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Selective Parity Transitions and Dinnclear Orbiting of '2C+ z4Mg
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In a spectroscopic study of the backward-angle yield from ' C+ Mg at 3-4 times the Coulomb bar-
rier, we find a strong preference for natural parity transitions in the excitation of close-to-yrast rotational
bands. This selectivity is in strong quantitative disagreement with Hauser-Feshbach calculations for a
compound-nuclear reaction and provides evidence for the conservation of the dinuclear parentage.

PACS numbers: 25.70.Lm, 25.70.Gh

"Orbiting" light heavy-ion systems are intriguing can-
didates for the study of double nuclei. The isotropic
differential cross section der/de at large backward angles,
which characterizes the orbiting-reaction component, has
been observed for several systems with mass numbers

At 12-16 and A2 20-48 at energies of a few times
the Coulomb barrier. ' This type of angular distribu-
tion, together with the strong damping of the energy in

the relative motion, is suggestive of a double nucleus

clinging together for a long time. Indeed, lifetimes de-
duced from the cross-section Iluctuations of ' C+ Mg
orbiting-type reactions correspond to mean rotational an-

gles in the range between one-half and one complete re-
volution.

However, dinuclear orbiting is not easily distinguished
from the formation of a compound nucleus. The same

type of angular distribution and similar average energies
in the exit channels are expected in both cases. Esti-
mates of compound-nuclear cross sections and lifetimes
depend sensitively on model parameters. A strong argu-
ment against a dominantly compound-nuclear origin of
the orbiting component comes from the entrance-channel
dependence of the oxygen-to-carbon yield ratio found in

a comparative study of ' 0+ Mg and ' C+ Si. Re-
cently, however, the observation of mass equilibration for

S+ Mg and a reconsideration of the fission barriers
have led to the suspicion that the orbiting yields are gen-
erally the result of compound-nuclear decay.

This Letter draws attention to a spectroscopic indica-
tor of the dinuclear character of a heavy-ion reaction,
namely, the parity transition, which is called natural if
the product of the intrinsic parities in a reaction
a+A b+8 obeys the equation

tt(a)tt(A)tt(b)tt(B) =(—)',

and unnatural otherwise. The angular momentum
transfer 1=Ig+Ib —I~ —I, is related to the entrance-
and exit-channel orbital angular momenta by 1=L;—Lf.

In the example of inelastic scattering of spin-zero nuclei
exciting only one nucleus, the parity transition is natural
if the excited state has natural parity, n =(—) . Angu-
lar momentum and parity conservation allow for both
parity transitions, but unnatural transitions are forbid-
den in the case of simple first-order direct interac-
tions. " Such transitions have been used, therefore, to
study deviations from a direct one-step reaction mecha-
nism in light-ion inelastic scattering. ' In general, if the
outgoing wave function is evaluated at the same relative
coordinates as the incoming wave function and if the in-
teraction is a simple function of the intrinsic and relative
coordinates, only natural parity transitions are al-
lowed. ' " In a compound reaction, both parity transi-
tions are equally allowed and are generally observed.
Close to the beam axis (8(1/Lf), unnatural parity
transitions are forbidden in any two-body reaction by the
conservation laws, ' "which are of course incorporated
in the Hauser-Feshbach formalism for the compound nu-
cleus.

We have performed a spectroscopic study of large-
angle ' C+ Mg scattering. With use of inverse kine-
matics, ' C targets of 45-pg/cm density were bombard-
ed with Mg beams from the Munich MP tandem ac-
celerator at various energies between 90 and 126 MeV.
Energy spectra of Z 5 to 9 products were recorded by
means of ~F--E telescopes consisting of axial-field ioniza-
tion chambers and position-sensitive Si detectors. The
covered angular range from 10 to 20 corresponds to
backward angles from 0, = 135' to 155' in the
center-of-mass system. With use of two-body kinemat-
ics, the energy spectra were transformed to Q-value spec-
tra where the resolution was ~600 keV (FWHM).
While only the charge Z was resolved by the heavy-ion
telescopes, all prominent narrow-peak structures are
found to originate from the W=Z channels.

