
VOLUME 43, NUMBER 24 PHYSICAL RKVIKW LKTTKRS 10 DECEMBER 1979

Present address: Cyclotron Institute and Depart-
ment of Chemistry, Texas A k M University, College
Station, Tex. 77843.

~' Permanent address: Physikalisches Institut der
Universitat Heidelberg, 6900 Heidelberg, Germany.

~ ~Permanent address: Niels Bohr Institute, Risd,
4000 Roskilde, Denmark.

('~ Permanent address: Institute of Atomic Energy,
Beijing, China.

I Permanent address: Institut de Physique Nucle-
aire, B.P. No. 1, F-91406 Orsay, France.

'K. Van Bibber et al. , Phys. Rev. Lett. 3S, 334 (1977).
H. Ho et aI, Z. Phys. A 283, 235 (1977).

3P. Dyer C al. , Phys. Rev. Lett. 39, 392 (1977).
4G. J. %'ozniak et al. , Phys. Rev. Lett. 40, 1436

(1978).
~D. v. Harrach et a/. , Phys. Rev. Lett. 42, 172S

(1979).

M. Berlanger @al., J. Phys. (Paris), Lett. 37,
L323 (1976).

C. Gerschel et al ., Nucl. Phys. A317, 473 (1979).
J. B. Natowitz et 4., Phys. Rev. Lett. 40, 751 (1978).

~R. A. Dayras et a/. , Phys. Rev. Lett. 42, 697 (1979).
~0M. A. Deleplanque et &., Phys. Rev. Lett. 41, 1105

(1978).
D v Harrach and H. J. Specht, Nucl. Instrum. and

Methods 164, 477 (1979).
' T. K. Alexander and J. S. Forster, in Advances in

Nuclear physics, edited by M. Baranger and E. Vogt
(Plenum, New York, 1978), Vol. 10, p. 197.
'3S. R. de Groot and H. A. Tolhoek, in Beta- and

Gamma-Ray Spectroscopy, edited by K. Siegbahn
(North-Holland, Amsterdam, 1955), p. 616.

'4L. G. Moretto and R. P. Schmitt, Lawrence Berke-
ley Laboratory Report No. LBL 8656, Phys. Rev. C,
to be published.

Orbiting in the 12C +20Ne System

D. Shapira, J. L. C. Ford, Jr. , J. Gomez del Campo, and R. G. Stokstad
Oak Ridge National Laboratory, Oak Ridge, T'ennessee 37830

and

R. M. DeVries
Los Alamos Scientific Laboratory, Los Alamos, ¹~Mexico 87545

(Received 23 July 1979)

An experimental study of the Ne+ C systems reveals a large cross section for in-
elastic scattering with large negative Q values at backward angles. The differential
cross section is proportional to 1/sin0~ „., &100' and has characteristics consistent with

the decay of an orbiting Ne+ C dinuclear system.

The elastic scattering of heavy ions at large
angles has received much attention since the
measurements of Braun-Munzinger et al. ' first
revealed an enhanced cross section for scatter-
ing of "0+"Siat center-of-mass angles larger
than 100'.' The backward-angle enhancement
seems to be a general feature for projectiles and

targets in this mass region, although the size of

the enhancement can vary markedly from system
to system. A number of explanations have been
offered for this phenomenon, such as Regge
poles, ' resonances, parity-dependent potentials, '
diffraction, ' and particle exchange. ' The regular
broad structures appearing in the excitation func-
tions could also be explained by orbiting in the
mutual potential. ' It would be desirable to have
additional experimental data which might help in
distinguishing among these various pictures.
Since the interpretation of backward-angle en-
hancement in terms of the orbiting of projectile

and target should have general consequences for
inelastic scattering as well, ' we have investigated
the gross features of the inelastic scattering at
backward angles. Experimental data of this type
are reported here for the first time. %e find
both for the system "C+"Ne, on which we re-
port here, and for other systems as well, "a
strong enhancement of the cross section for in-
elastic scattering with large negative Q values at
backward angles. The gross features we observe
for the inelastic scattering find a natural inter-
pretation in terms of orbiting and support this
mechanism as the origin of backward-angle en-
hancement of elastic scattering as well.

