted 60 minutes
with an average intensity of ~9.3 x 10'? particles/minute
while the higher energy bombardment iasted for 108 minutes .
with an average intensity of ~4.7 x 10'? particles/minute.
Absolute cross sections were measured only in the higher
energy bombardment due to difficulties in-determiﬁing the
number of “BCé ions passing through the target in'the_iower
energy. irradiation. Following the bombardments the induced
radiocactivities in the target were detected with a Ge(Li)
y—r%y spectrometer. The decay of the observed activities
was followed for a period of apprpximately two months.
Specific radionuclides produced werevidentified on the basis
of y-ray energy, half-life and relative abundance of |
associated y-rays.

In this manner 94 and 109 radionuclides were identified

in the low and high energy reactions, respectively. Using the



procedures previously developed:toAanalyZevheavy ion reaction
mass distributions,3 we.calculated independent Yields for'
each observed radlohucllde and con51stent Gau531an charge
dlsper51ons were fltted to the lndependent ylelds. The
Gau551an charge dispersions were integrated to give the
isobaric yield for each mass humber where a radionuclide was
observed. The resulting mass distributions are shown in
Figures lla) and l(b)} Integration of these charge dispersions
to'correct for unmeasured yields increases, on the average, |
- the calculated isobaric yield in avgiven region b&ja factor
of ~2 over the measured partial cumulatlve and 1ndependent
ylelds. However, some 1nd1v1dual ylelds can be multlplled
by factors up to ~6 because they represent only ~15% of the
total 1sobar1c yleld. | | o
The relatlve contrlbutlons to the measured mass’

dlstrlbutlons from complete fusion- flSSlon and the f1$Slon

of quasi- Pb* spec1es were evaluated by a non- llnear least
squares flttlng to the measured data of our best estlmates'
for the shapes of the mass distributions from these processes.
The shape of theumass distribution from the fission of quasi-
’Pb products was estimated by using mass‘diStributlons from |
charged particle induced fission.? The shape of the mass
distribution from the:fission oflthe No compound nucleus in
the lower energy reaction was.constructed from the measured

252N6 spontaneous fission mass distribution,? and the mass

~distributions from the compound nucleus fission from the
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reaction of light ions (*He, '2%C, '®0) with U .and Pu ta_rgets.6
The shape of the mass distribution from the higher energy
complete fusion-fission reaction is thought to be a symmetric

7 The shapes of the

Gaussian shape with a FWHM ~70 amu.
fission mass distributions were corrected for recoil losées
(a ~20% to ~2% correction for A=40‘to 160, respectively).
Figure 1(a)rshows the results of the best leasﬁ squares
. component anaiysis of the mass distribution fdr the low enerqgy
reaction. The curve labeled A represents fﬁsion—fiséién,
component B the quasi-Pb fission and component C thé'light
deep ihelastié mass distribution. Componeht B(+2) plus the
heavy deep inelastic peak, component D, is appfoximately
equal to component C, as expected. However, our main interes£
is in the vélue of the complete fusion cross sectidn, océ,
‘componeﬁt A(%Z). Because of the relatively clean separatiqn
of th¢ complete fUSion;fission and deeé_inelastic compqnentg
the valﬁe of ocp is not strongly dependent on the deep |
ineléstic component. We can calculate the absolute magnitdde
6fﬂthe complete fusion-fission cross section by knowing what
fraction of the measured total reaction cross section,_oR,
it represents. It has been shown3in previous work of this
typetthat the observed op agrees with the mean geometrical
reaction cross section, ER’ The area under curve A in
Figure 1l (a) represents 19:2% of the total measured reaction

cross section. The mean geometrical reaction cross section,

ER,'can be calculated from the equation:
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where'the:ihteraction barrier, B,‘is 212 MeV, the ineident
projectile energy (lab), E,.is 303 MeV and the interaction
-'radius, R, is 13.7 fm. This gives OCF=190 * 20“mbuand an
effective ptojectile energy in the thick taréet_of 255 MeV;e

The componeht analysis of the mass disttibution |
Afrom'the\highwenergyireaction is not as clear;cut.' Figure
1(b) shows this mass distribution as Qell as'the best least
sqﬁaree fit to the distributibn using the'Same ehape'fbt'the
deep inelastic compohent as in Figure lta)._ A rahée of.vaiues
of oo (from 250 to 530 mb) was obtained by varyihg the‘w
‘shape of'the deep inelastic cemponent from one that”minimized
AOCF ‘to one that max1mlzed OcF while malntalnlng a mean1ngful
flt to the data.' Reasonlng at the 95% confldence level, we
can say that ch = 300+23¢ mb. The measured reaction cross
section is 1600 * 310 mb, in agreement with the caleulated:‘
value (using eqtatioh:(l)) of ER?1710 mb and'eorrespendihg‘
to anveffectiVe prbjectile energy of 300 Mev.