The Q-value spectra (Fig. 1) show broad bell-shaped
gross structure and superimposed narrow peaks which
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FIG. l. Q-value spectra for different exit channels from
107-MeV Mg+ ' C, integrated over 8, m = 135 to 155
The positions of yrast states or close-to-yrast states of the
heavy fragment, coupled to the ground state of the light frag-
ment, are indicated. Peaks a-g are compatible with the posi-
tions of clusters of I 56-10h states of Mg (Ref. 14). Sums
refer to excitations of both fragments. The Q-integrated cross
sections are, from top to bottom, do/d8 0.6+'0. 1, 11.0+ 1.1,
1.0+' 0.1, 5.6 ~ 0.6, and 0.22 ~ 0.03 mb/rad.

can be identified with members of low-lying rotational
bands up to

~ Q ~
=12 MeV and, at large

~ Q ~, are
correlated within our experimental precision of 0.1

to 0.2 MeV with the positions of large-spin states
known' ' from fusion reactions. The odd-Z channels
have large negative ground-state Q values and allow
some unambiguous assignments of low-lying levels. '

The visibility of peak structures in the even-Z chan-
nels up to

~ Q ~

=20 to 25 MeV, where the total level
densities are extremely high, can be explained by a
strong selectivity for states with largest spin at a given
excitation energy. In the classical energy and angular
momentum balance for damping processes in a light
asymmetric system, the energy loss from the relative
motion is mainly taken up as rotational energy by the
targetlike fragment, which is hence populated in (E„,I)
regions close to the yrast line. ' Such matching condi-
tions apply, however, also to the emission of clusters
from a compound nucleus, where the same type of selec-
tivity can be observed. '

A close inspection of the energy spectra (Fig. 1) re-
veals another selectivity which is rather surprising.
Natural-parity states of the heavy fragment are strongly
favored in the even-Z channels, as are unnatural-parity
states in the odd-Z channels. Particularly striking is the
suppression of the (3+, 5.24 MeV) and (5+, 7.81 MeV)
states of the K-2 band of Mg as compared to the
even-spin members of this band, and the suppression of
the 4+ and the 6+ states of the Na K 3 ground-state
band. All prominent peaks in the Z=6 and 8 channels
are consistent with being associated with natural parity
transitions. In the odd-Z channels, the prominent
even-parity odd-I states of the heavy fragment are cou-
pled to ' B(3+, ground state), ' N(1+, ground state),
and 'sF(5+, 1.12 MeV), respectively, which are unnat-
ural-parity states as well. Therefore, the total parity
transition is natural for the stretched spin configurations
where rr(b)z(B) =(—) ' ' . Hence, the selectivity ob-(1b+1B)

served in these channels indicates a combined selectivity
for natural parity transitions and for parallel relative
spins.

The measured cross sections for the Na ground-state
band coupled to ' N(1+) are shown in the upper part of
Fig. 2. In order to suppress the influence of fluctua-
tions, s an average has been performed over three neigh-
boring energies with &F,' =333 keV.

For a quantitative comparison to the expectation for
the compound-nuclear case, we have used the Hauser-
Feshbach (HF) model, which treats rigorously angular
momentum coupling and parity conservation for discrete
exit-channel states and which has been found' to ac-
count well for the decay of sd-shell compound nuclei into
clusters of mass numbers up to 16. It has been pointed
out' that the transition-state model, which provides the
generally preferred approach to fission of heavy nuclei,
and the HF model become consistent and use the same
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FIG. 2. Top: Measured cross sections o &35 -]55.
jg). (do/d8), d8, , averaged over E', 35.3-36.0 MeV,

for the ~~Na ground-state band (Ref. 16) coupled to ' N(1+).
Bottom: Fusion cross sections for the same angular range cal-
culated with a universal potential (Ref. 19) and level-density
parameter a A/7. 5 (full bars) and with the same potential
diminished by 2 MeV and a -A/8. 0 (open bars).

phase space when the saddle-point shape approaches that
of two touching spheres, which is expected in the
rotating-liquid-drop model for light compound nuclei.
The fission barrier of sAr is expected to vanish at an an-

gular momentum (L„;i=306)2' which is well above
those values (LI=(13-17)h] where the HF transmis-
sion coefficients for ' N+ Na drop to 0.5. Similar
saddle-point shapes are expected in particular for exit-
channel states of the same rotational band. Hence, to
study their relative intensities, the HF model gives a
good formulation of our present understanding of
coinpound-nuclear decay.