A natural carbon target was bombarded with
beams of 50- to 80-MeV "Ne" from the Oak
Ridge isochronous cyclotron. The reaction pro-
ducts with Z& 3 were identified with a position-
sensitive ~-E counter" which spanned an angu-
lar range of 9 in 1' steps. Angular distributions
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covering the angular range of 5 - O~,b -40' were
taken at 60, 72.5, 74, and 75.2 MeV, and a 22-
point excitation function was measured for 12'
& ebb «21'.

Figure 1 shows a typical spectrum of C ions;
note the sharp groups which can be identified
with known states in the "C+"Ne system super-
imposed on a broad continuum centered at a Q
value around —11.5 MeV. The thresholds for the
production of the most likely exit channels with
more than two bodies are indicated in the figure.
The "C+"Ne and "C+"Ne channels have ground-
state Q values of - —12 MeV. Clearly most of the
yield in the region of enhancement is "C+"Ne.

Given the dominance of a two-body final state,
we obtained the dependence on center-of-mass
angle of the average Q value (Q, the centroid of
the bump) and the magnitude of the cross section
contained in the enhanced C yield (including the
ground state). At each bombarding energy, Q was
constant over the measured angular range. An

almost linear variation of Q with bombarding en-
ergy was also observed (from Q = —5 MeV at 50
MeV bombarding energy to Q =- 13 MeV at 80
MeV bombarding energy). All the angular distri-
butions for the summed "C+"Ne cross section
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FIG. 1. Energy spectrum for outgoing C particles.
The three arrows shown indicate the thresholds for the
following processes:
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FIG. 2. The center-of-mass angular distribution for the total yield observed in the region of enhanced C*+ oNe+

events (the bump in Fig. 1). The curve is proportional to 1/sins~ ».
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FIG. 3. The excitation function for the angle-integra-
ted (0'-&80 ) yield which is illustrated in Figs. 1 and 2.
Random errors are less than 8'. There is a system-
atic error of +10~/0 in absolute normalization. The solid
line shorvs the magnitude and energy dependence pre-
dicted by the statistical evaporation model discussed in

the text.

(bump+ low excited states+ ground state) follow
the pattern shown in Fig. 2. The solid curve is
proportional to 1/sin8, . With this angular de-
pendence, the integrated cross section (0-180')
is 54 mb at Eg,b= 75.2 MeV. An excitation func-
tion showing the energy dependence of this angle-
integrated cross section is shown in Fig. 3. Angu-

lar distributions and excitation functions have al-
so been measured for the particle groups corre-
sponding to the ground state and 1.63- and 4.25-
or 4.43-MeV excitations. The excitation func-
tions for those low-lying states show regularly
spaced broad structures (-2 MeV c.m. ) and a high
degree of cross correlation, "characteristic of
potential scattering. The angular distributions at
the maxima of the observed gross structure for
the ground-state transition are reproduced by the
square of a single Legendre polynomial.

These angular dependences of average Q values
and summed cross sections indicate that the yield
originates from relaxed events associated with
the decay of a system either at complete (com-
pound nucleus) or partial (orbiting dinuclear sys-
tem) equilibrium. It is not possible, however,
on the basis of the above observations, to distin-
guish between the two possibilities. Therefore,
one must resort to a more quantitative analysis
in order to differentiate between the two proces-
ses.

The possibility that the "C+' Ne yield might
arise wholly or partially from statistical evapora-
tion of a "C ion (or an excited "0 ion which de-
cays to "C+a) has been investigated by perform-
ing a Hauser-Feshbach calculation using the code
HELGA." The distribution of partial waves con-
tributing to fusion was chosen to have the same
shape as the distribution determined by an optical-