These valueS'of Ocp Seemed low compared.to values
obtained fer “Oar induced reactions.8"10 1In order to make
meaningful cemparieons, we ha?e plotted (in Figﬁre é) the
values of dCF from this work and measurements ef ocFlfor'the
interaction of'“°Ar projectiles with medium and high mass

ta'_rgetss"lo versus the parameter B/E, the laboratory interaction
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barrier divided by the effective'laboratoryfenergy of the
projectile. .Glas and Moselll have predicted the.general
behavior of the complete fusionbcross sections that.is seen
in Figure 2. The dashed curve in Figure 2 is the cgléuléted

value of o as a function of energy for the reaction of

CF
*%Ar + !'®°Ho, and the solid curve for the reaction of

“8Ca + 2°%pb, using the Glas-Mosel approa¢h.11(12 As shown

in Elgupe 2.a_plot of Ocp

versus B/E for a common projectile
with several targets defines a common curve. This agreement
with target

chesAapout”becauSe of the slow variation of Oop

A (véries‘~A%{§rget)‘and'thg comppessionﬁgaused by the
logarthmic scale.

-~ Figure 2 presents a simple méthod for the compa:isqn .
of values»of.6Cf for a given projectileAwith thosé that would
belexpected for “°Ar projectiles,vessentially indépeﬁdent of
ta;'g_et;‘.~ On this basis we conclude that the value of océ f§r 
the "8Ca'+'?éan system is a factor of ~2 lower.thén that
found forﬁ“°Ar induced reactions, with non—magic'targets, af
coméarable enérgies. ‘We also show tha£ the complete_fusion'
cross section is smaller than the“values for the “®ca + 2%%pp
reaction predicted»by the Glas-Mosel approach. Suéh an effect
can perhaps be‘attributed £o a smaller criticai radius arising
from both partners in the reaction being doubly-magic nuclei.ll
Additional evidence for this conclusion comes froﬁ the reaction
of *°Ar Qith magic 2°9Bi,1_3.whe're,the value of oéF;was fbund

to be ~600 mb, a value that is below the ~800 mb expected for



the B/E value of 0.74, but not as depressed as those values
found for “®Ca + 2°®pb. This finding of a depressed fusion

208Pb should serve as a challenge

cross section.for the l"a.Ca‘;+
for theoretlcal studles of these reactions to explaln the
apparent effect of pro;ectlle target nuclear structure on the
complete fu81on cross section.

In connectlon with our SHE research program, our
ultlmate aim is to evaluate the evaporatlon re51due cross
sectlons for “®Ca induced reactlons. As an 1n1t1al attempt
to predlct these cross sections we have used the results of

thls ‘work and the two studles of evaporatlon re51due products

by Ghlorso et al., l"’Ca + 2°°Pb2 and “°Ar + 2°8Pb 14 ‘Ghlorso

et al have found that the peak cross sectlon for neutron
evaporatlon re51dues,,0ER, for the reactlon 2°°Pb("°Ca 2n)
is ~3 mlcrobarns, whereas the peak cross sectlon for the
reactlon 2°°Pb("°Ar 3n) is 15 nanobarns.‘ U31ng a mod1f1ed

version of the statlstlcal evaporatlon code OVERLAID ALICE15

with the 1nclus1on of reallstlc fission barrlers16 and a

fitted level density parameter ratio af/an value of 1.1 me:are
able to reproduce the measured oER/OCFYratio,and to understand.
these results in terms of the differences in the fission

barriers and excitation energies of the nuclei produced. This
encourages us to extend these calculations with these "calibrated"
input parameters to the “®Ca + %2“f8Cm system. Such an

application yields a Value'of Ogr @S large as ~10732 cm? at

E1,p=240 MeV and ogp ~107°¢ cm? at Ej,, =255 MeV for the

2*%Cm(*®ca,xn) reaction with the predicted element 116 ground
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state fission barriers.l® The reported study of the
“8Ca + 2“%Cm reaction! was perférmed at an average'iaboratory
bombarding energy of 255 MeV and set upper limits on the
production cross section for SHE's at ~107%° cm?. This
result isicénsistent with our calculation. Although the
estimated_oER ~1073%%2 cm? may well be overoptimistic, it
does give us some hope for further attempts to synthesize
SHE with low energy (E~240 MeV) “®Ca bombardments ofvz“BCm,
assuming the complete fusion cross section dqes not become
vanishingly small at this near barrier ene;gy.l7 |

| We would like to tﬁ;nk A. Ghiérso and J. M. Nitschke
féf their assistance in carrying out the "“®Ca bombardments,
B. F. Gavin~f§rvthe development of the "®Ca ion sourée and
the éuperHILAC crew for providing and maintaining the “®Ca
beamr We wiéh to acanwledge the assistance of Diana Lee’
in aﬁélyzing the y-ray spectra. >Oﬁe Qf'us-(WDL) gratefully
acknleedges sabbatical leave support from Oregon State

University.
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FIGURE CAPTIONS

Fig, 1. (af Product mass-distributions from the bombardment
of the 2°8pb with ~255 MeV “8ca. (b) Séme as (a) except
“®Ca energy ~300 MeV. Parenthetical points indicate |
members of an isomeric pair where the'iéobaric yield can
be split between both mémbérs.' For an explanatioh of
curves see text.

Fig. 2. Représentafion of the complete fgsion Cross section,.
Ocpr for “°Ar and “®ca inducéd reactions versus the

parameter B/E. The dashed and solid curves are the

calculated values of o for “°Ar + !®5Ho and “®Ca +

CF
208 .
Pb, respectively.
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