The calculations were done with standard parameters,
as given in previous work on a and Be evaporation
from S, where good agreement with the experimental
results was obtained for a large set of bombarding ener-

gies and excited states, including natural and unnatural
parity transitions. The transmission coefficients for clus-
ter (A ~ 4) decay were taken from the Hill-Wheeler ex-
pression for penetration of the real potential barrier22

with use of various universal potentials. ' ' The
entrance-channel transmission coe%cients, calculated in

the same manner, reproduce the measured total fusion
cross section.

The absolute cross sections of the present orbiting-
reaction channels are generally underpredicted by the
HF calculations by about an order of magnitude (Fig. 2,
full bars in lower panel). Similar results were obtained
with a double-folding and a proximity potential.

While these potentials apply to the (time-reversed) elas-
tic channels, deformations may lead to a decrease of the
potential barrier, which governs the transmission coef-
ficients. The absolute cross sections can be enhanced
considerably by our decreasing the barrier and also by
decreasing the level-density parameter in the competing
channels, as is demonstrated in Fig. 2 (open bars). Be-
cause of this sensitivity to the exit-channel parameters,
conclusions regarding the absolute cross sections must be
taken with great care.

However, a clear distinction of orbiting from the
cotnpound-nuclear case is made possible by the strongly
different odd-even staggering of the relative yields as a
function of spin. The preference for positive parity and
odd spin Ia, corresponding to natural parity transitions
in the case of parallel exit-channel spins with a ' N(1+)
ejectile, is only modest in the HF calculations where it is
due to the LI dependence of the transmission coefficients
(which favors LI parallel to L;). The relative odd-even
differences are found to depend only weakly on the mod-
el parameters and to decrease slightly when the barrier
height is reduced (Fig. 2). The dramatically different
staggering of the measured yield distribution is hence at-
tributed to a selectivity that characterizes a noncom-
pound tnechanism.

On the other hand, a selectivity for natural parity
transitions is known from direct reactions and has been
shown to hold strictly for one-step inelastic scattering
with simple interaction operators " and for one-step
transfer in the zero-range approximation. In many-step
processes unnatural transitions are in general allowed,
but are forbidden if the separation of the intrinsic and
relative coordinates is conserved and the interactions can
be combined to give a spherical harmonic of a single rel-
ative coordinate. " Both conditions are clearly not met
in a compound reaction, ' but can be approached in
dinuclear orbiting.

Complementary aspects of the dinuclear dynamics are
revealed by measurements of the spin alignment which,
however, do not anticipate the present results. A recent
study26 of a similar system at 8=0' has shown that
spin-fluctuation modes which mutually dealign both
fragments with respect to each other ("bending,

" "twist-
ing") are not significantly excited, which justifies our as-
sumption of parallel spins. Tilting of the separation axis
in the direction L; cannot occur at 8 =0 but is expected
to be the main dealigning mode in a relaxed asymmetric
system sufficiently away from the beam axis (see, e.g.,
Refs. 17 and 27). In an angular range close to the
present one, our system has been found to be consider-
ably but not fully aligned along the scattering normal, as
is typical of heavy-ion damping processes. The average
value of the alignment with respect to this quantization
axis, P„=0.7 0.1, shows that the spin distribution is
different from that at 8=0 (corresponding to P„
=0.3) and does not imply a parity selectivity of the ob-
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served size.
To summarize, in the orbiting ' C+ Mg system

close-to-yrast states are found to be populated preferen-
tially. In addition, the data show a striking selectivity
for natural parity transitions which cannot be repro-
duced by Hauser-Feshbach calculations for an inter-
mediate mononucleus, but provide evidence for a dinu-

clear intermediate stage, conserving approximately the
entrance-channel separation of the intrinsic and relative
coordinates.
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