model fit to the elastic scattering, "'"except that
the angular momentum for which T, = 2 was re-
duced from the grazing value of 21 to a critical
value of 19. The latter value was determined by
the measured cross section for evaporation resi-
dues, 1200+ 120 mb, plus an additional 54 mb
corresponding to the yield shown in Fig. 2. The
optical-model parameters and densities of levels
governing n, p, and a emission in our calculation
have been shown to reproduce measured cross
sections for evaporation of these particles in this
mass region. " In these exit channels, as well as
those for "C+' Ne and "0+"0, low-lying levels
of known excitation, spin, and parity were includ-
ed explicitly. In this manner, the cross sections
were calculated for all possible exit channels
which produce "C, either directly in one of its
bound states or through subsequent n decay. The
result, 11 mb, represents only one-fifth of the
observed yield (see Fig. 3). The average experi-
mental cross sections at backward angles for the
ground and first excited states of "C+"Ne are
also underpredicted by the same factor. Varia-
tion of l«by+ N or of the level-density parame-
ters within a range allowed by comparison to ex-
periment" can affect the above prediction by
about 20%%uo. We thus conclude that statistical evap-
oration of "C by an equilibrated compound nucle-
us cannot account for the main part of the ob-
served yields of "C+"Ne.

Statistical calculations for fission which con-
sider the density of states at the fission-barrier
configuration as the limiting factor predict even
smaller values for the fission of ' S." It should
be noted, however, that the program used" con-
siders symmetric fission as the dominant mode;
in such light systems, there might be a higher
probability for asymmetric fission.

We consider next the possibility of orbiting as
a mechanism for the observed inelastic yield of
"C+"Ne at large angles. In this case, the "C
and "Ne nuclei are first attracted by the nuclear
potential, and perform one or more rotations
during which their identity is maintained although
relative kinetic energy may be converted into in-
ternal excitation energy and angular momentum;
the system then finally separates in an excited
configuration. This picture has been discussed
on a quantum-mechanical basis by Scheid et al."
for light systems and classically by Wilczynski
for heavy systems. '

In addition to a balance of excitation energy and
angular momentum which may be expressed by
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the equations

r.~ = Z.„,(2oNe*) +J.„,("C*)+ L.„„
E ill q @Oll't

(2)

h'L, „t(L,„,+1)
@c.m. ~ g2 + ~C b+ ~nuc1 ~

2pR (4)

Condition (a) is satisfied for partial waves with l
& 19, even with the rather shallow" nuclear po-
tential deduced in Ref. 14. At E, =28 MeV (the
example of Figs. 1 and 2) the values of L which
make the dominant contribution to orbiting must
lie between l„=19@and lg, =2N. Application of
Eqs. (1) and (4) then requires that I ~, must have
values ranging from 14i to 11)t for Q values in
the range of —11 to —14 MeV. These results to-
gether with Eq. (2) imply that the excited C and
Ne ions must carry 6 to 10 units of intrinsic an-
gular momentum. Examination of the known lev-
els of ' C and ' Ne shows that states with such
spins are available at these excitation energies.
Thus, requirements (a) and (b) are satisfied for
inelastic scattering at E, = 28 MeV and, it may
be shown, also for the entire range of bombard-
ing energies considered in this work.

A third condition for orbiting is that the absorp-
tion into channels other than "C*+ "Ne* be suf-
ficiently weak that the system has a finite proba-
bility to survive for a complete rotation. Satis-
faction of this condition cannot be demonstrated
quantitatively and a Priori by simple arguments.
However, the presence of broad structure in the
90 and 177 elastic excitation functions"' "and
in the angle-integrated excitation function shown
in Fig. 3 indicates a weak absorption or surface
transparency. ' Taken together with the satisfac-
tion of conditions (a) and (b) above, the observa-
tion of a 1/sin8, . dependence of the cross sec-
tion for a sum of many excited states thus strong-
ly suggests that orbiting does indeed occur.

In summary, measurements of backward-angle
inelastic scattering extended to high excitation
reveal a large yield of which the ground state is
only a small part. The properties of this en-

two necessary conditions for orbiting are the fol-
lowing: (a) There must exist a. pocket in the com-
bined nuclear, Coulomb, and centrifugal poten-
tials such that

d(V„„„+Vcb+V«„)/dr =0,

at a radius R for which there is a local maximum
in the potential. (b) At r =R, the radial kinetic
energy must be small, i.e.,

hanced inelastic scattering provide evidence
which favors the interpretation of elastic and in-
elastic backward-angle scattering in terms of or-
biting.
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