
VOLUME 28, NUMBER 11 PHYSICAL REVIEW LETTERS 1$ MARcH 1972

K. A. Eberhardt, Phys. Lett. 3M, 848 (1970).
A. A. Cowley and G. Heymann, Nucl. Phys. A146,

465 (1970).
K. W. McVoy, Phys. Rev. C 3, 1104 (1971),

A. A. Cowley and G. Heymann, Phys. Lett. BOB, 618
(1969); A. S. Rinat, to be published.

H. Schmeing and R. Santo, Phys. Lett. 88B, 219
(1970).

Complete Fusion Nuclear Reactions Induced by Krypton Ions. Effective Threshold
and Minimum Distance of Approach for the Reactions Cd"6 + Krs4 and Ge72 + Krs4

H. Gauvin, Y. Le Beyec, M. Lefort, and C. Deprun
Institute deP hysique Nucleaixe, 91 A"say, Prance

{Received 24 January 1972)

Effective energy thresholds have been measured for the cross sections of complete fu-
sion reactions induced by krypton ions on Cd ' and Ge . They show that the minimum
distance of approach for the reaction is shorter than with lighter projectiles and corre-
sponds to a Coulomb repulsion at a distance of rp{A( +A2 ) fm with r0=1.32 fm instead
of 1.45 fm.

Several questions have arisen on the problem
of making a complete fusion nucleus by very
heavy-ion-induced reactions, particularly with
the purpose of synthesis of new heavy and super-
heavy nuclides. One of them is related to the
height of the Coulomb barrier which might be
enhanced because of a deformation of the target
nucleus at the approach of the highly charged
projectile. ' Also some doubts were expressed
as to the possibility of formation of a fusion nu-
cleus. '

We have undertaken a study of these two points
with Ar" and Kr" beams which are now available
at Qrsay from the accelerator ALICE. ' A first
set of results on the reaction Ar+Dy has shown'
that the experimental threshold is in good agree-
ment with a minimum distance of approach neces-
sary for fusion calculated with ro= 1.45x10 "
cm, i.e., at the same value of x, as for lighter
ions like C', O', or Ne'. The calculation is
made on the assumption of pure Coulomb repul-
sion between two centers placed at a distance of
approach r, (A, ' '+A, ' '). Such a behavior does
not hold for krypton projectiles, as is shown for
two sets of experiments on Cd'" and Ge". We
have measured the yields of reaction products
resulting from the compound nucleus Po"' in the
case of Cd'", and from Er'" in the case of Ge",
after de-excitation by emission of a number of
neutrons. The apparent threshold has been deter-
mined with fairly good precision. It was 147
MeV (c.m. ) for the reaction Kr" +Ge and 204
MeV for Kr"+Cd. Both values correspond to a
minimum distance of approach calculated with
x, =132 fm, corresponding to a classical Cou-

lomb barrier 1(Pjc higher than for lighter ions
including Ar'0.

Energy determinations were done in another
set of experiments' with a magnetic analyzer by
measuring magnetic-rigidity values for direct
beams of Kr'4+ (505 + 5 MeV) and Kr"' and Kr"'
(360+4 MeV). Also krypton ions were scattered
at small angles by thin gold or carbon foils and
magnetic-rigidity measurements were made on
various charges around Kr"'. More details on
the charge distribution after stripping by the
target are given by Baron. ' Nickel foils were
used in some experiments for degrading the en-
ergy down to 350 MeV in the laboratory system.
The energy loss was calculated according to
Northcliffe and Schilling's data. ' However, the
stopping power of heavy ions in such an energy
range is not very well known. But we have shown
in preliminary experiments that the same cross
sections were found for Er"' produced either
with Kr"+ without degrader or by Kr"+ with a
degrader on the beam.

The krypton beam energy was varied between
350 and 494 MeV at an intensity in the range of
10'-10' ions per sec. The beam passed through
a nickel foil in which the energy loss had been
calculated, and bombarded targets placed in a
reaction chamber filled with helium. The recoil-
ing nuclei were collected away from the beam
with a helium-jet apparatus. n emitters were
counted with an annular surface-barrier detector
and an overall efficiency of the order of 10% was
measured when half-lives were longer than 1
sec. More details are given elsewhere on the
"helium-jet" collection apparatus. ' Targets were
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energy for the fusion cross section than expected
from results for lighter ions, an effect that might
be due to a Coulomb deformation. Therefore,
the energy range for which a fusion reaction may
be induced at low excitation energy is reduced.
This is clearly shown by the example of Po'" for
which the cross section is significant only in the
narrow energy region between 205 and 220 MeV.
The production of superheavy nuclei would be
similar to that of Po'" in that the former should
also be produced after the emission of a small
number of neutrons, in order to limit the fission
competition. The increase of the effective reac-
tion threshold for the reaction Kr" + Th 3 makes
it necessary to use krypton ions of a higher ener-
gy than expected, and therefore the excitation
energy of the fusion nucleus might always be suf-
ficiently high to permit fission competition to
very much reduce the possibility of formation of
superheavy isotopes. Such a result is not in ac-
cord with several theoretical calculations which
predict deformation effects much smaller. ""'
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Energy levels in 9Bi excited by nonresonant scattering of 16.10-MeV protons are com-
pared with levels reached by scattering from a group of isobaric analog resonances at
E& = 14.95 MeV. The nonresonant results are sensitive to the parentage of Pb core ex-
citations in the levels of Bi, while the resonant data provide information about the Bi
parentage.

The concept of particle-core coupling has be-
come increasingly important for the understand-
ing of the level structure of heavy odd-mass nu-
clei, particularly near closed shells. ' An out-
standing example of this phenomenon is found in
the '"Bi spectrum' where a septuplet of levels is
formed by coupling the h,&, proton to the 3 col-
lective vibration of ' 'Pb. Recently, another
group of levels in ' Bi has been identified as a
decuplet' based on the 5 second excited state
of '"Pb, which contains only one dominant par-
ticle-hole configuration' and is considerably less
collective than the 3 state. The assignment of a

second multiplet, based on a core state that is
only moderately collective, raises the question
of coupling to the 4 third excited state" of' 'Pb, which is an excellent example of a noncol-
lective one-particle, one-hole state. ' According
to the usual particle-vibration concept, the 4
state wouM not be expected to form the basis of
a particle-plus-core multiplet analogous to the
3 and 5 cases already reported.

In this Letter we report new results on the
particle-core structure in '"Bi, and in addition,
we describe a method of resonant and nonreso-
nant scattering, which may prove useful for sim-


